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DESIGN FOR TERMINAL EFFECTS 

INTRODUCTION 

The ultimate purpose of any round of service 
ammunition is the production of a desired 
eHect at the target. This section attempts to 
g~ve a broad picture of the major engineering 
and tactical requirements that govern the design 
of missiles intended to produce these desired 
terminal effects. 

CLASSIFICATION OF MISSILES 

2-1. Classification of Missiles by Type of 
Target. The purposes of terminal effects fall 
into two broad categories: the actual defeat of 
a t.1rget; and the production of an effect (sig­
nalin/!, illuminatil"g, or screening) that will 
aid in the ultimate defeat of the target. Table 
2-1 lists the terminal effects which may be 
produced and the purposes which each of thp.ge 
terminal effects may serve. In aH, eleven 
effects are listed. Paragraph 2 -2 gives a 
brief description of each of these effects. 

2-2. ClasSification of Missiles by Effect. 
1. Blast. The production of an expirsion 

which will propagate a high-velocity, high­
pressure wave in the surrounding air. Since 
a metal body must be used as the carrier 
for the blast-producing high explosive, the pro­
duction of blast is always accompanied by 
fragmentation. 

2. ~mcntation. The disruption of a metal 
shell body by a high explosive filler in order 
to produce we optimum distribution oi a maxi­
mum number of high-velocity lethal fragments. 
Due to the use of the high-explosive filler, 
fragmentation is always accompanied by blast. 

3. Penetration of Armor by a Solid Pro­
jectile (Kinetic Energy Shot). The projection 
of a sulid projectile of steel or some other 
hard, dense material (tungsten carbide) at a 
velocity sufficient to supply the necessary 
kinetic energy to enable it to penetrate armor 
plate. Kinetic energy shot may contain a high-

explosive chargp sufficil'nt to disrupt it after 
penetration of the armor plate; current dCliigil, 
however, tends to eliminate tllis feature. 

4. Penetration of Armor by a High-Velocity 
Jet (Shaped Charg~ The usc of the Munrop 
effect to obtain an extremely high-velocity jet 
of metal particles capable of penetrating armor 
plate. 

5. Spalling of Armor (HEP). This effect is 
used to defeat armor without actually effecting 
a penetration. By tlle use of a high-explosive 
plastic (HEP) filler in a deformable shell, an 
explosion on the outside of armor plate can 
produce sufficient shock to cause the formation 
of a spall on the inside surface of the plate. 
This spall, roughly circular in shape, may be 
sep;:rated from the surface of the plate and 
projected with sufficient velocity to cause 
serious uamage inside the tank. 

6. Perforation by Preformed Missiles Other 
Than Armor-Piercing (Canister). The loading 
of a non-explosive shell with a large number of 
small preformed missiles in order to obtain a 
short-range lethal effect on personnel. This 
type of shell is roughly analogous to a common. 
shotgun shell. 

7. Incendiary. The use of a shell filler 
which will produce high enough temperatures to 
ignite any flammable material in the target, or 
to incapacitate personnel. 

8. Release of Poison Gases. The usc of a 
pOison gas to cause injury to personnel or to 
contaminate an area and thereby deny Its use 
to the enemy. 

9. l'roduction of Light._ The production of 
light for signaling, or for visual or photo­
graphic observation. 

10. Production of Smoke. The production of 
white or colored smokes- for signaling or 
screening purposes. 

11. Dissemination of Leaflets. The broad­
cast of propaganda leaflets for the purpose of 
undermining enemy morale. 
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2-3. General. The projectile designer is ca \led 
upon to supply the best possible projectile for 
a given purpose (effect). A projectile is usually 
designed for a particular weapon a.nd the char­
acteristics of the weapon limit the design. 
Other limitations may be placed on the designer 
by considerations of handling by the gun crew, 
which may limit overall size and weight of the 
round, and by rpquirf'ments for a large range 
of Opt~rating temperature. 

2-4. Requirements for Gun ProJectiles. Pres­
ent -day projectiles must meet the following 
general requirements. 

1. Safety in handling, in gun uJre, and in 
flight. 

2. Safety when fired in gu~ i.e., no prema­
lures resulting from pressure or shock of 
discharge in gun or from hot propellant 
gases entering the base. 
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3. Stability in flight throughout the tra)ec­
tory. 

4. Ballistic efficiency, for maximum range 
or minimum time of flight with minimum 
dispersion. 

5. Tactical effectiveness at target, including: 
a. Effective fragmentation, or 
b. Maximum blast effect, or 
c. Required armor-defeating ability. 

6. Capable of being manufactured by pro­
ductiQil methods, mainly forging and ma­
chining. 

7. Capable of being loaded with explosive 
filler. 

8. Minimum amount of wear on the gun bore. 

2-5. Ordnance Committee Minutes. The speci­
fications for the design of a projectile are usually 
given by the Ordnance Committpe Minutes 
(OCM). They usually include thp following 
information. 

1. Ratr.d maximum pres~ure of till' gun. 
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2. Trul' maximum pressure 011 the ba1;e of 

till' shell. 
3. Twist uf riIlinb (for an eXisting gun only). 
4. Caliber of the gun. 
5. Hequirt'd rang!'. 
6. Approximatl' weight of tile projedik. 
7. Approximate weight of the propl'lling 

eharg<' (if it is separate froIl! th(' pro­
jec tile). 

8. Approximate weight of till' slll'll-chargl' 
combination (for fixed ammunition). 

In addition, tht' following information may be 
included. 

1. For HE, HE P, or clll'mical shell, thc 
shape o{ UJ(' sh('ll and the yield strength 
of the s tcel. 

2. 10'01' armor-defeating ammunition, thc 
thickness and obliquity of the armor to i.H' 
defeated. 

3. For antitank and antiaircraft ammunition, 
the first-round probability of hit and the 
confidence level of this probability. 

2-6. Design Proccdurc. 
a. Rough Design. lo'rom the tactical re­

quirements, a projectile may bE' roughly out­
lined to meet prescribed conditions. The weight 
of this first design must be calculated and 
adjustments made to bring the design to the 
proper weight. 

b. Stress Analysis. The next step in the 
design procedure is to determine the stresses 
acting at the critical elements of the shell. 
The maximum combined stresses on the pro­
jectile walls of any section should not, in 
most cases, exceed the yield point of the metal 
from which the shell is made. Stress analysis 
procedures are given in Section 4. 

c. Determine Stability. The final step in 
the design of a projectile Is to calculate its 
stability and to estimate the retardation caused 
by air resistance. Section 3 describes the 
procedure to be followed. 

d. Optimize Terminal Ballistic Effect. The 
first step of the design proceuure, rough design, 
takes into account the eUect which the shell 
Is to produce; however, at this point it is 
difficult to determine whether or not the design 
Is near optimum. The usual method for ob­
taining optimum terminal ballistic effect is to 
design several projectiles which are satis­
factory and then, by means of analytical methods 
described in succeeding sections, or by means of 
actual firings of test shell, to determine which of 
these designs is best. 

2-7. High~Explosiv(' AnJlllullltion. lIigh-t'xplo­
slve ammunition may he dc'signed 10 p('rfol'm 
anyone of Sl'vl'l'al fUnctions and in mOtit C:Ul'S 

Illay be CXpf'ctl'd to perform nlUre Ihan Ollt' of 
thcIlJ. Thcse fund ions are: 

Defe~t of perSOllllel 
Defeat of aircraft 
r :eal of fortifications. 

ConHidpl'ations pcrtinent to c;'lch of tlleHl' func~ 
hom; are discus~ed inthc tiu('ceedl!lgparap·llphs. 

2-13. Deft'at of Personnel. Defeat o{ pcrsollncl 
by high -explosive amIllunition requires thaI thc 
pnljectill' be designed to produce the maximulll 
lcthal area. H('Cl'nt wound ballistic studil':; 
indicate that for fragnl<'nts traveling at the 
vcloelties commonly obtained from high-explo­
sive sheil, extremely small lragnH'nts arc 
required to optimize the letil:ll arpa. Since 
the size of fragn1l'ntlci is a function of the 
thickness of till' shell wall, calculations reveal 
that design for optimum fragmentation results 
in a shell which iH not strong enough to rl'sist 
tile setback forces. Accordingly, the practice 
in designing !;hell of this type i~ to deHign 
them with the thinnest walls capabl", of sus­
taining the strt'sses in the gun. Where ('cono­
mic manufacturing methods may be used, con­
sidcration should be given tu obta tning controlled 
fragmentat:on by the use of multiple walls. 
If setback forces are not exceSSive, considera­
tion may be given to fragmentation control by 
means of grooved rings or notChed wire. 

2-9. Defeat of Aircraft. For antiaircraft pro­
jectiles, consideration must be given to (1) 
the vulnerability of the target, (2) speed of 
the target, (3) accuracy, (4) time of flight, 
(5) rate of fire, and (6) lethality of the pro­
jectile. Depending upon the size and point of 
burst of the projectile, it may bl' dl'sirable to 
maximize eitller (1) blast damage or (2) frag­
mentation damage. For smaller prOjectiles, 
the decision mllst also bl' made as to whether 
the projectile is to (1) detonate outside the 
aircraft, (2) in contact with the aircraft, or 
(3) inside the aircra1t. If detonation intt'rnally 
is desired, it is necessary that the projectile 
be sufficiently strong to penetrate without de­
forming to a point where its effectiveness is 
impaired. Here, as with antitank ammunition, 
the lethality cl'iterion should be first-round 
probability of kill. However, the design problem 
is rarely presented in these terms. COllsidera­
lion should be given to multiple wall and' 'ner 
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techJliqul's of fragl1lentation (' ontl' 01, hOWl'VCI', 
it sh\ 'Id be borne ill mimi that usc of the lincr 
1l1l'thod will rl'sult ill a loss ill blast l'ffL>divl'lll'sS 
of the l'ounrl. 

Occasionally thl' desipIl'r is called upon to 
11I'oducL' a shell that, in addition to bdnl-' 
dfl'ctivl' J.gainst aircraft, may also bp l'xl'el'lt-d 
to ue dft'clivl' against )1l'l'sonnl'l. H-.'l'l' the 
l'OllljlromisL' must Ill' bctwl'cn ,:!l'tiIllUIIl. fra\?­
ment siz£..!~I.I!iJ.){'rsol1l.!0 df""! and 91)tilll~ 
~ml'l1t tiizl' for lide;]t of ail'craft. Optimum 
s iz(' for ant ia i rl' raIl u~l' is <'onsidl'l' ably in 
L'XCl'l;S 01 that for alllipersoI1lIl'!. 

2-10. Defeat of Fortiileations. Il~ projl'etiles, 
whieh have as thdr pril11al'Y pUl'pOtil' the <Ideal 
of Pl'I'SOllncl, llIay also bc l'l'quired to dt'fcal 
l'olll'rt'tc or log-and-.,'arth fortificatiol\l;. IIl'nel' 
it may ue 11l'l'I'SsaI'Y 10 arriv(' at some ('0111-

promis(' uelwl'l'n l11'L,imlll11 (ragnlL'ntalion ef­
fcctivl'llt'SS and the ability In penetrate wit1lOut 
undue breakujl of th!' shell. Thl' luzl' dt'tiigm'r 
has l'o()jlcl'all'd in this <lil'l'dioll uy providing 
concrete piercing fuzes, which willlH'lp to attain 
Illis objl'clive. The us(' of a sjwcial fuze, 
Willi l'ollvl'ntional siwll, still ll'avl's Illuch to 
be desircd. 

2-11. Kinei!" Encrgy Ammunition. 
a. General. Kinetic enNgy ammunition is 

intended primarily for the purpose of defeating 
armor, although it may also bl' called UpOIl to 
defeat concrete fortifications. Therc are three 
types of KE ammunition in currcnt usc. They 
are (1) f'teel armor-piercing S!IOt (AP), (2) 
capped steel armor -piercing shell with an 
explosive filledcavity, (3) carbide-cored, hyper­
veloc ity, discarding sabot shot (HV APDS). In 
addition to these, subcaliber composite-rigid 
shot, and skirted or squeeze-borc projcctiles 
have been made; however these arc not cur­
rently being designed, the former because of 
its too high ballistic coefficient, and the latter 
because of the diffirulty of interchanging arll­
munition in a tapered -bore gun, Still another 
type of kinetic energy shot, the hypervelocity, 
discarding sabot, fin-stabilized (HVAPDSFS) 
is currently being investigated. If this type 
lives up to its promise, it may become an 
important member of the family of kinetic 
energy ammunition. 

b. Design for Dl'feat of Armor. For kinetic 
energy antitank projcctiles, a(~curacy, along with 
the ability to penetrate the specified target, is 

till' prillle cun~idl'l'a(jon. Fin;! con:>ideLltieJ/l 
shuuld Ul' t;iven to AI' ()J" APe shot. The 
adv isauilit~1 of the USl' of all <lllllor-piel'cing 
c;:p cll'pends upon th(' tYIl!' (fal'p-hardcned 01' 

hOlllOI;PIlCOUS), ouliquity, and thil'kl'L'::;::; uf Ule' 
armor. If the tal'gl'l cannot be dl'featcd uy 
this type of aml1lullition, ('olUoidcratioll should 
ue givclI to the IIH)I"C l'xJll'n~ivc typc:-.. such as 
till' cart'idl'-CO"~d di~('arding sauot types and 
perhaps till' HVAPPSFS. ConsideI'<l(jun is first 
givell to ddl'l'lninillg the uptimum ::;uuproj"ctill' 
for maximulII pcnetration at till' spl'cifk·d rang('. 
Calculations ~hould ;·1:>0 1Jl' cileckL'd at shorter 
ranges to en:>ul'l' at;ainst the prcsellcc of a 
"shatlt'r gap." In design of subcaliuer prOjl'l'­
til!'s fOI' existinl'. gUllS, I-':I'l'at attl'ntion must uc 
paid to tlw stability of thc projP(,/ik. Thi~ 

consideratioll quite oftl'n governs its dil11('n~iolls. 
e. The Sabot. In the design of disc,lI'dillg 

sauot projl'{'tiiPs, in addition to the' primary 
proolt'llls of imparting spin and discarding 
promptly, it is important that it bc recognized 
tlmt the sabot Itself forms a secondary missile. 
This l'rl1jertill' must be dis('ardcd in such a 
malUll'r that it will not l'lldanp;er fril'ndly trOl'ps. 

d. Lethality. The artual criterion govt'rning 
Illl' lethality of thesc rounds is first-round 
probability of kill, which takl'S into aecount 
arnmr pcnetration, size of target, accuracy of 
the proJcctile, and time of flight; however, tl1(' 
tiesign problem i::, USU::l.lIy presented in terms of 
first-round probability of hit and ballistic limit. 

2-12. High-Explosive Antitank (HEAT) Ammu­
nition. The following pro9lems are pcculiar to 
the desi!'.n of HEAT ammunition: 

a. TimC' of Flight Vcrsus Standoff. In ordcr 
to obtain a high first round probability of hit, 
time of flight should be as short as possible. 
However, ~he rrquirement of standoff demands 
that the charge initiation takr place befor~ 

excessive crush-up of the nose has taken place. 
The resolution of this problem lies in the 
province> of thc fuzc des'lgner who is re>quired 
to provide extrcmply quick-acting fuzes for 
high-velocity HEAT rounds. 

b. Stability Versus Standoff. The requirl'­
ment of 10llg standoff distances, particularly on 
the slow-speed fin-stabilized rounds, results 
in an PJdremely light nose section. This type 
of configuration is extremely hard to stabilizE'. 
OnE' approach to thr prolllem hall becn the use 
of the drag-stabilized spike-nosed design. 

c. Spin Versus Optimum Penetration. One of 
the major difficulties in design of HEAT rounds 
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is the minimi2;ation of the degradation in per­
formance caused by spin of the proj ectile. 
Several methods by which this problem may 
be attacked are: 

1. HEAT projectiles fired from low-velo­
city recoilless rifles are given a very slow 
rate of spin. 

2. Spin has been eliminated in ,;ome cases 
by reverting to fins to stabilize the projectile. 
This method is limited to low-velocity guns. 

3. For high-velocity rounds, the approach 
to the problem of spin degradation has been 
the design of speciali.y shaped liners which 
compensate directly for the spin of the 
proj ectile, 

2-13. Hig!j-Explosive PISUC (HEP) Ammuni­
tion. HEP ammunition is intended for the 
defeat of armor; however, because of the use 
of extremely thin walls, it also has a very 
valuable secondary fragmentation effect. In 
design, the following peculiarities of HEP am­
munition should be given careful consideration. 

a. Crush-up of Nose. The effect of HEP 
ammunition is obtained by having the explosive 
charge expl0de in intimate contact with a 
large area of the armor plate. The nose of 
the pr,.,;"~tile must be soft enough and thin 
enoub'. perform this function effectively. 
At the same time, the projectile must with­
stand successfully the strains of firing. 

b. Velocity. The velocity of impact of HEP 
shell has been found to be directly related to 
the periormance of the projectile. There exists 
a rather small range of velocities at which 
performance is satisfactory. Velocities either., 
above or belew this range result in ineffective 
rounds. It is thought that a partial solution 
to this problem may be found in the fuzing of 
the projectile, and work on new fU2;( ; is now 
under way. 

c. Banding. Because of the very thin walls 
of HEP shell, pressed-on rotating bands are 
not satisfactory; the high pressures used to 
apply them 'distort the shell wall. This prob­
lem has been overcome by the use of welded 
overlay rotating bands. At present, this type 
of band is used only for pre-engraved rotating 
bands used on recoilless rifle ammunition. 

d. ~tability Because of the low rotational 
moment of inertia of the thin shell walls, it is 
difficult to stabilize the flight of HEl? shell. 
This problem has been solved by the use oi 
;;. blunt-nosed ogive, which drag-stabilizes the 
projectile. 

2-14 Canister Ammunition. The major prob­
lems of canister design are: 

1. Opening of the canif'ter 
2. Minimization of damage to the gur, tube 
3. Securing lethality at great enough ranges 
4. Securing adequate dispersion. 

2 -15. Base Ejection Ammunition. Base ejection 
shell may be used for any of the following 
purposes: 

1. Illumination 
2. Dissemination of smoke 
3. ~_semination of propaganda leaflets 
4. Difi~e'mination of pOison gases. 

The particular problems associated with design 
of this type of shell are: 

a. Expelling Charge. The black powder ex­
pelling charge should, ideally, eject the con­
tents of the shell with a rearward velocity 
just equal to the forward velocity of the shell. 
If this were done the content" would have zero 
forward velocity and would just drup straight 
down. Because of limitations imposed by charge 
size and strength of the shell, this ideal cannot 
be attained in practice and the black powder 
charge must be considerably smaller than this 
ideal charge. 

b, Shear Pins or Threads. In order to assure 
proper burning of the black powder charge, the 
shear l".n:; or lhreads must be designed to permit 
su .. lC minimum pressure to be built up before 
shearing takes place. This problem is analogous 
to that of obtaining proper bullet pull for a 
cartridge. 

c. :;etback. The contents of a base ejection 
shell must be designed so that they will not be 
damaged by the setback forces created when the 
gun is fired and those that result when the con­
tents are expelled from the shell. These two 
forces act in oppOSite directions. In the cabe 
of propaganda disseminating shell, this problem 
may be solved by packing the leaflets into split 
steel tubes, which are strong enough to resist 
these forces and which will discard completely 
aIter ejection. 

2-16. Ammunition With Burster Charges. 
a. GeneraL This type of ammunition is usu­

ally similar. in appearance to the high -explo­
sive round with the exception of the replace­
ment of the explosive filler by either a burster 
charge or a filler . Th'e burster charge maybe 
contained in a metal tube located axially in the 
shell or cast in position and separated from its 
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surrounding medium by acid-proof black paint. 
A filler may be lIsed to produce: 

1. Heat sufficient tv damage materiel and 
produce casualties 4mong personnel. White 
phosphorous (WP) is usually used fer thi::; 
purpose. 

2. Smoke intended for signaling or 
screening. 

3. Poison gases, either persistent or 
nonpersistent. 
b. Design. There are several factors, pe­

culiar to the design of this type of ammunition, 
which may have to be considered: 

1. The_ bucster charge should be suffi­
cient to completely break up thf! shell body 
without causin£, excessive dispersion of the 
contents. No portion of the fragmented 
shell body should form a cup that might 
retain some of the filler. 

2. When a liqUid filler is used it is 
extremely important that the shell be per-

fectly sealed to prevent leakage of the 
contents. Further information on sealing 
is contained in Section 2, "Special Purpose 
Shell. " 

3. When a liquid filler is used the rota­
~ional inertia of the shell is greatly reduced, 
due to the tendency of the filler to remain 
stationary relative to the rotation of the 
shell body. At present, this problem is 
dealt with by empirical method. Work now 
in progress should, however, yield a theore­
tically sound method of approach in the 
near future. 

4. The use of a heavy steel burster 
tube causes the exterior ballistics of the 
shell to differ significantly from those of 
the HE shell designed for the same weapon. 
In order to secure ballistic matching it is 
desirable that, where it is compatible with 
the filler, an alum;num burster tube be 
used. 
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BLAST EFFECT 

THE EXPLOSIVE WAVE 

2-17. Explosive Wave Propaga~ion - History.1 
The rapidexpans-io-n-of the mass of hot gases 
resulting from detonaticn of an explosive charge 
gives rise to a wave of compression called a 
shock wave whick is propagated through the air. 
The frunt of :he shock wave can be considered 
infinitely steep, for all practical llurposes. 
That is, the time required for compression of 
the undisturbed air ahead of the wave, to the 
full pressure Just behind the wave, is practi­
cally zero. 

Ii the explosive soureE is spherical, the re­
sulting shock wave will be spherical, and, 
since its surface is continually increasing, the 
energy per unit area continually decreases. As 
a result, as the shock wave travels outward 
from the charge, the pressure in the front of 
the wave, called the peak pressure, steadily 
decreases. At great distances f:-om the charge, 
the peak pressure is infinitesimal, and tile wave, 
therefore, may be treated as a sound wave. 

Behind the shock -wave front, the pressure in the 
wave decreases from its initial peak value. Near 
the charge, the pressure in the tail of the wave 
is greater than that of the atmosphere. However, 
as the wave propagates outward from the charge, 
a rarefaction wave is formed which follows Ule 
shock wave. At some distance from the charge, 
the pressure behind the shock-wave front falls 
to a value below that of the atmosphere, and then 
rises again to a steady value equal to that of the 
atmosphere. The part of the shock wave in which 
the pressure is greater than that of the atmos­
phere is called the positive phase, and, imme­
diately following it, the part in which the pres­
sure is less than that of the atmosphere i3 
called the negative or suction phase. 

The velocity at which the shock wave is propa­
gated is uniquely determined by the pressure in 
the shock-wave front and the pressure, tempera­
ture, and compositionuf the undisturbed medium. 
The greater the exeess of peak pressure over 
that of the atmosphere, the greater the shock 
veloc Ity. Since the pressurp at the shock front 
is greater than that at any point belllnd it, the 

wave tends to lengthen as if. travels away from 
the charge; that is, the distance between the 
::;huck front and the part at which the pressure 
in the wave has decreased to atmospheric con­
. inually illl. !'eases. 

2-18. Positive Impulse. 1 A gagethatiscapable 
of indicating ----uJepressure instantaneously 
applied, and that is fixed with respect to the 
charge, will record the pressure in the wave as 
a function of time. The reo,ulting pressure-time 
curve bears a close resemblance to the 
pressure-distance curve described above: th(~re 
is an initial abrupt rise in pressure followed by 
a relatively slow decrease in pressure to a 
value below that of the atmosphere. The time 
elapsing between the arrival of the shock front 
and the arrival of the part in which the pressure 
is exactly atmospheric is called the positive 
duration, and this, like the length of the wave, 
increases as the wave travels away from the 
charge. A quantity of interest in the application 
of blast measurements is the positive impulse, 
which is the average pressuH' during the positive 
phase multiplied by the po sit i v e duration, 

loa Pdt, where a is the positive duration. 

For most shock waves, the trace of the positive 
phase of the pressure-time curve is roughly 
triangular. Hence the positive impulse may be 
approximated by one -half the peak pressure mul­
tiplied by the positive duration. 

2-19. Conditions Associated WithShockFronL l 
- -

Associated with the propar:ation of the shock 
front is a forward motion of the matter behind 
the shock front, and the conditions that deter­
mine the shock velocity also determine the 
particle velOCity. In gases, such as air, the 
particle velocity for high-shock pressures is 
very high. For example, at about 3 atmos­
pheres excess pressure in the shock front, the 
partiele velocity immediately behind it is about 
1.,000 mph. 

The temperature behind the shock front is also 
gr eater thai' that ahead of it because of tho: com­
pressioll of the medium. :Slnc!.' this compression 
ls irreversible, the temperature of the air 
through which the shock wave has passed, and 
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which has returned to atmospheric pressure, is 
somewhat greater than that of the undisturbed 
air prior to the arrival of the shock wave. The 
smaller the excess pressure in the shock wave, 
the less the irreversible heating of the air. 

At a very great distance from the charge, the 
wave becomes acoustic, that is, the pressure 
rise, temperature rise, and particle velocity are 
all infinitesimal, and the velocity of the wave is 
that of sound. 

2-20. Reflection of Weak Shock Waves. 1 Very 
weak shock waves, that is, those of nearly 
acolls tic strength, are reflected from plane 
surfaces in such a way that a geom€trical con­
struction of the wave system can be made in a 
very simple way. Consider a point source of 
the shock C (fig. 2 -1) and, at some distance from 
it, a plane reflecting surface S. The incident 
wave I, striking the surface, will be reflected 
from it in such a way that the reflected wave R 
may be considered to arise from a second image 
source C', on the opposite side of the reflecting 
surface, perpendicularly below the true source 
and equally distant fl'um the surface. 

Figllre 2-1 shows two successive stages of this 
reflection process. In the first, 11, the incident 
wave, is just tangent to the surface: The excess 
pressure over that of the atmosphere at the 
reflecting surface is just double (for very weak 
shock waves) that of the incident wave where 
it is not in contact with the surface. At a later 
stage, the incident wave is represented at 12, 
and the reflected wave at "2 imagined to arise 
from the image sOllrce C'. Again the pressure 
at the line of contact of 12" R2, and the surface 
S is just double that of 12, The angles at which 
the shocks 12, R2 meet the surface S are equal. 

2 -21. Reflection of Strong Shock Waves - Mach 
Waves. I \Vhen the pressure in the shock wave 
is appreCiably above that of the atmosphere, the 
phenomena are different. One reason for this is 
that the pressllre, density, and velocity of the 
air into which the reflected shock advances are 
not those of the undisturbed atmosphere. In 
Iigure 2-2 there are represented three succes­
sive stages in the reflection of strong shocks. 
In the terminology used above, the incident wave 
11 is 1irst shown Just as it touches the reflecting 
surface S. The excess pressure above that of 
the atmosphere at this point is more than twice 
that of 11 elsewhere, and the magnitude of the 
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Figure 2-1. Reflection oj weak shock 

waves 

increase of pressure over that of 11 is deter­
mined by the strength of It. For example, if the 
peak (excess) pressure of 11 is 100 psi, the re­
flected shock pressure is about 500 psi, a five­
fold increase of pressure. 

\ 

R2 

Figure 2-2. Reflection oj strong 
shock waves 
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As the incident wave expands to some greater 
size 12. the reflected wave R2 also expands, but 
the reflected wave h; not spherical and cannot 
be constructed by the device used in figure 2-1. 
The angles at which 12 and R2 meet the surface 
S are not equal, in gent'ral, and the angle of the 
reflected shock R2 depends upon the strength 
and angle of incidence of the ir.cident shock. 

At some distance from the charge C, determined 
by the distance of C from S, and by the strength 
of the incident shock, a new phenomenon occurs. 
The intersection of Rand 1 no longer lies on S, 
but lies above it and follows some path, I. A 
new shock M, the Mach stem, connects the inter­
section of R and I to the surface, The intersec­
tion of R, I, and M is called the triple point. As 
the shock ~ystem expand~ further, the Mach 
stem grows rapidly, tending to swallow up the 
two-shock system above it. If C is very close 
to the surface, but not on it, the Mach stem is 
formed almost directly under C and, in a short 
time, has grown so that most of the shock sys­
tem is a Mach stem, and only in a small region 
directly over the charge are Rand 1 distinct. 
If the charge C is on the surface S, no separate 
reflection R is formed, and it can be considered 
that the entire shock wave is a Mach wave. 

A very practical property of the reflection of 
shocks is that the pressure (and positive im­
pulse) in the neighborhood of the triple point 
and in the Mach stem are considerably greater 
than those in 13, or in the shock emitted when C 
is in contact with S. That is, if C is a bomb 
bursting above the ground represented by S, the 
intensity of 'the blast in the region M and just 
above it is greater, at a given horizontal dis­
tance from the bomb, than is the case if the 
bomb is burst, in contact with the ground. 

2-22. Effect of Shock Wave. l When ashockwave 
strikes a nonrigid obstacle, such as a building, 
the wave is reflected by the surfaces of the build­
ing in the various ways described above. The 
reflection from a nonrigid surface will not, how­
ever, conform quantitatively to that from a rigid 
surface such as that discussed above. At the 
instant the wave strikes the wall, the wall is 
accelerated, and continues to accelerate as long 
as there is an excess of pressure on its outer 
surface. At first, the deformation of the wall is 
elastic, so that for insufficient excess pressure 
or insufficient positive duration there may be 
no permanent displacement of the wall. lf the 
blast intensity is sufficient, the wall eventually 

deforms inelastically and suffers permanent 
displacement. If, for the wall in question, the 
displacement is greater than some critical 
amount, the wall will collapse. 

A simplified picture of the processes of damage 
consists of a wall of indefinite extent which has 
a certain natural period of vibration. If a shock 
wave of very long duration strikes it, the wall 
can be considered to be subjected suddenly to a 
blast of constant pressure equal to the pressure 
in the shock wave e;'hanced by reflectiun. !o'or 
sufficiently small pressures, the wall will de­
form elastically (the amount of the displacement 
b8ing about twice that [rom a static pressure 
equal to the pressure in the reflected blast) and 
will not rupture. Some pressure must exist, 
however, such that the wall will collapse. For 
shock waves of finite duration, the wall may not 
collapse even tl:lough the preSEure is equal to the 
critical pressure. Instead, the wall will acquire 
momentum from the shock wave and will vi­
brate, without reaching the amplitude corres­
ponding to coUapse. If the duration of the wave 
is very short compared with the tim. required 
for collapse, the momentum imparted to the 
wall must be sufficient to deform it beyond the 
critical limit. On the basis of reasoning such 
~s this, the peak pressure is usually con­
sidered to be the determining factor in the 
damage pf0duced in the blast from very large 
bombs, such as atomic bombs. For small bombs 
it is generally assumed that the positive im­
pulse is the important quantity, sinc e the dura­
tion of the blast is quite short. Unfortunately, 
neither operational experience nor experiment 
is adequate to test these criteria properly. 

2-23. Theories on the Dependence of Blast on 
Ambient Pressure and Temperature. To infer 
from the information obtained on the ground 
information concerning the blast at high alti­
tudes, it is necessary to determine the effect of 
the change in pressure and temperature on the 
blast. There are two theories which formulate 
the scaling laws. These are Sachs' Theory and 
Kirkwood-Brinkley's Theory. These theories 
differ in their initial assumptions and in their 
choice of parameters. A complete disc ussion 
of these theories can be obtained from refer­
ences 3, 9, 10, 11, 12, and 29. 

2-24. Blast Information To Be Obtained from 
Later Experimentation. General design infor­
mahon is lacking at present on the effect on blast 
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of length of column, and of diameter of explO­
sive ('olumn, (or a given wt'ight o( pxplosivp. 
Also, little information of a gen{'ral nature con­
c{'rning Uw minimUill booster rcquirl'nwnts for 
various sizes and configurations of ('xplosivl' 
chargps is available. Slll<'C vpry littll' l'XPl' l' i­
mentation has bt'l'n done With rased chargps, it 
is not known how appli('ablp Ui(' information ob­
tained (rolll baH' chargl's would lll' to eas,'d 
charges. The grl'at need at thl' mompnt is for 
positive infonnation on caspd chargl's. 

MEASUHEMENT Or' BLAST l 

2-25, Pipzoel{'ctric Gagc~, Thp most (,Ollll110n 
meUlOd of measuring air blaHt pret;sures f'lll­

ployI' pi('zQ{'lectnc ~agp::;. Pif'7.ot'll'ctl'ically 
activl' crystallin{' substam'ps thal hay!' ol','n 
USE'd in gagl's an' tourmalirH', bar'ium tilanali', 
quartz, Rochelle salt, and ammoniu!11 dihydro­
gen phosphatE' (ADP), 

2-26, Conden::;er Microphone G~,:'.: A con­
denser m ie rophon!' cll!1sbts of two par allpl 
metal plates mountL'd ::;u as tll be insubtl'd from 
ea('h oth{'r, and separatpd by a diL'iectric (air, 
mica, etc.). Tht' two platE'S, whkh art' thl' 
plates of a ('onden::;er, are connect"d to thp 
associated electronic apparatus by means of an 
electric cable. Under the application of pres­
sure, the diel{'ctric between the condenser 
plates is reduced, and the capacity of the con­
denser therefore increases. 

2-27, Resistance Gages. A third device for 
measuring transient pressures depends on the 
change of electric resistance of an elt~ment 

under stress. In one form, the gage consi::;ts 
of a resistance element that is hycirostatically 
compressed. In another, a resistance wire is 
formed in a spiral and cemeDted to the back 
of a diaphragm constrained at its periphery. 
When pressure is applied, the diaphragm is de­
lormed, the wire is stretched, and the resistance 
of the wire changes. Associated with thE' gage 
is a simple potentiometer circuit by means 01 

which changes in resistance give rise to pro­
portional changes in voltage. These voltage 
ch",nges are amplified and recorded. 

2-28. Mechanical Gages. A gage for measuring 
peak pressure has been designed that operates 
by recording the maJIimum extension of a sprinl~ 
acted upon by a moving piston which il' acre 1-
erated by the action of a lJressure pulse. If the 

natural period of the piston-and-spring is :-;hort, 
compared with the duration of a transient prl~s­
&urc puis!', the maxi mum exh'llsion of thl' 
spring is pruportional to the peak pressure of 
t lie pulse. r'or the measurement of positive 
lInpub:H', gages thaI emJlloy a freely sliding 
pistun have bcpn used. 

2-2~1. !:(~~!~.:-}~rec;.'2~r(: Gag('~ have bvpn devi,;cd 
tt) ol'('rall' on till' prinCipiI' Ihal a thindiaphra~m, 
strl'lclwd over a IlOll' in a rigid plate, will rup" 
turl' at a certain pH'nSlIrl' when the diaphragm 
is suhje\'lpd to a blast wave. If spveral such 
diaphragms an' provided, ('overing holes of 
various siz{'s, the llr('ssure n·quired 10 r'lIpture 
till' diaphra~1l\ over a givpn holl' will dl'pt'nd on 
tilt' hole sizl'. HenC',', givf'1I a calibration of thl' 
dl'l'il'L', till' ppak prt'ssurl' of a blast wave is 
('sLthl isllt'd as less than that rt'quirE'd to IIreak 
Ull' diaphragm of th!' larg(,,,t holl' unbrokpn, and 
grl'atl'r than, or equal to, llll' pn'ssurt' n'quired 
to orl'ak til(' diaphragm over the smallest hole 
broken, The pnssure is thus orack('lpd as 
clost'ly an b dl'sirt'd, simply by having a suffi­
cipnt numbl'r of holes of gradu;,I"d siz.('. 

Ollt' such device, the pap{'r blast n1Pt<~r, has 
b"en us{'d for many years in tllP approximatl' 
!II{'asufl'IlHml of blast pressures. It consists 
of two boards clamped togl'ther, with a sheet of 
paper h{'ld tightly between them. Holes of about 
ten difierf'nt sizes arp bored through both boards, 
111 regist{'r. The gagc is mounted with the plane 
of the diaphragm perpendicular to thE' direction 
of propagation of the wave, that is, hcad-on to 
the wave. By virtue of til{' multiplication of 
pressure on reflection, the pressure exprtpd on 
the diaphragm is grcat{'r than that of the inci­
d{'nt wav{', proper account of this must be taken, 

A more r{'('ent modification of this gage is the 
foilmeter, which consists of a wooden or metal 
box with one open end, over which is clamped 
an assembly similar to the paper blast meter, 
\Jut WiUl aluminum foil instead of paper. Foil 
is uSl:'d berause it is much less sensitive than 
pappr to chang{'s in atmosphl:'ric conditions 
such as tl:'mperature and humidity. The box 
gage can be oriented {'ither face-on or side-on 
te, the direction of propagation of the blast, 
since the box prevl:'nts the blast from acting on 
the rev{'rse side of the diaphragm. 

The great adv;tntage of this type of ppak-prt's­
sure (!;age is its simplicity. The clperation and 
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the interpretation of rp~ult~ are simpl£>, and no 
elaborate machine work ili involved. lis gr£>atcst 
limitation is that the prpcision of rcsults iH 
usually' not high, and the limit~ wiUlin which the 
prt:'s~ure can be bracketed with a reasonable 
number of holes are rather wide. 

2-30, Shock _ypl~('!~,~cthod. TIll' shork-wavl' 
velocity is uniquely dct('rmined by the charac­
teristic/; of the medium and the excc/;s press un' 
iIi the ~hock wave. That is, under spl'cified 
conditions, the pressure may be expres/;pd cx­
plicitly in terms of thP shock-wavl' velocity. 
Advantage is taken of this relation to lll~lke very 
accurate determinations of peak prpssurcs. 

2-31. The Blast Cube is used to measure the 
blast from 20-mm to 40-mm AA /;hell. The 
bla/;t cube conshts of an angle iron frame, WiUl 
aluminum sheets of different thickncsses bolted 
on the frame. The sheets hav£> diagonal /;lits. 
The exploding of the projcctilcs g('n('rally marks 
some plates, bends otbers, and rips some of[. 
The blast is measur('d by a previously es­
tablished system for evaluating relative damage 
to the aluminum shl'ets. This metilod of blast 
evaluation is qualitative, but scores can be 
given from the e5tablished system. Also, this 
method is good for comparative purposes. 

2-32, Empty Varnish Cans,. Another method of 
blast evaluation similar to the blast cube is 
the use of old varnish cans. In this method, 
varnish cans, with their covers on, are exposed 
to the blast. Thf' relative decrease in volume 
of the cans at various distances from the center 
of blast is used for qualitative comparative 
purposes. 

2-33. The Blast Tube. The blast tube is a 
useful apparatus for the study of shock waves 
in air and for the t::alibration of air -blast gages. 
It consists of a long tube divided into two sec­
tions' a compression chamber and an expan­
sion chamber, by an airti~ht diaphragm, Com­
pressed air is admitted to the compression 
chamber to build up the required pressure. 
When the diaphragm is punctured by a knife, 
the diaphragm shatters, and a shock wave is 
formed which is propagated along the expansion 
chamber. Gages can be moun!€'d in the expan­
sion chamber, and their characteristics, up-del' 
conditions similar to those Wlder which they are 
to be used, can be studied. 

2 -34. Experimental Methods for Determination 
oj Ht'lat~Air:BIlliiiIlh'nSTti;:~-:L Thp I1ll'thod;j 
of comparing f'xplosives on the basis of their 
air-blast intt'llsilies are essentially the same a: 
all ('stablishllll'llts where sur" work is dOlll', 
The charges, ('unsisting of identiral cont:lilll'rS 
filled with tllf' pxplosivl's to be compar.·ct, arc 
dt'tonatpd whill' ll!'in~ sup!lorh'ct ill a (iXl'd il"si­
tlOn on the testing fll'ld. Air-blast gag,,,;, usually 
pll'zol'leclric, ar,~ sPi up :11 s('v('l'al distallct's 
trom th(' rhal'gt', and blast jll'C'ssul"e-til11l' [e­
cords obtairwd. Frol11 thl'/;l' records, till' j)(';tk 

PI'E'SSUI't':s and positivp impulses arl' computed. 
Thp conditions of the tt'st art' h,'ld 111(' saml' for 
l'ach trial so that dirt'ct comparisons among the 
difft'rcnt explosiv('s can be obtainf'ct. Th,' /"('­
::;u!ts ar(' uSllally reported as r('lat iv£' peak pres' 
Sl\I't~S and rl'iativ[' positivl' impulses, rPicrring 
all results to thm;!' from onf' typl' of filling 
cho:sen arbitrarily as a standard. Sl'vl'J"al iden­
tical charges of each typf' 01 explosiv(' are llSU­

ally fired in each 8('l'i('s of tpsts 111 order to 
establish the stat,stical validity of the rrsults. 

It is found that with bare charges and pressurl'S 
bplow 50 psi the relative pressures and i mpulsL's 
are essentially indepl'ndent of the rharp;e -tIJ­
gage distance, so that re~;u1ts obtained at a num­
ber of such distallces can be considered as 
averagps. MOl' cover , on the average, the results 
from various groups of experimpnters ;Ire in 
agreement. The average relative peak pres­
sures and positiv(' impulses fOl all explosives 
considered are summarized 1n table 2 -3. 
These averages include results from trials in 
the United States by the Underwater Explosives 
Research Laboratory and Stanolind Oil and Gas 
Company, Tulsa, Oklahoma, both of Division 2, 
National Defense Research Council, and by Bal­
listic Research Laboratories, Aberdeen Proving 
Ground, as well as in Great Britain, by Road 
Research Laboratory and Armament Research 
Department. All results are reduced to the 
ba<:;is of the average loading densities listed in 
table 2-2. The adjustment to relative peak 
pressures and relative positive impulses for 
differences in weights was made according to 
the empirical formulas 

and 

PI = (WI)0,6 
P2' W2 

~ = (WI)O.67 
12 \Vi2 
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EXPLOSIVES FOR BLAST where PI. and P2 are Pl'ak pressures from 

weights WI. W2 resppctively. and 1).12 art' thl' 
corresponding positive impulses, I' or the usual 
variations in loading density, such rorrpdions 
as a rule are on the order of 1 or 2 percent, 

2-35, ~~n!Jli!!:.ison _~_E~plos~~e..''l ~!_plast. 
Table 2-;l is lm8ed upon lhe results of experi­
ments perfurmed before 1946 at the Underwater 

Tali/e 2-2 

Al'CnlKl' dCllsities and ('umpusitiOlI.'; uf explosil't'lj 
,----------------------------- -------------.------------- ------------------------, 

Composition.· percent by wl'ight of 
I------.,,---"""--T----,--- - --.-'-r'-

E E 
Average ::: ,::: 

§~ 6 Q) s:: Q) 

loading ':l ~ 0 .... 

s '" .~ '" E '" density 3 et .... .... E ~ 
Explosive &l~ (grams/cm) <';:: <a. 

---- ... -
Tlll'pCX (:lUr,;, AI) l.H 

TOI'pex-~ t 1. 72 

Minul-3 1.71 29 

DBX l,tH 21 

HBXt 1.63 

Tritnnal 75/25« 1,72 

Minol-2 1,65 40 

Tritonal 80/20 1,70 

Trialpn 1.64 

Barunal 2,14 50 

Comp 13 1.61 

Pentolite 1.60 

Ednatol 1,59 

TNT 1.56 

Picrato) 1,57 52 

Amatex 1,55 44 

Amatol 60/40 1.55 60 

Amatol 50/50 1.55 50 

~ z 
~ f-< >c: 
'" w Q 

:x:: P- o:: 
-- ._---

3!) 

42 

21 

40 

15 

60 

50 

57 

6" 

f-< 
Z 
f-< 

--
;j[, 

40 

4:1 

,10 

:lH 

7:) 

40 

HO 

70 

3[. 

,10 

50 

4:l 

100 

48 

50 

40 

50 

6 
;:l 
s:: 

'6 
.z 
< 

30 

Iii 

28 

III 

17 

~:) 

20 

20 

If. 

1[) 

x 

'" ~ 
----

O ,I .1 

* Under actual loading conditions, compositiuns vary by a few percl'nt from the avC'rage values F;ivPIl hen', 
t\Vhen O,5c; calcium chloride is added to torpex-2, it is callerl torp('x-:l; III1X contain" 0,5% calcium 

chlorirlp in addition to its other ingredients, 
! Not taken into aCt'ount in percentages of other ingrcrlients, 
~) D-2; dl'spnsitizing wax of the following eomposithm: 6,9 parts Victory wax; 1.0 part nitrocellulose; 0,1 

part lecithin. 
• Also may inclurle 2r:i carbon black, .* Varies bt'twccn ,:;r:; and 9iX. at the expense of ammonium nitrate, 
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Explosivt's Research Laooratory of the Olfi('(' 
oj Scientific Hesl'arch and Dl'vl'loPIlll'l1t. Late,' 
H'sults, in('luoing thmlP lor HDX-l, HDX-3, :lnd 
HDX-6 art' givt'n in paragraph 2-36. Table 
2-3 gives l'umparisOIlS Oil the basi::; of equiva­
lent volumeli of ('ompoHiliun D. 

Tab/,' :!-3 

COli/Par/scm or ,,"Ill.: prl'SSlIre mut illl/'lIlsl', 
WIlli Comp D liS basE' 

(/Jan' ("h{/I"~es) 
------r ------ ---~------

Pl'ak Positive 
Exph.lsivl' Pl't'SSUl'l' Implllsl' 

T(ll'jlcx-~ 1.1:1 1.1:; 

IIIlX I,Oti 1.11 l '1',;,,,,,,,1 .o;" 1.<H 1.08 

TNT O,\)2 0.9·, 

('omp n 1.00 1.00 

2 -36. Explos_iy~t;.--'2L~~'- HDX!TN'UAluminum 
~tem. A comparison 01 tWt'nty -sevt'n diffcn>nt 
mixtures indicated that optimum aluminum con·' 
tf>nt is approximatdy 22 percent for best peak 
pressure or 26 pt'rcent for bes~ positive i~·. :3P. 

Table 2-4 rampart's tlll' optimum castablp 
mixture, HEX-5, with several other military 
explosives. Comparisons are on a TNT basis. 

2-37. Dannge Test Hank~ 4 The following 
ranking has bet'n a.;signed by, ttl(> Ballistic He­
search Laboratories to t'xplosivt>/,; for intl'rnal 
blast against aircraft structures. The H'sults 
were arrived at by firings of light-cased40-mm 
shE'll against B-26 airr.raft and by evaluation 
of damagE' to clamped circular aluminum plates. 

1. Torpex-Z 
2. HBX-6 
~. Tritonal 
4. Camp B 

" ;:l. Pentolite 
6. TNT 

It should be notpd that MOX-2B, for this series 
of tcsts, wa::; shown tu be of the same ordt'r of 
e(fec-tivpness as Torpex-2 and HBX-6 on an 
equal volume basis. 

Til"'" ::-.J 

COlllpariS(1II oj "I'(/"'I"l'S,~III';' and {wsllIl'" 
1IlIllIllse, wilh TNT (/s hast" 

(/J(lIt' ('It I I 1"1: t' s) 

Pl'ak 
p rI'S';lIl'l' 

Jo:xplos I VI' EW· I EV· 

TNT 1.00 1.00 

CIIIl1)1 II 1. 1:1 I.~ I 

111\:\-1 1.:~ I I.:!li 

III\X-:I I.Hi I.'''j Tl'itonal 1.07 I. 17 

lI11X-G 1.~7 1.,1-1 

MOX-2B 
----------

• EV.: - EI\uivalt'n! w['it,h! ha:-;i:-; 
EV - Equiv:lll'nl vUhul1e lI;U-d-S 

Pll~itiv(' 

11l1pulse 

EW' Jo:V· 

l.lIO l.uO 

I.U!i 1.1:1 

I. ~ I I. :lli 

l.~G 1.1 H 

1.11 1.~;) 

1.:lH 1. ;)7 

A rl'cl'nt series of extensivl' tpsts c;trrif'c\ IJU! 

l.Jy the Ballistic Research Laoorat(lril's usin~ 
cased charges against 13-29 'lire "aft as taq.!;l'ts 
rl'sulted in thE' following qualltitativl' compal'lsoll 
of l'fii('iellcy (table 2' ). TIll' Ilumbers rt'I'I't'­

sent the relative weigl .• or vulUI1H' ol a tp:,t I'X­

plusive needed to cause the same blast dall1a~r 
as a given wC'ip;ht or volume of 1-"'II(oli','. 

2-38. ~Q}}lil~~j.!io~~!L~HlLQ-,,'iive~--2LJh",,- Amr 1111)1!..i2:.l~~~"('~g!·:1~~~'/!lQ~i~lullJil~um ~'st1'211. ) 
Table 2-6, thl' n'sult of tests pl'rf(1l'1I1l'c\ at the 
Naval Ordnancl' Laboratory, lists tll!' c()ll1para­
tivC' effect of s,'\,pral mixturp" em all iH3X-3 
l.Jasis. TIl!' b{,l't mixture (40 1 '40/20) was fOllnd 
to bE' equivalent tu H13X -6. 

2-39. Medina / TNT / Aluminum Explosives. 5 

Comparison of tlll' explosivp mixturpl' ill table 
2 -7 are on the basis of C'quivalent wpights of 
HBX-S. Although th(' results are somewhat 
superior to HBX -6, the' use llf Ml'dina is not yl'l 
practical du!' to poor stabil ity and difficulty in 
ol.Jtaining high loading dl'nsity. 

TaMe :!-s 
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Table 2-6 

~----~~----~ ---------.---------~----~ ------
Peak pn.'ssul'l' Posilivt'impuls{' 

~-------~r---------~f---------. 
AP TWX Al 

'-~--- -
40 40 20 

40 30 ao 

7tl 2~ 

tor\, WAX 
:J;. 22 ===1 
III iX -:1 

.. ~-------.- -

47 

°f:W - Eqlliv:ill'llt Wi'l!':ht l.Jatlis 
EV - Equivall'l1t volunll' ba8is 

2 -40. Effp('~oL.Loading Dellsity.! The most 
Common military lllgh l'xplosivl's that havp bet'll 
used or ronSldt'rl'd for usc as fillinp, for aprial 
bombs an=' listC'd in Table 2-3. Chemical com­
positions and dC'nsities are shown in Table 2-2. 
The compl1siliollS of actual fillings vary uy a 
few percellt from tilOsP given. Similarly, the 
loading density giv('n for pach explosive is an 
avpragp over a lIumber of actual filling dpnsi­
ties in various batches. The importance of 
loading density is twofold. EXplosivl's all' 

usually compared on the basis of equal vol­
umes, so that the greater the density, till' t110rp 
favorable the comparative ulast l'ffl'cfiv('np,c;s, 
Second, the loading dpnsity is a l1H'aSlll'P of th,' 
quality of the particular filling; a poor p'll'r w ill 
have air cavities and the compunl'nts ui thl' 
mixture will segregate. Both of thl'S(' faults 
lead to low overall densities. 

EFFECT OF BLAST ON AlHCHAFT 

2 -41. Aircraft Damage by lnh'l'n:ll Blast. T"st 
firings to determinf' the VUlllt'r:luility 01 spl'cifir 
aircraft to internal blast have ul'pn lll'rfor !lwd 
at the Ballistic Researrh LaboratOl'ies, 16, 1H 

Io;W· EY· EW· 
~- ------.-

1.04 1.0H 1. 0:. 1.09 

0.95 1.00 I. 11 1.].1 

1.12 1.0:1 1.00 

1. O!! 1.0-1 1.10 1.(I~, 

1.00 1.00 I 1.00 1.lIll 
-.-----~--. ..! ------ ~ .. --"--.---~-' 

Such information provictls till' wt.'ap(lll~ d('si~lH'r 
Witll data which ('Ilaulcs him to decide 011 an 
optimum warhead size. 

2 -42. Eff ('C L.9.L Ca::i~,-g.JlJ.Qt.~!:..I~Elast. Firings 
of bare alld caseu ell:lq;l's hav!' indicated that 
when thl' ddonation takes placl' ill a Wl'lJ l'I\­
closed spal~e, such as tll(' insHlc of a wing, the 
internal blast dlerl of a cased charge is wt'll 
in l'XCess of the l)l'pdktl'd l'fft'ct. TIll' blast 
.. ff('cl of Illl' pruJectile chargl' is approximately 
the s,lmp as that for all uncasl'd ('ha!"~l' of the 
samp wt'igbt. In I('ss endllSl'd SP;l<'PS, s\lch as 
HIl' Il1ft'rill!" uf tht, lusplagl', til(' t'lfl'\'t is cun­
sitkrably less. It is thl)uhht tilat till" ('[t,'ct may 
Ill' "Xtlld inl'd uy iwo facton;: 

1. In till' ellc!ost'U spa"l', till' llIa;;scd dtl"'! 
ot tIll' frahlllt'II!"; is suit iCil'll! (ll hl'lp jJl'o·· 
ducl' ",tl'uctul'al damage, 

2. ExpanslL)ll of tho:' /;,xplosl\'l' gasps ;,dds to 
thl' t'ft('d of Ole shock wavl'. 

2-43. ~S.l!rf~lS'l'-_Lharli~~_~.'r~':.ls IIl!~Er]al 
~!!::!:J;(,~.8 Firings of ::'lIl"f;]rl' chargt's lin dil'­
l'l't contact with tIll' external surian' 01 tlll' 
skin llf till' aircraft) h,lv," indicated that the 

Trd,/,' :!- ~ 

---.-"-~ 

TNT~ 
"I -- ---.' I ~ 

Medina ! 98 P.A,2 Al Pt'ak prp;;sun' _P~_~t~~~l~UIS(' 
f---. 

] _J 60,65 17 I ::!:2 .:~ ~1 1. I:! 0,99 

50 15 I :V I, Of, 0, D~} 

i 
,J 

._---- ---_. 
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weight of surface charge nece~sary to produce 
damage equivalent to that of an internul charge 
is about three times that of the internal charge. 
AlUlOugh it is true that shell designed for ex­
plosion on contact may be of thinner wall con­
struction, pal'ticularly at till' nose, Ulan those 
which must hav" sufficient slren!:th to penetrate 
the skin, it is doulJ!ful Wat the I ighter con­
struction ran enable sufficil'nt additional explo­
sive to bl' added to offsel the loss in cffl'ctivenl'ss 
due to the lack of penetratiun. 

2-44. The Efied.gf Altitude on Intern~! Blast. 17 

The (kln,lations of high -cxplo.;ivl' charges within 
World War II-type aircraft under st'a level and 
undel' high -altitudl' atllluspheric conditions show 
ilIa! cOlllparl'd to tlw amount of explosivl' needed 
to causl' a given aIllount of damagp at s(la level, 
approximately 5 to 10 percent more is nceded at 
an altitude of 30,000 feel, and 60 to 70 percent 
more al an altitude of 55,000 fect. 

2-45. Aircraft Damagf' !ry External Blast. Fir­
ings hi\ve b-eellConduded- at -the-Ballisttcs He­
search Laboratory to determine U1(' dfeet of 
external blast on aircraft ofvarioustypps,13, 14 
Bare chargps of various weights haw' been ex­
ploded in a sufficient number of orientations, 
with resppct to the air rraft, to enable damagc 
contours to be plotted. Thes(' contour::;, obtaincd 
for several vcrtiral and horizontal plam'::; 
Illl'Ough UlC aircraft, depict the maximulll dis­
ta1l!~!' from tht' airc raft at whi(,h lOOA struc­
tura� damage could be {'xpected to be infliC'led 
by the given weight of rhargp. Althouf~h the 
firings have been conduded against aircraft of 
American manufarlul'e, it is pxpl'ctcd Ula! tll(' 
information obtained can be extended to foreign 
crafl havin~ similar "i~',t'S and stJ'uctures. Fig­
ure 2-3 Illustrates a typiral set of dalllagl' con­
tours for tile B-17 bomber. 

It must be emphasized that the damage con-

CONTOUR IN PLA~E 
OF FUSELAGE AXIS 

......... 

/' 
/ 

/ 

....... "', /CONTOUR IN PLAN0,\ 

',<\ THRU WING TIP ~ 
/ 

\ \ 

\ \ 
I I 

/ 
/ 

I 
I 

~ ' ... ~ ..... ----------
\ / / 

\, / CONTOUR THRU / 
"'-, / MID-SPAN OF WING, / , 

'..... /' 'V' -----_/ ~ , 

\ 
\. , 

'" "-""-, ---------,..,.--.....:._/ 

"'-'............ -~/ ---------
Fig70(, 2-3. DanlaK!' cOl/fou/'s/or B-17 bomber 
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tours arc Ule result:.; of statir tests, in whirh 
both aircraft and explol:iive chaq,,;1' arc at I'e!'t 
at time of detonal.ion. Experiment.s againl:it 
aircl':Jft structures with movili~ internal-blast 
type we,wons indirate that there is a consider­
able directional modification of the peak prrs­
sure and impulse al.Jout a chargp dcl\lnatpd 
while moving rapidl'!, a::; compared to the same 
charge statically detonated. The BaIlis\i1' He­
search Laboratories arc condurting air I.Jlast 
tests to dl'termine this modifiratioll. In addi­
tion to till' efreel of the 1110, ing citargt', it should 
be nottd that the tests were pl'rforlllcd on air­
craft which were l:itatic. It I::; tu I.Jl' expected 
that Ul(' dynamic loads imposed on aircraft in 
flight lIlay add conl:iideral.Jly to Ule effed of til(' 
explosivl'. Hence they Illay tClld to expand til(' 
radii of ef(cctivt'Ill'SS for till' v~,riou::; c.'Kplosive 
charges, It must l.Je stressed that this infor­
mation is fo~" bare charge::;, and it is lIot known 
how applical.Jle it might bp for Lased rharges. 

2 -46, External Blast Damage' Criteri;~.~ 13 Ont' 
would I'xpect thai a plot of tlJ(' ppak pr'!ssure 
Vl'rsu:s impulse Just necessary to (' aUl:ic 1 aDA 
damage by external I.Jla:,t to a givell aircraft for 
a given orientation of til(' charge, with rl'spect 
to tile aircraft, would be of tlll' form shown in 
figure 2-4. 

The form of tilis curve is based on the l.Jelicf 
that then' il> some low value of impulse below 
which It is impossible to achieve lOOA damage 
rcgardless of how high the peak pres:sure and, 
conversely, there is some low value of peak 

W 
Q: 

=> 
(I) 

"'.., hi I 
a-
0.. 

I ; '.;:".::~ -.~REGION I - IMPULSE IS SOLE 
.. ~ DAMAGE CRITE;;ION 

(/; /REGION II - NEITHER PEA.I( PRESSURE NOR 
~.. . ':. IMPULSE IS SOLE DAMAGE 

/ _ 1 i CRITERION 

REGION m- PEAl(t PRESSURE IS 
SOLE DAMAGE C~ITERION 

\ 

. ~--;. -;~: .. ~- .. ?:"~ 
......... --:o~ .... 

STATIC IMPULSE 

Figun' 2-,1. Sialic PClIl.: P'90'" 1','rSIIS 

"talic ill/pui,..;(' 

prl'ssurc l.Jl'low which it i!:i impossible to achieve 
lOOA damagl' rt'l~ardle};s of how high thc im­
pulse. Thus, in Hegion 1, the impulse is the 
so\[' criterion of damage; in HegionlI, neiUlt'\' 
tile peak pressure nor the impulse can be con­
sidered the sole damag!' critl'l'ion; in Hcgion 
Ill, Oil' Pl'ak pressun. in itself il> sufficicllt to 
dciiIle the damage. The gelleral form of tllis 
curve has l.Jeen bornt' oul by limited l'el>lllts of 
the firings agaim.:t A-2[) aircraft :"'y a Wide 
range of eh,lrge weight:-;. From these curves 
it should bl' po!:il>il.Jh' to prpdlCt external blast 
vulneral.JiIity of all aircraft to weights of l'xplo­
sive rhargl' other than t110se for which I.Jlast 
tests have l.Jeen conducted and, also, it should 
be pOl>l>ible to modify external blast dalllagt' 
contour') fur high alti'udl' conditions. 

Curves of this type (peak pressure vs. im­
pUbl' nccessary to eausl' cr ippling damage) 
have been compuled [or A-25 airn'aft. 14 TI1l'se 
('urvcs are illustralpd in figure'S 2-5 and 2-6. 
Thl' pres::; ures uSl'd are s ide -on Ill' ak :~reSt;ures. 
Impulse I"as obtairwd by :l,ssuming a triangular 
forlll for the positive phase of the pH'ssure-

time eurVl'. The tctal posltivl' Impubl' if Pdt) 

Is thl' l' cio 1'(' equal to til(' area of the triangle, 
that is, pl'ak pressure x 1/2 positive duration, 
Using these curvl's, it ;.5 possible to plot damage 
eontour::; for any ,ize charhl' at any altitude, 
provided thaI curve::; of jleak pressure v('rsus 
sealed distanCI', and scaled impulse versus 
scaled distance, art' availahle for the explosive 
used and till' required altitudl'S. If only sea 
levPl rurVt'S are available, thm-ie for greatt'r 
altitudes may be computed by meant; of t>,p 

dinll'nsioual scaling law:-;. TypiC'al rontours 
obtained by this selIlif'lIlpiriral !1wthnd arc 
shown in fig-Ull' 2-7. As bl'forl' tlll'St' ('UrVl'S 

are f,)J' bare' chargl'l>, and t!teir utility Illr 
rased Ghar~l's is not ccllnpl('I,'ly kl;nwn . 

2 -47. r.lydiIiI'aj_~(~!L of fiLl:;! C'lllt011}~.JO!: Effc ct 
of AI~11ud!,,-, Since l'Xpl'rillH'lltally dl'lt-r,llirlt'd 
blast contours hav\' bl't'n obtained only und,'r St';! 

ll'vel condit ions, ('stim:lt,'s of tt~,(' eHt'c! oi alli­
tudp on thl' ('ontours mllst bl' mad" to apply the 
data to wal'hl'~d dt':.ilg-n. A nlL'!hnci for makinl: 
such ('stimatt's has I.JPl'n prl'sl'lltl'd in Ballbt iL' 
l\psl'arch Labol'atoril's Ml'lllOrandulll HqlUr! No. 
575, Thi:; Illl'thod aSSUl1ll'S that "d'IIll;)"" tll{'('sh­
old" curvp:-; of sidl'-'on pt'ak pn'SSlll'l' Vl'r:;llS 
sidl'-on impuisl' l'l'qUll','d (1 pnxillCI' lOOA 
damage to till' aircraft rl'lll:1ill invariant wilh 
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Figure 2-6. Crippling-damage air blast to 
A -25 aircraft, detonation in plane of wing 

altitude. Application of altitude scaling to the 
blast parameters then yields estimates of new 
contours for given altitude conditions. It is 
believed that this technique yields a very con­
servative estimate of contours of altitude. 
Another estimate of the altitude effect can be 
made by establishing damage threshold curves 
based on face-on blast parameters and applying 
altitude scaling to these curves. Since these 
parameters are degraded less than the side -on 
parameters with increase in altitude, the result­
ing contours are not reduced as much as when 
side -on parameters are used. It is believed 
that these two techniques yield both an upper and 
lower limit to the true contours at altitude. 

2 -48. Effe.~~~..9tio.~_~arge __ ~_~ast 
Damage_ to Aircraft. Firings of rockets and high 
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Figure 2--7. Blast conlours around A-25 
aircrafl 

explosive shell against aircraft targets by the 
Naval Ordnance Test Station, Ballistic Research 
Laboratories, and other agencies have indicated 
that the terminal velocity of antiaircraft mis­
siles can greatly affect the damage they inflict 
on the targets. Damage is generally enhanced 
ahead of the missile and is reduced behind it. 
If the component being struck has relatively 
small internal volume, such as a wing panel, 
the overall damage is usually increased with 
increase in terminal velocity. If the component 
has large internal volume, such as the fuselage, 
the damage may nnt increase as much with 
increase in terminal velocity. 

Some measurements of the free air blast around 
moving charges have been done by Ballistic 
Research Laboratories (Memorandum Report 
No. 767) but the data are as yet insufficient for 
correlation with damage studies. 

2-49. Effect of Shape of Explosive Charge. 
When nonspherical explosive charges are de­
tonated, separate blast waves are propagated 
from each of the faces. If the orientation of 
the faces with respect to each other is such 
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that the blast waves interseC't at a.n a.ngle of 80° 
or greater, the waves will interact to form 
Mach waves or bridge waves. Bridge waves 
are defined as Mach waves caused by the inter­
action of two shock waves, resulting in the 
formation of a third shock wave, which bridges 
the volume between the two original waves. 
Double shocks may be produced at the inter­
section of the bridge wave and the original 
wave. 

It h".; been determined experimentally22 that 

the peak pressures and positive impulses arising 
from the detonation of fifty -pound spherical, 
cubical, cylindrical, conical, and laminar char­
ges of RDX Composition C-3 plastic explosive 
do not differ significantly at large distances 
When averaged over all directions. However, 
the individual peak pressures and impulses in 
some directions from some of the nonspherical 
charges have been found to be as much as 50 
percent higher than those in some other 
directions from the same charges at the same 
distances. 
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CHARACTERISTICS OF HIGH EXPLOSIVES 

2-50. Introduction. The more useful chemical 
and physical characteristics of high explosives 
are presented in tables 2 -8 and 2 -9. Tablc 
2 -8 is esscntially a digest of Picatinny Arsenal 
Technical Report No. 1740 (CONFIDENTIAL), 
and is a tabulation o( the results of the t('sts 
described below. Table 2-9 shows the com­
patibility o( given explosives with such other 
materials as metals, metal coatings, and plas­
tics. The data (or this table was abstracted 
from Picatinny Arsenal Technical Report No. 
1783 (CONFIDENTIAL). 

2-51. Description of Test Methods. Paragraphs 
2-52 through 2-68 give brief descriptions of the 
test methods used in compiling Table 2-8. 
They are included to give the reader an appre­
ciation of the test conditions and to permit 
him to compare and evaluate the tabulated ddta. 

2-52. 75°C International Heat Test. AID-gram 
sample is heated for 48 hours at 75 0 C, and is 
then observed for signs of decomposition or 
volatili ty, other than moisture. 

2-53. 100°C Heat Test. A O.6-gram sample of 
the explosive is heated for two 48-hour periods 
at 1000C. At the end of each period the sample 
is observed for volatiles other than mOlsture. 
It is also noted whether exposure at IOOoC for 
100 hours results in explosion. . 

2-54. Vacuum Stability Test. A 5.0-g ram 
sample (1.0 gram in the case of initiators), 
after having been carefully dried, is heated in 
vacuo for 40 hours at either lOOoC or at 
120oC. Thp evolution of gas at each tempera­
ture is recorded. 

Note 

The capacity of the apparatus is 11 ml, 
therefore, any gas evolution in excess of 
11 ml is reported as 11+. 

:2-55. Hygroscopicity. A 5- to 10-gram:;ample 
is exposed to an atmosphere of 30

0
C and 90 per­

cent relative humidity (unless otherwise stated) 
until equilibrium is attained. In cases where 

either the absorption rate is extremely low, or 
very large amounts of water are absorbed, a 
spec ,fie time is stated. If the sample is solid, 
it is prepared by sievifit; it through a 50-on-100 
mesh, U. S. Standard SCTcen. 

2-56. Impact Sensitivity Test. In both the 
Pieatin-llyt~s-t and-theBureau of Mines test, 
a sample (approximately 0.02 gram) pf explosive 
is subjected to the action of a falling weight of 
2 kg. The impact test value is the minimum 
height at which at least onf.' of 10 trials results 
in explOSion. For the Bureau of Minen apparatus, 
the unit of height is tile et'ntimeter. In tili!; test 
the explosive sampl(' is hpld between two flat, 
parallel, hardened (Rockwdl C631 2) sted sur­
faces, and the impart impulse is h-ansmitted to 
the sample by the upp('r flat surface. Since the 
height of this apparatus is 100 em, if, at 100 
cm, no explosions result among ten trials, the 
value would have to be recorded as lOOt. In 
thf.' Picatinny apparatu::; the unit 01 height is thf' 
inch. In this test the sample is placed within a 
depression in a small steel die-cup, C'apj)ed by a 
thin brass ('over. A slotted-and-vented cyhn­
dLil'al sted plug is placed, slotted side clown. 
in the center of this cover. The prinCipal 
differences between thf' two tests are iliat the 
Picatinny test involves (1) greater confinement, 
(2) a frictional component against the inclined 
sides, and (3) distributes the tra.nslational im­
pulse over a smaller area, because of the inc lined 
sides. 

The test valuf.' obtained with the Picatinny 
apl'a,;,.tus depends to a marked degree on the 
saln;I("s density. ThiS value indicates the 
hazard to be expected wlll'n subjecting the par­
ti,'U;M sample to an impact blow; it is of value 
in assessing a material's inherent sensitivity 
only if the apparent" bulk" dt'nsity is recorded 
along with the impact test value. The values 
tabulated wcre obtained 011 material screened 
between 50-on-IOO mpsh, U. S. Standard screens, 
where single component explosives w.'rp in­
volved, and through 50-mesh in the case of 
mixturc'>, 
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2-57. i"rictlon S('nsitlvHy. Thl' Cr:ction ~ensi­
tiVlty oT aii-l'xplosiv-t~ls-;!l'termined by subJect­
in" a 7 .O-~ram sample of the explosive (through 
50-on-100 mesh) to the "sw£'cping" action of a 
"shoe" (of steel or fiber) attached to th£' end of 
a pendlilum. The degree of "pnsitivity is re­
ported qualitatively as (in deereasinp.' order of 
sensitivity): explo:;ion. snaps, crackles, or 
unaffected; indicat"d respectively by E, S, C, 
or U. 

2-58. Rifle Bullet Impact S€'nsitivity. The sen­
sitivity-;)fan-exi)losive-to-riTit;-bull~~t impact is 
d€'termincd by loading 1/2 -pound sampit's o( the 
explosive (in the same manner as they are 
loaded for ;lC'tual us£', or as indicated) in a 
3-in<'h (2-inch 1. D., 1/16-inch wall) pipe 
ni:Jple, closed at each end by a cap. The 
loaded nipple may contain a small air space, 
which can be filled, if df'sired, by a wax plug 
The loaded nippl~' is subJ€'cted to the impact of 
_30-caliber bullet (standard bal1 ammunition) 
fired from a distanc€' of 90 feet perpendicular 
to the nipple's long axis. 

2-59. Explosion Temperature Test. A 0.02-
gram s-ampf~ (0.01 gram-inthe-rase of initiator 
materials) of explosive, loose-loaded in a No.8 
blasting cap, is immerst'd for a short period in 
a Wood's metal bath. The temperature deter­
mined by this test is the temperature that 
produces explosion, ignition, or decomposition 
of the sample within 5 seconds. The behavior 
of the ~ample is indicated by an e, i, or d 
placed after the numerical value. 

2-60. Booster Sensitivity Test. 'i'his test pro­
c"dure is a version o( -the Bruceton "staircase" 
methud for an unconfined charge. The source 
of shock consists of about 100 grams of tetryl, 
tn two pellets, each 1.57 inche::; in diameter by 
1.60 inches high. The inibal shock is degraded 
through wax spacers of cast Acrowax B, 1 5/8 
inches in diameter. The test charges are 1 5/8 
indes in diameter by 5 inches long. The value 
reported is the thickness (in inche::;) of wax at 
the 50 percent detonation point. 

2 -61. Initiator Test. This test is run, using in­
creasing quantities of initiator in each trial, 
until the amount of sand crushed no longer in­
creases with an increase in the amount of 
initiator used, that i::;, until the rising curve 
(showing amount of sand crushed versus quantity 
of initiator used) levels off. The actual value 

reported is the difference betwe('n the total 
amount of sand crushed by the whole sample 
and the amount of sand cru~hed by the initiator 
alone. 

2-62. Sand Test for Solids. AOA-gramsample 
of ('xplosive prNlsed (at 3,000 psi) into a No.6 
cap is initiated hy nlt>rcury fulminate or l('ad 
a2'.idt' or, if neccssal'Y, by lead aZIde and tetryl, 
in a sand test bomb containing 200 gram::; of 
"on 30-ml'sh" ottawa ~and. Ttli' an,ount of iuJ­
minatl' or azide, or I)f azide and telry J;-th'a'1 must 
be used to ensure that tht> sample l'rush(!'s the 
ma.xirnul11 nl't weifihl of :c;and is deslgnat('d as 
ifs s('nsltlvity to lJlitiatioll; and the net weight 
of sand cru:c;hrd to finpr than 30-mesh ist."rmed 
the sand test value. Th{' net weight iJf sand 
crusht'd is determined by subtracting prom the 
total amount crushed th~' weight of san, crushed 
by thl' initiatol material when fi~fed alone. 

2-63. Sand Test (or Liquids. The ~nd test for 
liquids i::; made in accordance wiu;.tl1e procedure 
given (or solids, except th7t the special 
procedure described in "Methods of Inspection, 
Sampling, and Testing," MIL-N-1l960 (24 April 
1952) should be followed. 

2-64. Fragmentation Test. The standard shell 
used in this test is either a 3 -inch HE (M42Al, 
lot KC-5) or a 90-mm HE (M71, lot WC-9l) 
shell. The values reported in this table are for 
the 3-inch shell. Either shell size is initiated 
by M20 booster pellets -of height range 0.480 to 
0.485 inch and weight range 22.50 ±0.1O grams. 
The shell is assembled with a fuze, actuated by 
a Blasting Cap (Spt>cial, Type 11, Specification 
PA-PD-577) placed directly IJll a lead of ("lm­

parable diameter. It is then placed ina box I"ade 
of 1/2-inch pine. The box for the 3-inch shell 
is 15 x 9 x 9 inches in outside dimensions. This 
box containing the shell is placed on about 4 feet 
of sand in a steel fragmentation tub, the blasting 
cap wires are connected, and the box is covered 
by another 4 feet of sand. The shell is (ired, 
then the :c;urrounding sand is run onto a gyrating 
4-mesh screen on which the fragments are re­
covered. The tabulated values represent the 
ratio of the number of fragments produced by the 
subject explosive tc. the number of fra~~ments 
produced by an equal amount of TNT. 

2-65. Ballistic Mortar Te~t. The amount of the 
sample explosive necessary to raise the ballistic 
mortar to the same height as it would be raised 
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by 10 grams of TNT is determined by this test. 
The sample is then rated, on u propc.rtional 
basis, as having a certain TNT valuf', that is, 
as being a certain percent al' effective as TNT in 
this respect. The formula 

TNT value~ 10 x 100 (% TNT) 
sample wgt. 

gives the TNT value of the sample. 

A ballistic mortar is a heavy, short-nosed 
mortar supported at the end of a long compound 
rod. The mortar contains a chamber about 6 
inches in diameter by 1 foot long. About 7 inches 
of the chamber is occupied by a pl'ojectile, and 
the sample to be tested fills a small portion of 
the remainder. Upon detonatL:m, the projectile 
is driven into a sand bank, while thP mortar 
swings through an arc which is automatically 
recorded by a pencil attached to the mortar. 
The angle indicates the height to which the pen­
dulum is raised by the explosion, and represents 
the energy measured by this test. 

2-66. :rrauzl Test. This test is used principally 
to obtain a qualitative concept of the power of a 
new explosive compared to an explosive (usually 
TNT) whose effects are known. It may be run 
either to determine the relative expansionof the 
test block, compared with the expansion produced 
by an equivalent weight of TNT, or to determine 
the weight of explosive required to produce the 
same order of expansion as a TNT reference 
standard. The results reported in table 2-8 
are for the former method. 

In the Trauzl test 10 grams of explOSive are 
placed in a bor,ehole, 25 mm in diameter by 125 
mm deep, centrally located in the upper face of 
a lead block 200 mm in diameter by 200 mm in 
height. The block, cast in a mold, is made of 
desilverized lead of the best qual.ity. The rela­
tive strength of the explosive is expressed as the 
ratio of the volume of the cavity after explosion 
to the initial volume; it is reported as the percent 
of expansion caused by an equivalent weight of 
TNT. 

2-67. Detonation Propagation. The purpose of 
this test is to de'cermine the minimum diameter 
below which a detonation wave will not propagate 
through a column of explosive. Columns of un­
confined explosive 38 inches long by 3/4-, 1-, 
1 1/4 -, or 1 1/2 -inch diameter were initiated at 

one end by a tctryl pellct. An impression mad!' 
in a mild-stel'l platc at UJ(' oUII.'r end of the 
column was accepted as evidence of complete 
detonation. The figure reportl'd in the table is the 
minimum diameter for complete detonation. 

2-68. Detonation Rate. Detonation rat(' varies 
with density; Uw values reported in th{' table, 
therefore, are only for represenlativl' denSities, 
that is, 1.6 and "normal" (most common). Th(' 
rates reportf;;d were determined by use of a 
rotating drum camera. The charges were 1 inch 
in diameter by 20 inches long, and werc wrapped 
'in cellulose acetate sheet. Thcy were initiated 
by a system designed to produce a stahlI' high­
order detonation at maximum rate for the given 
conditions. A typical systcm consisted of four 
tetryl pellets 0.995 inch in diameter by 0,75 inch 
long, pressed to 1.50 grams per cc, with a Corps 
of Engineer's special blasting cap placed in a 
centn hole in the end pellet 

The remaining columns of table 2 -8 ~Ive th!' 
normal and crystal (maximum) densitics, and 
show the variation of loadin~ density with 
pre>lsure (for prl'sscd explosivl's only). Tht> 
usual, or recommendcd loading, method is also 
ir.dicated. 

2-69. Quantitative Definition of Compatibility. 
A compatibility probll'm may exist when foreign 
materials are in contact with, or in c l()sl' proxim­
ity to, explosives or propellants. In this special 
sense, compatibility includes both the l'fiert of 
the material on the explosive and the effect of ille 
explosive on the material. The effect of thl' 
material on the explosive is determined by the 
1000C vacuum stability test. This IS an acceler­
ated test to determine whether Ule reactivity of 
the explosive is increased by contact with the 
material. In the standard test, if the net increase 
in gas evolution is '5 cc or great!:!r, the re­
activity is considered excessive and the material 
is deemed to be incompatible. The net increase 
in gas evolution is measured by comparing the 
volatility of 2.5 grams of the explosive and that 
of 2.5 grams of the material to the volume uf gas 
released by the sum of 2.5 grams of each (5 
grams total) mixed together. 

2-70. Description of Table 2-9. The high 
explosives compatibility table shows the relative 
reactivity of military explosives with the mebls 
they are most likely to be in contact with in 
service use. The compatibility of explosives 
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with metals, unless otherwise noted, repre­
sents the effect of the explosive in contact with 
metal (in a wet or drystate,designated W or D) 
at ambient temperature for two years. The 
effect of explosives on metal is designated F, 
YS, S, H, YH, or C and the effects of explosive 
in contact with materials other than metal is 
designated F, N, M, U, or P. These designations 
are explained in the table. To indicate the 
direction of reactivity, a subscript m is used to 
indicate the effect of the explosive on the metal, 
and subscript x to show the cffect of metal on 
explosive. 

/ 

The table was cumpiled from data available in 
PicatirUlY Arsenal Technical Report No. 1783 
(November 1950, CON FIDENTJAL). Extensive 
data on the compatibility of explosives and 
plastics are giver. in Picatinny Arsenal Techr.ical 
Heport No. 1838, "Completion of Data on the 
Compatibility of Explosives and Polymers," 
(1 Oct('~er 1951, CONFIDENTIAL). Additional 
data on the compatiLility of plastics may be 
obtained from ,the Ordnance Corps Plastic 
Laboratory at Picatinny. 
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G~lV(, rnlng 
ExploSl\'t" C'hE"mlcal nam(' USC' Sp(lcillcation 

. 
Am.tol SO/50 Demolltion none 
Ammonal non(' 
Composition C3 1AN-C-427 

Cyolotol 60/40 H£ shell non. 
E""lo.iv. 0 (Ounnite) Ammonium picrate AP shell, bUrster;) JAN-A-166 

Merru" fulmInate Primt"f, ddonator JAN-M-219 
Nltr~lycerint' Double- base propellant, lAN-N-246 

DemolitIOn 
P ... ntolitf.' 50/50 Burster, shaped 1AN-P-408 

c-harge, demolitIOn 
PicriC actd Boosters JAN-A-187 

T ... tn·\ol 65/35 Buro:;tpT, demolition 
T ... t,.)'Iol 75/25 HE shell, demolition 

Burstl'fS, grenade, etc, 

Am.tol 801z0 Bursters none 

B.ratol 67/33 Colored marker shell none 
Black powder Igniters, delay elements lAN-P-223 

CompOSition A-3 HEP sh ... lI, shap ... d charg ... lAN-C-440 
Composition B HE sh ... ll. shaped' ch.rg ... PA-PO-24 

fragmt"ntahon bombs 
Composition. C-4 Demolition PA-PO-8 

Cyclotol 75/2~ HE shell 
OONP Uiazodin itrophenul Pnmer mixtUres 1AN-B-552 
aL .... d Azide (PYA) Primers, detonators none 
L .... d azide (de"'rinated) Primers, dE'tonatofs MIL-L-30~5 
Le.d stypllllate (normal) Prtmers. detonators PA-PO-I60 
Lead styphnate (basic) Primers, detonators MIL- 1..-16355 
MOX-2B Hq:!;h-blast shell filters nOlle 

(20- " 30- mm shell) 
PETN Pent2prythritol- Booster moo., detonators lAN-P-387 

tetra nUrate 
Picr.toI52/48 AP. SAP bombi; none 
RDX (Cyclonite) Cyclotrimethylene Booster, detonator PA-PlJ-416 

trlnttra mine 
RDX/""x 97!3 Booster M[L..R-13738 
Telrace-ne I-Guanyl- 4-nitros- Primer mixtures none 

ammo-guanyl 
tetrazene 

Tetryl 2,4,6~Tnmtr~ Boo£ter, small HE shell, JAN-T-339 
phenylmethyl- detonator 
nltramme 

Telrylol 70/30 Burstprs 
TNT Trmitrotoluene Shell hller, bombs lAN-T-248 

Tritonal 80/20 GP bombs none 

Cyclotol 70/30 HE shell 
HBX-I ! Blast, bursters, 

War he;;ads 
HBX-3 I Explosive bombs 

HBX-6 

HMX (tI-Form) Cyc1otelr3methyl- Drtonators, replacement none 
enetet ran (tram me for RDX in mixtures 

Nitroguanidine Pic rite AP shell, bomb (ill ... r PA-PO-302 
proprllant ingredient 

Octo175/25 HE" HEAT shell, bumbs none 

a PolYVInyl alcohol adulterated 

\ 

75"C 
Intt'f-

r ..... t101)31 
h£'al 
test 

~ - ~ '" ~ '" g 
Composltiun, perc{'nl ,3.c 

(mllllure. only) ..,.,~ 

50 TNT. 50 ammonium nitrate 
67 TNT. 22 am. nttratf'. 11 aluminum 
4 TNT, 77 RIJX, 3 tetryl, 10 ONT. 5 MNT. 

1 nltr()('('lIulo~f' 
40 TNT. GO ROX 

0.12 

0.18 

50 TNT, 50 PETN 

0.05 

35 TNT. 65 tetryl 
25 TNT, 75 tetryl 

20 TN'f, 80 ammonium nitrate 0.06 

33 TNT, 67 barium nltrate 
73 KNO:!. 10.4 S. 15.6 C 

91 ROX, 9 .. ax 
39 TNT. 60 ROX. I Wax 

b91 ROX. 9 Polyisooutylcne binder 

25 TNT. 75 ROX 
0.24 

95 Lead aZ1de. 5 impurities 
91.5 Lead azide, 8.5 impurities 0.17 

40NH4CI04/TNT(90/10), 6 RDX/Wox(97!3) 0.54 
50,1,1 (dichromated) 2Co stearate,l graph (.dded) 

0.02 

48 TNT, 52 ammonium pic rate 0.0 
0.03 

97 RDX, 3 wax 
0.5 

0.01 

30 TNT, 70 Tetryl 
0.04 

80 TNT, 20 aluminum 

30 TNT, 70 ROX 
11 TNT, 67 Comp B, 17 aluminum, 
cS 0-2 desensil1zer, C.5 CaCI2 (added). 
8 TNT, 52 Comp H, 35 aluminum 
c5 0-2 Desensitizer, 0 5 C.CI2 (added) 
74 Comp B, 21 Aluminum, Cs D-2 
desensitizer, 0.5 CaC12 (.dded). 

0.05 

25 TNT, 75 HMX 

b Polyi.obutylen~ binder: 25 polYlsobutylene. 59 dj(2-
ethyl-hexyl) sebacate, 16SAE UO engine oil 

c 0-2 drspn,'.;;itlzer (Navy desl.gnation, Composltion D-2) 
84/1412 wax rutrooellulose/lecilhm 

St. 

100°C 
heat h'st 

"iii 
c -'" ~ .. 
'" ~ 0 0 
..J.c 
..,.,~ 

0 
3.2 

0.1 

.. plode 
l.~ 

0 

O.Ol 

0.20 
O.IS 

O.Ol 

0.2 
0.2 

0.1 

0.3 
2.1 

0.9 

0.65 

0.1 

0.0 
0.03 

0.07 
2l.2 

0.01 

0.1 
0.20 

nil 

0.18 

" ;; 0; 
c Co - '" o. 
r. .. Vii "' ~ ,3,g ,Z, 

~< 

""~ "'~ 

O. \I non 
I.e 

0.1 non 

40 
3,5 noo 

0.2 

0.09 

0.17 non 
0.07 noo 

0.05 non 

0.2 noo 
0.1 non 

0.0 non 

0.9 
2.2 non 

0.05 non 

0.27 

none non, 

0.05 non, 
0.0 noo, 

0.03 non' 
3.4 non, 

0.0 non, 

0.1 non, 
0.20 non, 

nil non, 

0.09 non, 

d ExpL D 
e BI. powd 
f Pb azide 
g RDX.t: 



75"C 
Intl'r-

na~'OIl21 
h.al 
tt!'st 

c '- .. '" ~ ~ g 
.s.c 

""~ 

0.12 

0.18 

0.05 

. 0.06 

0.24 

0.17 

0.54 

0.02 

0.0 
O.OS 

0,5 

0.01 

0.04 

I 

, 
I 

0.05 

I <11(2-

Ion 0-2) 

SbbUlty 

100°C Vacuum 

hf"at ({'st stability 

~ 
c 
-'" 
~ g 
,S.c 

""~ 

0 
3.2 

0.1 

.. "Iode 
3.11 

Q 

0.03 

0.20 
0.13 

0.03 

0.2 
0.2 

0.1 

0.3 
2.1 

0.9 

0.65 

0.1 

0.0 
0.03 

0.07 
23.2 

0.01 

0.1 
0.20 

nil 

0.18 

~ d' " c 5 § 0 .. 
~ c c ~ 

- III o ~ 
~ g in g ., .. 
,S.c oS.&! :. .. 

:to .. 
""; u u "';! u u 

0.2 
0.11 none 
1.6 1.2 11+ 

0.29 
0.1 none 0.2 0.4 

40 hr. 
3.5 non. 11+ 

I 0.2 3.0 11+ 

0.011 0.2 0.5 

0.17 none 2.8 11+ 
0.07 none 3.0 11+ 

0.05 none 0.45 0.1 

0.17 0.45 
0.5 0.9 

0.2 none 1.0 
0.1 none 0.7 0.9 

0.0 none 0.3 

0.9 08 
2.2 none 7.6 

0.23 
0.05 none 1.0 0.07 

0.43 0.4 
0.43 0.43 

0.27 0.43 0.21 

none _one 0.5 11+ 

0.05 none 0.4 0.7 
0.0 none 0.7 0.9 

0.03 none 0.27 0.4 
3.4 none 

0;0 none 0.3 1.0 

0.1 none 3.0 11+ 
0.20 none 0.1 0.23 

0.1 0.2 

0.9 
2.4 

3.7 

2.7 

nil none 

0.09 none 0.37 0.5 

d bpi. D at 100% RH 
e 81. powde r at 26'C, 75% RH 
I Pb azide at 21'C, 90% RH 
g RDX 01 2S'C, 100% RH 

Hygro· 
sroplrily 

-:c 
"=: 
~"" ,,0 ,,,,, 
~ 

.s~ 
""g 

2.4 

n.1 
dO.1 

0.02 

0.02 
O.OS 

'0.75 

nil 
nil 

nil 

10.03 
1 
nil 

0.36 

nil 

0.02 
gO.02 

0.77 

0.04 

0.02 
nil 

nil 

nil 

nil 

\..JU1'Jr l.u~l'J 11l\.L 

Table 2-8 

Characteristics of military high explosives 

ImpaCl PC'noulUnl 
t('.!"t fr1t'tion 

E c .. 
>,- ~ ~ £ c.c .. 
.5 J:: .. - ;; '" c.c 

h 

j.: ;; " ,,-
" '" .:! . _ \I.' :os ~ .. 
I>.f-o I'l_ OJ ... 

16 95 U 
28 

14 100+ U 

14 75 U 
17 100 U 

h9 15 E 
I 15 E 

12 34 U 

13 85 

1\ 28 S 
10 28 S 

15 89 U 

11 35 
Ie 32 S U 

16 100+ U 
14 75 U 

19 36 U 

51 
2 5 
4 15 E 

h
5 17 .E 
3 17 lr. 

h3 7 JE 
12 33 E U 

6 17 C U 

17 100+ U 
8 33 E U 

11 10 U 
8- 7 F-

8 26 S 

11 28 U 
14 100 U 

13 85 

14 60 U 
19 U 

IS U 

14 U 

10 17 E U 

29 47 

II 8 ounce weight 
i 1 lulogram weight 

'3~·m.lllvl'y 

HIli,· Ilull .. 1 
imra('t 

v. 
c 
0 

~ 

~ '2 ~ 

!! '" ~ '" i ~ . 
ci h 

~ " " e 
z :c I>. '" ::> 

5 5 
5 5 

10 4 6 

20 I II 5 3 
10 3 7 

10 10 
10 10 

25 18 5 2 

5 3 2 

10 I 9 
10 3 7 

5 5 

5 5 
40 7 1 32 

5 2 3 

10 3 0 4 3 

5 5 

10 4 6 
40 7 1 32 

35 2 lB 4 11 

30 4 3 16 7 

20 1I 9 
25 1 24 

10 6 4 

20 3 7 5 5 

10 3 6 1 

Nol usually tested, 
would probably del~nal. 

Driliance 

S('nslvlly 200·Gram bomb. 
.Ind tcst 

tu tnutatlon Fro,m.n"'lIon 
by lelryl Minimum C"harlte 3" HE 1014201.1 

boostf'r 10 Initial. Ihdl p"" 

-;; ~ 

" !' ~ H .. 15 t 11 '" .~~ 
3 ~ ~ 

u I .. :c .... §' 0-
III el: " .. .. 

-l.~ ." d~ ",:: ~ ... .. - " ;: ~j 
0-

~t S ~~ 
,.,,, .. :c2 D ,,~ :z;\; :z;f ;t "'''' I>. .... 

- " .. 0 .if 2.' .. -E -Ii 

~E vi .; E WI ~ .. .... It Ed' ~~ ~i :: .... S'; E E ~ i: 2E lie ~!:'- Q- "'- " .. 0" I.J~ .... ~ .... - O!~ 
on-OU:TE AND OIlSOL!:SCENT 

265 d 1.55 0.60 0.24 0.05 42.5 1.'-' 315 514 ISS 113 
264 d 45.9 1.115 550 1155 14 122 
280 d 1.62 1.36 0.08 53.0 1.10 1171 514 13S 12. 

280 d 0.22 0.20 54.& 1.17 701 514 ISII ISS 
318 d 1.54 \.27 0.24 0.06 Si.5 1.55 506 514 III III 

210. 22.4 
222 .. ·51.5 140 

220 d 1.80 2.38 0.111 0.13 55.0 1.70 147 844 Iii 12. 
1.65 2.08 

320 d 0.27 0.24 0.00 U.O 1.60 112 

325 t 0.22 0.23 0.00 52.' 1.60 585 514 II. 
310 I I.UG 1.66 0.24 0.19 53.8 1.60 5" 514 115 122 

EXPLOSIVES IN CURRENT USE 

280 d 1.65 i 0.83 0.24 0.27 35.5 1.4' 460 ISO 
presse-d 

385 • 2.55 0.32 , 0.20 0.10 211.~ 
427 I 0.25 8.0 55 

250 d 1.62 1.70 0.Z2 0.25 51.5 1.82 710 514 1S8 130 
278 d 1.69 1.40 0.22 0.20 0.00 54.0 1.'l.O 750 5S0 ISS 1S4 

" 
290 i 0.10 55.8 1.59 6n 130 

~80 d 0.23 54.1 
195 e blackpowderfuz. 45.11 1.58 
340 e I I 20.0 
3.C e 19.0 42 
357 .. black powder fuze 11.1 41 
282 e black powder fuze 5.7 
245 d 0.20 0.25 25.7 81.5 

225 d 0.17 0.03 62.7 145 

285 d 1.63 1.00 0.05 45.0 1.82 481 514 95 100 
260 d 1.54 2.33 0.19 0.05 0.00 60.2 1.65 705 530 133 ISO 

275 0.15 58.3 
160 e 0.4 /28.2 

257 i 1.58 2.01 0.20 0.10 5 •. 0 1.112 e05 514 liB 130 

320 i 0.23 0.2. 53.0 1.60 585 514 117 120 
475 d 1.55 1.68 0.2 0.27 0.16 48.0 1.60 514 514 100 100 

1.60 0.82 
.70 d 1,75 0.58 0.20 0.10 52.0 1.73 485 514 94 124 

EXPLOSIVES IN DEVELOPMENT 

0.21 0.20 5&.11 1.72 828 SI4 1111 
250 i 0.20 0.10 48.1 

0.20 0.10 44.0 

0.20 0.10 49.5 

327 a· 0.16 59.3 

275 d 1.41 0.67 0.17 104 

• Nllrqjlycerine by liquid method 
I Tetracene: 4.0 ,ma land crushed 

when initiated by black powder f .... 

I 
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52 3~20 ~OOO 

140 181 7760 7675 
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-
1

4500 130 123 5200 

1-1/2 
55 10 400 

138 130 125 HI30 R012 
133 134 130 3/4 7460 noo 

130 8040 

8035 
~7 6900 

42 38 4500 
41 5000 

5000 
81.5 4830 

145 17S 7920 7680 
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8240 
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161 f.l" 3/4 

I 

7480 
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"400 
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18hf!'d 
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g 
F. 

0 
>-
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I.G7 
1.48 1.72 

3.3 4.43 
1.5 1.6 
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1.67 
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1.60 
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3.32 
2.65 

1.47 
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SHAPED CHARGE AMMUNITION 

LIST OF SYMBOLS 

a 
c 
d 
E 
In 

p 

Ps 
PI 
R 
S 
T 

T1 

flute depth 
charge mass (cross section) 
charge diameter 
heat of explosion 
impulse delivered to liner in normal 
impact 
impulse delivered to unit area of a liner 
whose surface normal forms the angle 
!i with the direction of propagation of the 
detonation wave 
collapse (stagnation) pOint 
jet length 
liner mass (cross section) 
jet mass 
slug mass 
calibers per turn of rifling. Also the num­
ber of flutes on a fluted liner 
penetration 
collapse (stagnation) pressure 
explosion pressure 
pitch radius of fluted liner element 
standoff 
wail thickness of blank before fluting 
explosion temperature 

STATUS OF THEORY 

2-71. Detonation Wave. Thecetonationprocess 
is most easily pictured in terms of the pass?ge 
of a "dE'tonation front" (see figure 2 -8) through 
the explosive, with the velocity V D in the ra..1ge 

DETONATION 
FRONT 

~""" 
771ZZZiLlZ/ZZ 

DETONATED 
EX PLOSIVE 

Figure 2-8. Delonalion wave in 
an explosive 

/. 

Pj 
,I· 

velocity of jet impacting target 
velocity of detonation 
impact velocity 
velocity of the jet 
velocity of liner collapse 
velocity of slug 
angle between liner axis and liner 
angle between liner axis and collapSing 
liner 
angle of indexing (when matching fluted 
tools are used) 
angle between normal to liner surface and 
direction of propagation of detonation 
wave 
T/R 
the constant aiR 
spin frequency 
optimum frequency of rotation 
target density 
jet density 
angle between flute offset and radius 
through its root 
angular velocity 

5 to 9 mm per fl sec (km/sec). Behind this det­
onation front, pressures Pl 01 the order of 
250,000 atmospheres and temperatures T 1 in the 
range of 2,500° to 4,000°C are commonly ob­
served. The total chemical energies feeding the 
detonation are of the order of E = 1,000 cal. per 
gram. The detonation front is regarded as a 
shock surface followed by a "reaction zone" in 
which chemical reaction takes place; the thick­
ness of the zone is estimated to be on the order 
of 1 mm for most solid explosives, correspond­
ing to 0.1 j.Lsec reaction time. 

From VD, E, and an assumed equation of state, 
one can estimate PI' T 1, and the particle velocity 
behind the cietonation front by the conservation 
of mass, momentum, and energy. The so-cailed 
Chapman-Jouguet condition gives a fourthequa­
tion, from which V D itself can be predicted. 
However, the equatiuns of state of solids under 
high temperatures and shock pressures are not 
accurately known, and so the preceding method 
is of limited practical value. 
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If one assumes that VD is a constant for a given 
explosive, so that the detonation front propagates 
by Huygens' principle (just as in geometrical 
uptics), one has a rational bar;is for "shaping" 
explosive waves by peripheral initiation, or by 
us ing composite charges having different detona­
tion velocities in different regions (for example, 
having inert cores). Actually, VD may be 
affected by the curvature of the detonation 
frunt, and composite charges are especially 
liable to impei'feetions. 

In lined cavity charges, the primary effect of 
the Explosivl' i:-; through the collapse velocity 
(V), which it tr'<lnsmits to the liner, in the high­
pressure zone lJPhind the detonation front. This 
velocity is transmitted, by a complic:lt{'d process 
uf multiple shock reflection, in 5 t,) 50 .'.secs. 
The net effect of these multiple reflections has 
lH'en shown to be nearly the same as if the liner 
were rigid. The effect of finite charge dimen­
sions and confinement is not easy to determine. 

2-7t.. Jet Formation: "Zero Order" Theory. 
In the ca:;e of conical liners with cone angle 2", 
the simplest picture is to assume that the liner 
collapses with a constant veloc ity V 0, and in a 
constant direction Applying Bernoulli's equa­
tion to a moving reference frame, this directioll 
bisect" the angle 2 f· between the normal to the 
uncollapsed liner, and the normal to the col­
lapsing liner (5ee figure 2-9a). U shear stresses 
and shocks (increase of entropy) are neglected, 
the steady state hydrodynamical theory of jet 
formation is obtained. According to this theory, 
the collapsing cone divides into a high speed jet 
and a slower slug, whose mass-ratio is (in 
terms of the angle /j between the collapsing 
lin.:r and the axis) 

1 + cos .J 2 ~ 
----: cot -
1 - cos !j 2 

and whose velucities are respectively 

Y coso./2 d V _ V sin 0./2 
YJ = 0 sin f3/ 2 an s - 0 cos /j/2 

(1) 

(2) 

The details of this theory have been published, 
and will not be repeated here. 

The assumptions needed to derive equations (1) 
and (2) art'! the following. 

a. Steady state flow, in a moving reference 

,/ ..­
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Figzlye 2-9a. Jet foymation foYcps 

frame. Strictly speaking, this requires a plane 
detonation wave, and a liner whose thickness is 
inversely proportior.al to the distance frum the 
cone apex. 

h. Shear forces are negligible, since the yield 
stress of mild steel is only e,ooo atmospheres. 

c. Isentropic, shock-iree flow. 
d. Constant pressure on the liner near the 

stagnation point J, the same inside and outside 
the liner. 

e. Asymptotically uniform flow in the liner, 
jet, and slug, away from the stagnationpoin~ (J). 

From the preceding assumptions, it follows that, 
!-elative to axes moving with the collapse (stagna­
tion) point (J), we have the Bernoulli equation (by 
a to c), and hence (by d and e) the same relatIVe 
velocity in the jet, slug, and collapsing liner 
(see figure 2-9b). 

y 

Figure 2-9b. Jet fonnation forces 
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Equations (1) and (2) have been confirmed exper­
imentally near the apex of the cone. Especially 
is this true of the predictions that the jet length 
should equal the slug length, and of the initial Vj . 
However, near the base of the cone the collapse 
angle increases rapidly, the observed ~is con-

ms 
siderably larger than that predicted by equation 
(1), and the Jet becomes several times longer 
than the slug. We shall now attempt to ration­
alize these facts, following ideas first explic­
itly formulated by Pugh. 

2 -73. Jet Formation: "First Order" Theory. 
In HEAT shell with conical liners (figure 2-8), 
it is obvious that C/M (the ratio of ma.<;s of 
charge to mass of liner in a cross section) de­
creases, from infinity to a small quantity, as 
one moves along the liner axis (X -axis) from 
apex to base. Hence (see paragraph 2-71) the 
collapse velocity, Vo(x), may be expected to 
decrease correspondingly, in a way which can 
be predicted roughly. It would be desirable to 
have accurate direct experimental measure­
ments of Vo(x). However, this is difficult to 
obtain. 

If one assumes, in addition to assumptions a 
through e of paragraph 2 -72, that there is negli­
gible momentum transfer after the initial phases 
of the collapse process, one concludes that each 
liner element from the ring-shaped zone with 
initial position x moves with constant velocity 
V o(x) in a straight line until it reaches the liner 
axis. Since the collapse direction bisects the 
initial angle between the initial normal to the 
collapsing liner and the normal to the original 
cone, one can predict at all times, from V o(x) 
and the initial collapse angle, the shape of the 
collapsing liner. The predicted collapse profile 
agrees with observation, at least qualitatively. 

As emphasized by Pugh, Eichelberger, and 
Rostoker, who or iginated the preceding "fir st 
order" theory, the inferred local collapse anF;le, 
,B(x), and local relative velocity, Vl(X), on the 
axis will increase and decrease markedly as we 
move from apex to base. By (2), the increase 
in fj (x) accentuates the jet velocity gradient, so 
that Vl(X) decreases to a fraction of its initial 
value. 

With thin cones, the relative change in (j (x) and 
V 1 (x) per liner thickness is small; hence it seems 
reasonable to assu-7\e that the theory of para­
graph 2 -72 is locally applicable to these quanti­
ties. At least, this assumption gives a simple 

basis for calculating, as functions of x, the 
velocity Vj(x) of jet formation and mass-ratio 
mj(x) 
mIx)' 

2 -74. Jet Breakup. Because of the jet velocity 
gradient already mentioned, the jet may be 
expected to lengthen continuously, while mov­
ing ahead in a straight line. In the case of 
well-formed, unrotated charges and liners, a 
straight, steadily lengthening jet is in fact 
observed. However, real jets always break up 
into streams of particles sooner or later (see 
figure 2-10). The time of breakup has an im­
portant effect on penetration (see paragraph 
2-76). 

With steel liners, breakup ordinarily occurs 
within a few cone diameters of travel, while 
for copper liners, as first predicted by Pugh 
and later confirmed experimentally, consider­
able ductile drawing occurs, and breakup oc­
curs much later. 

2-75. Similarity. If the diameter is taken as 
the unit of length, the "Law of Cranz" asserts 
that geometrically similar shaped charge rounds 
of widely varying diameter d behave approxi­
mately similarly. 

The best theoretical basis for this fact consists 
in the principle that the inertial and explosive 
stresses involved depend mainly on the strain 
and much less on the time rate of strain. 
Although this prinCiple is not exact, and is 
presumably not applicable to the reaction zone, 
to viscous effects, or to jet breakup, it has 
sufficient validity to be very useful in analyzing 
eXisting data. 

Applied to rotating shaped charges, it predicts 
that the relative deterioration in shaped charge 
performance due to spin, with similar rounds 
of different diameter d spinning at w rps, should 
be determined by the spin parameter w d mea­
suring the perlpheral velocity, rather than by 
w itself. This peripheral velocitywd is clearly 

~ where Vi is the impact velocity, and n the 
n 
twist of rifling (in calibers per turn). 

2-76. Penetration: "Zero Order" Theory. A 
continuous, perfectly formed fluid jet of density 
Pj, moving with constant velocity Vj, should 
penetrate a target of density P with a constant 
velocity U, which can be predicted I"oughly from 
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the continuity of pressure at the "stagnation 
point" (figure 2 -11), where the tip of the jet is 
boring Into the target. In a reference frame 
moving with velocity U, neglecting target 
strength and compx:essibility, Bernoulli's 
Theorem assumes the simple form 

I 

~ .• -.. 
.-.. -..... -

Figure 2-10. Radiographs of stages 
in jet formation 

(3) 

Hence, the rate of penetration U satisfies the 
equation 

(
p)1/2 

U = 7f (V j - U) 

where Vj - U is the rate at which the jet is 
being used up. SolVing, we get the HiU-Mott­
Pack equation 

(4) 

connecting the total depth of penetration P with 
the total jet length L, for uniform, incompressi­
ble fluid jets. 

CENTER LINE 
OF JET 

TARGET 

HOLE 4 

HOL E G,.. 

L_N_A_T_IO_N_P_O_IN_T 

Figure 2-11. Target penetration 

Because of the assumption Vj=constant, which 
corresponds to the model of paragraph 2-72, 
this may be called a "zero order" theory. 
Combining with paragraph 2-72, we see that 
L="-csc.6, is nearly the cone slant height. 
Actually, total penetrations several times this 
depth are obtained at large standoff, for reasons 
explained in paragraph 2-77. However, equation 
(3) can be used to infer the useful equations 
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(5) 

(5a) 

from which the instantaneous penetration veloc­
ity (U) and stagnation pressure (p,) can be in­
ferred approximately. 

Thus, copper jets penetrating water at 4 mm 
per .LL sec have been observed by Kerr cell 
photography. Again, a 10 mm per ,.,sec steel 

V' jet will penetrate a steel target at U = ]I = 5 mm 

per ALsec, according to (5), giving a stagnation 
pressure ps :::; 500,000 atmospheres, roughly. 
This greatly exceeds the yield strength of steel, 
justifying the hydrodynamical model. 

2-77. Penetration: "First Order" Theory. The 
consideratIOns of paragraph 2-73 lead to anim­
portant modification of formula (4), by Pugh and 
Fireman, which explains the observed variation 
in penetration with standoff. In this modifica­
tion, one assumes a gradual variation in the jet 
velocity and density along its length, so that 
Bernoulli's Theorem is locally applicable. This 
gives 

1 f dl 

P = (; ~Pj (x) 

(6) 

where Pj(x) is the "effective" density of the jet 
when it reaches the target. 

Looking only at the first factor in (6), we see 

that, for different target materials, Pa: .~ . 

Thus, weight for weight, low-density materials 
provide the best defense against shaped charges, 
so long as V J (x) is so large that the target 
yield-strength is negligible. For mild steel, 
with a yield strength of 8,000 atmospheres, this 
corresponds to Vj »450 meters per sec, which 
is not verified near the tail end of tJle jet. This 
explains qualitatively why penetrations into 
mild steel are 10 to 15 percent deeper than 
into armor, which has greater yield strength. 

However, the proportionality P u: vfr has b"en 
confirmed approximately for many materials. 

The most notable exceptions to this are qual'tz­
like materials. 

Looking directly at (4), or at its reflIlement (e), 
it is clear that the improvement in penetration 
P with standoff 8 may be explained qnalitativeJy 
by the tendency of the jet to lengthen as it pro­
gresses, and hence, indirectly, by the velocity 
gradient along the jet. This factor, rather than 
any overall incre:1se in velocity, is considered 
p;sponsible for the improvement in penetration 
with peripheral initiation. 

The quantitative application of (6) requires a 
successful prediction of PJ, which is variable 
because of jet breakup, rotation, and other fac­
tors. In trying to describe the dependence of 
penetration P on standoff S, it is convenient to 
distinguish several cases. 

a. In the case of well-formed copper jets, it 
is believed that ductile drawing makes il j con­
stant, out to a large standoff. Hence P = 
Po (1 t- a S). Other fiuid Jets are less effective, 
this may be due to lower density, wavering, or 
other factors. 

b. In the case of perfectly alined particle 
jets, Pj decreases in inverse proportion to dl, 
so that a formula of the type P = Po ~ 
is inferred. 

c. In the case of unalined jets, whether due 
to irl1perfections or rotation, .oj decreases also 
in proportion to 82 due to "spreading," so that 
a fur mula of the type 

Po~ 
p =-----

8 

is inferred. 

Curves of the preceding type can be roughly 
fitted to observed data; the large experimental 
scatter prevents drawing more exact conclu­
sions. Ideally, especially in the case a above, 
it might be possible to infer an optimum V o(x) 
from theoretical considerations. But a large 
amount of empirical work at Bruceton, during 
World War II, failed to improve substantially 
on conical liners. 

2-78. Effect of Rotation. It was obs2rved as 
early as 1943 that rotation caused a large de­
crease in penetration (P), and that this effect 
was especially noticeable at large stalldoff. 

Typical records of ~ as a function of wd (refer 

to paragraph 2 -75) are plotted in figure 2 -12. 
The reduction in penetration by spin may be 
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attributed to lateral dispersion of the jet, which 
decreases its effective mean density. This 
lateral dispersion is also evident in X-radio­
graphs. Thus, the jet velocity and momentum 
are wout the same as for unrotated liners. 

Assuming that jet particles move in straight 
lines, we may correlate with the penetration 
theory of paragraph 2-77, since the mean den­
sity (p) will be proportional to the inverse 

1 . 
square Tof the standoff (S). Thus, at large 

standoff~S), the penetration (P) should be propor­

tional to ~, :md one may expect a decrease in 

penetration as standoff lengthens. 

X-ray pictures sometimes show a bifurcation of 
the jet. A theory of the instability of a lengthen-

ing rotating jet is in process of construction. 
The effect of rotation is discussed in detail 
paragraphs 5-1~1 through 5-128. 

2-79. Rotation Compensation. Attempts have 
been made to improve the performance of 
spin-stabilized shell by using various nonconi­
cal, axially symmetric liners (refer to para­
graph 2-128 following). However, such attempts 
have not been promising at high rat.es of spin, 
and so the major emphasis has been on the 
design of fluted liners not having axial symmetry. 

The idea underlying the use of fluted liners is 
that of "spin compensation" - that is, of annihila­
ting the angular momentum of the liner so as to 
inhibit the jet spreading already discussed in 
paragraph 2-78. This is not quite the same as 

5 ~~~---~--------~-------+--------+-------~--------~-------1--------'~ 

P/d 

4 ~----~~------~-------r-------+------~--------r-------~------~ 

3 ~------4---~~-+--------r--------r------~--------+-------1------~~ 

2 
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Figure 2-12. Relation oj penetration to rotational velocity 
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the original idea of using "offsets" (sec figure 
2 -13a) to make most of the liner collapse on 
the axis. 

Generally speaking, one may hope to achieve 
some spin compensation by using wavy flutings 
in which the wall is thicker on the forward side' 
as in figure 2-13b. This is because the mo~ 
mentum transferred is nearly normal to the liner 
surface, and proportional to its thickness. 

Near the base of the liner, where rotation effects 
are mo::;t serious, one may also hope to convert 
some of the axial momentum of the explosive 
behind the shock wave into rotational momentum 
by using spiral [lutings, whose angle with ~ 
plane through the cone axis becomes progres­
sively steeper toward the base of the cone. 

However, the mechanism of spin compensation 
is not yet clearly understood. Thus, with 
several designs, even the direction of spin 
compen::;ation is reversed by changing the num­
ber of flutings, and this seems hard to explain. 
Again, the consideration that uniform pressure 
of the explosive on the surface, however fluted, 
would produce exactly zero compensation, shows 
that a fairly sophisticated' theory is required, 
one that must probably inc lude a detailed dis -
cuss ion of the explosive-liner interaction, per­
haps by numerical methods. 

For the present, we must rely mainly on em­
pirical data. Any successful theory m1.!st ex­
plain not only the direction of spin compensation 

---------------~ 

Figure 2-13. Liner fluting 

but also its magnitude for the shapes discussed 
in detail in paragraphs 2-129 through 2-139. 

LINEn PERFORMANCE 

2-80. Measures of Liner l-'erformance. Liner 
performance is measured in terms of penetra­
tion into some homogeneous reproducible ma­
terial, uS\laUy mild steel. Both mild steel and 
homogeneous armor are used, but the two are 
not equivalent. Different grades or type::; of mild 
steel aU give about the same average penetration 
for a given shaped charge design, but this is not 
true for homo~eneous armor. It is reported 
that the penetration of a given jet into steel at a 
fixed standoff varies essentially linearly with the 
Brinell hardness of the steel. Recent work at 
Ballistic Hesearch Laboratories and Firestone 
indicate that the relative penetration into mild 
steel and homogeneous armor is also affected by 
standoff. The data show that the homogeneous 
armor is more effective at the longer standoffs. 
For convenience in measuring depth of pene­
tration, targets are often made of stacks of 
plates 1/2 to 3 inches thick. There does not 
seem to be any obJection to this practice if the 
plates lie flat on each other. 

For some purposes, a better measure of liner 
performance is given by the volume of the hole or 
its smallest diameter. For most purposes 
particularly as a measure of lethality, the best 
measure would probably be some factor which 
indicates the amount of damage done behind a 
given target plate by Ule residual jet and spaUed 
material from the back face of the plate. it has 
so far been difficult to define such a measure 
and even more difficult to determine it from th~ 
test. In this discussion total depth of penetration 
into mild steel will be used as the measure of 
liner performance, except where stated other­
wise. 

2-81. Factors Affecting Liner Performance. 
Shaped charge liners have been made in a variety 
of shapes, including hemispheres, spherical 
caps, cones, trumpets, ana combinations. Cones 
have become almost standard, with hemispheres 
and trumpets occasionally used for special 
purposes. The results given in paragraphs 
2 -80 through 2 -95 will be confined to simple 
cones, except for some brief remarks in para­
graph 2-90 on double-angle cones and other 
unusual shapes. The gross factor s affecting 
liner performance are the explosive charge 
(discussed in paragraphs 2-1l2 through 2 -118), 
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the standoff, and the diameter, angle, thickness, 
and material of the cone. It is generally as­
sumed that a linear scaling relation exists for 
shaped charge performance (paragraphs 2-75, 
2-123, and 2-132) and ther!~ is considerable 
evidence that a linear relation is valid. For 
this reason, liner dimensions in this chapter 
will be given in terms of cone diameters - the 
inside diameter of the base of the cone -- and 
the diameter of the cone can be eliminated as a 
factor affecting tlw liner performance. * Details 
of liner design which affect liner performance 
include tapered walls, the base flange, and the 
presence of a spit-back tube. When a spit-back 
tube is not used, the configuration of the apex­
whether sharp or ro\!nded .' seems to make 
little difference. 

The effect of accuracy of the liner is discussed 
in paragraphs 2-84 and 2-85. The effect of ac­
curacy of ,t;le complete round assembly will be 
discussed in paragr aphs 2 -108 and 2 -109. 

2-82. References. Whcre numerical data are 
given, references to the source of the data are 
usually provided. The references most com­
monly used are coded in the figures as follows: 

NDRC Division 8 references are to interim 
reports for the period given. 

E. 1. du Pont de Nemours and Co. (Du Pont) 
references give the date of the report. 

Carnegie Institute of Technology reports 
labeled CIT-ORD-No., are the "Fundamentals 
of Shaped Charges" series. 

Firestone Tire and Rubber Co. reports, 
labeled FTRC No. are monthly progress reports. 

2 -83. Methods of Manufacture. Cones may be 
made by any of a number of processes. The 
most common methods used in the past are spin­
ning, drawing, casting, machining from bar 
stock, and electroforming followed by machining. 

a. Spinning. In the early days of shaped 
charge work, when the demands for cones were 
small, they were made by cutting a sector from 
sheet metal and rolling it to the desired shape, 

*Carnegie Tech suggests th" use of C'h<lrge diameters 
or, better still, c<llibers as a fairer measure of 
performance. Caliber is an overridinp; limitation on 
pcnNr,ltion. One can get better results with a given 
cone diameter by increaSing case thickness ~tnd 
h£'llcc confinenwnt, or by inc.·easing the charg£' di­
ameter (Sf'C paragraph 2 -93), which also gives the 
eHcet of mol'l' confinement. Eithl'r method. how­
ever, necessitates a larger caliber. (Sl'C also :1.. in 
paragr:Jph 2-110.) 

or by spinning. Such methods did not produce 
v'i'ry good cones and were soon abandoned. 
However, it is reported that spun cones that 
compare very favorably with drawn cones can 
nuw be obtained. The poor performance of some 
of the early spun cones can now be better under­
stood in the light of recent work which shows 
that spinning produces a small amount oC built­
in spin compensation. 

b. Drawing. When the demand for cones 
became sufficient to justify the ('ost of dies, 
cones were made by drawing, and this is the 
method usually used today for production quan­
tities. Its advantage is low cost. Its disad­
vailtage is relatively lower accuracy, in those 
cases where extreme accuracy is :,cquired in 
the finished cone, than can be obtained by 
machining. Since the accuracy required is rela­
tive, it is sufficient for large cones, but may not 
be sufficient for small ones. This method is not 
usually suitable for small quantities of a given 
design on account of the cost of the dies. 

c. Casting. Various methods of casting 
have been used. For a metal that shrinks when 
it freezes, casting by itself usually gives poor 
accurrtc~'. lf a suitable metal, probably an 
alloy, which yields accurate and homogeneous 
castings is found, casting may become an impor­
tant method of manufacture for cones. It has 
been reported by Mr. G. C. Throner, formerly 
of the Naval Ordnance Test Station, that cones 
cast with Zamac 5, a zinc alloy, gave 6.2 cone 
diameters penetration in mild steel targets, 
which compares very favorably with copper 
cones. Work on this type of alloy is continuing 
at Firestone and at Ballistics Research Labora­
tories. 

d. Machini~ For a few cones of very high 
accuracy, or where the cost per cone is not of 
primary importance, machining from bar stock 
is preferable to the methods mentioned above. 
Annealing the bar before machining may be 
deslrable. There may be some difficulty in the 
machining near the apex, especially on the inside. 
ilecause a cone is maChined, it does not neces­
sarily follow that it is accurately made; what is 
meant is that accurate cones can be made by 
tllis method if the required care is exercised. 

e. Electroforming. Electroformed cones 
are deposited on an accurately made mandrel, 
and so have an accurate inner surface. If it is 
machined on the outside, means must be pro­
vided for chucking accurately and checking the 
mandrel when it is put back'in the lathe to in­
sure that the outside runs true with the inside. 
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Carnegie Institute of TecimololO' has reported 
favorable results with cones electroformed 
and peened, without machining. 

2-84. Q~.s_~r:l~le Prop~!tie~of a Liner. Aside 
from the fact that a given method of manufacture 
may be suitable for use with one material and 
not suitable for another, the method of lll~U1ufac­
ture affects the quality of the cone in two ways: 
the accuracy of the cone, and its metallurgical 
properties. 

a. Geometrical Accuracy. The formation of 
a shaped charge jet from the collapsing cone is 
a critical process. Ideally, the walls of the cone 
collapse and meet exactly on the axis of the cone. 
If, for any reason, one side of the cone collapses 
at a faster rate th.an thE' opposite side, thC'y will 
not meet on the aXis. This results, generally, 
in a crooked jet and the point of contact of the 
jet wanders on the surface of the target, giving 
impaired penetration. Thus, it is very impor­
tant that sections of the cone perpendicular to 
its axis be true circles, with centersonthe axis, 
and that the walls be of uniform thickness around 
a circumference. Uniform density of the metal 
is also required. Monotone variations in wall 
thickness along a slant height do not seem to be 
so important. Waviness along a slant height 
appears to be an undesirable characteristic. 
Axial symmetry in the explosive charge and the 
assembly are discussed in paragraphs 2 -108, 
2-109, 2-116, and 2-117. 

b. Meta~!.t'rgical Properties. The metallur­
gical properties of the liner depend strongly on 
the method of manufacture as well as on the 
material and heat treatment. The metallurgical 
problem is difficult to analyze on a~count of the 
extremely high pressures and rates of strain and 
the excessive amount of plastic strain. For these 
reasons it cannot be said that the properties of 
the jet are the same as the properties of the cone. 
Also, it must be remembered that the important 
prolJerties are those under the high pressures 
and rates of strain mentioned above. That these 
may be very different from the properties under 
ordinary conditions is emphasized by the fact that 
glass cones give penetrations in concrete targets 
greater than might be expected from the "metal­
lurgical" properties of glass. Nev€ftheless, it 
has been found possible to make some very in­
teresting and important correlations between 
properties of the liner, principally crystal struc­
ture and melting point, and behavior of the jet. 
One of the most interesting features is a built-in 
spin compensation factor in certain cases, ap-

parently resulting from an unwiUal crystal slruc­
ture that gave poor penetration in static firings. 

Theory indicates that for the fast moving por­
tion of the jet penetration ubtained 1S propor­
tional to the length of Jet "nd the squaI'e root of 
tile jet density. The assumption that the jet den­
sity is the same as that of tilP cone is ahout as 
good a guess as any, if the jet is a continuous 
onp.. On account of the velocity gradient, the jet 
lengthens as it travels. The stretching of the 
jet eventually causes il to break up into a series 
of particles. Thus, if the jl't did not bveak up 
into particles, its length and penetration would 
increase linearly with time and, consequently, 
with standoff. 

Penetration standuff data show that penetratioll 
inrreases with standoff up to a maximum value 
of penetratil)n, the cur responding standoff being 
called the "uptimum" standoff (figure 2-14). 
Beyond the optimum standoff the average pene­
tration decreases with standoff, while the best 
values of penetration approach an asymptotic 
value. The decrease in penetration from the 
!.inear value to the asymptotic value may be 
ascribed to breakup of the jet, while the decrease 
from the asymptotic value to the average value 
is due to increasing spread of the jet. Thus, 
for good penetration the jet should be capable 
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of attainin~ a ~l'l'at 1l'l1l,\th lwfore bI'L'aking up. 
TIl(' ability to do thb will be aIfl~cted by thl' 
metallurgical properties of till' jet. If t'xpl'ri­
mental penetrations are adjusted fur the effed of 
density of the jet (cone), till' fOllowing eOlllpari­
son is obtained: 

Copper 100% 
Aluminum 110% 
Steel 75% 
Zinc 65% 
Lead 50% 
Glass 40% 

One may conclude that coppl'r and aluminuIll 
have metallurgical properties superior for 
shaped charge cones, while lead and glass have 
inferior properties. A desirable material would 
have properties similar to copper and aluminum 
and a high density. 

2 -S5. Experimental Results of Inaccuracies in 
the Liner. Tests performed by BilL and the 
Budd Co., on intentionally malformed cones, 
indicate that for maximum penetration from 
simple cones the axial symmetry of the liner 
should be as nearly perfect as can be obtained, 
especially near tile base of the cone. Deviations 
from axial symmetry only reduce penetration. 
In a lot with random deviations, even small 
average deviations may result in a large diSp'~r­
sion. Variations in wall thickness along a slant 
height are also impori.ant, but their effect is not 
as serious as those around a circumferC'nce. 
The requirement of axial symmetry extends 
also to the explosi'Je charge and the assembly 
as well as to the cone. 

2-86. Tolerances. Tolerances on the cone 
dimensions have been recomnlended for some 
deSigns. This does not imply that there exists 
a tolerance within which the cone performs pro­
perly and beyond which it does not perform 
properly. Any deviation of the cone from axial 
symmetry will, in the long run, result in a de­
gradation in performaalce, either in average 
penetration or variability, or both. However, it 
must be remembered that extreme accuracy in 
cone manufactllre is very expensive. The toler­
anee allowed must be a compromise between the 
desire for top performance from the round and 
what one :s willing to pay for it. 

For the gO-mm TI0S round the following toler­
ances were recommended in the Aberdeen 
Proving Ground Memorandum Report: 

O.OOI-in. maximulll wall variation ill tramj­
ver::;e pl:lI1\'; 

0.005-in. lll;>J(imum wall variation inlungi­
tudina.l plane'; 

O.003-in. maxilllum waviJ1l'ss. 
These Wl're simple cop(ll'r cone::;, 45° apex angle, 
2 3/4-in. diameter, 0.062-in. wall thickness. 

Hl'commended tolerances for wall thickm'ss of 
the blank for 57 -]1Ull and 105 -mm cones (fluted 
cones, rotated) are given in paragraph 2-138. 
The 57-mm liners are about 1 1l/16-in. dia­
meter, 0.054-in. thickness; the l05-r,11ll, 3 1/4-
in. diallleter, O.lOO-in. thicknl'ss. These t01er­
aI\ces seem a little more lilleral than those 
quotl!d for the 90-mm. Since the latter were 
dett'rmmed from firings with inaccuracies of 
0.004 in. to 0.005 in. of wall thickness, it might 
be possible to bring the 90-mm tolerancps in 
line with the 57-mm and 105-nun. Gpnpralob­
servations of miscellaneous tests indicate that, 
for 3/4-in. diameter, 45° electroformed cones, 
variation in wall thickul';:s should be less tha.n 
0.001 in. for 0.025 -in. thick cones and not more 
than 0.002 in. for 0.050-in. thick cones. 

One might expect tolerances 011 wall thickness 
to incre:tse with the thickm~ss. Experience with 
small cont'S (3/4-in. diameter) has indicated that 
a 4 percent inaccuracy on 0.025-in. cones is 
more damaging than a 4 percent inaccuracy on 
0.050 -in. cones. However, th is may be due to 
the ease with which thin cones llecome out-of­
round due to handling. It was found that partic­
ular care must be taken with 0.OI5-in. cones to 
prevent this. The writer has seen no discussion 
about whether large -diameter cones require 
smaller percent tolerances than small-diameter 
cones, though this question merits consideration. 

2 -S 7. The Effect of Design Parameters on Pene­
trahon. The effl'ct of standoff, cone thickness, 
and cone angle will be presented in the form of 
graphs. These curves are based on data pu\)­
Iishpd by various groups of investigators work­
ing at different places and different times. Under 
these conditions, differences in results are to 
be expl'cted. It IS to hl' remembered tilat cones 
available in the early days of shaped charge 
investigation were of relatively poor manu­
iacture. As thl' importance of accuracy became 
known and methods of manufacture improved, 
the quality of cones improved; this resulted in 
increased average penetrations and smaller dis­
persions, especially at the longer standoffs. 
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This subject is most readily divided into early 
work and rt'cent work. Where cyclotol and 
pcnt01lte arc quoted as the explosive, the usual 
compositionl:>. 60/40 HOX/TNT for cydotol and 
50/50 PETN/TNT for pentolite, were ulwd, 
unless otherwise stated. 

2-88. Early Work With Simple Cones. Fi~un' 

2-15 shows pl'netration of sted cones into mild 
steel targets for 30° cone angle and variOlls 
cone thicknesses. This work wa:; done in the 
cady part of the war and the quality of till' concs 
was probably not too f;ood. COIICS wen', !,;cner­
ally, I 5/8-in. dian1l't(>J', cast in I 5/S-in. uncon­
fined pentolite charges of 4 to 5 in. l!'ngth, and 
fire" statically at zero obliquity. Each point 
was the averag!' of five shots, ('xcppt whpre 
shown on the ~r aph. Curves were dr awn by eye, 
with some attempt made to keep all curves of 
one family of the same gcneral form. For most 
of this work, the dispersinn, especially at long 
standoffs, was large. 

The general characteristic of penetration-stand­
off curves for cones of early manulacturp. is a 
maximum penetration at a small optimum 
standoff, the penetration decreasing sharply for 
larger standoffs. The optimum standoff in­
creases with the cone angle. 

3 

~ 
Q) 

'i 
E 

Similar curVl'S can be plotted for laq~l'f angle 
cones frum the data ~ivcn in !lIt' NOHC Division 
S intcI'illl I"l'POI'ts and the Uu Pont J'l'POl'ts. From 
these data, the maximulll penetration for any 
t-;tandoff is plotted in fi~ur(' 2-16 (or the dii(er­
Pllt calle angles. Figure 2-17 shows the opti·­
lI\Ulll st.lllduff and thickness as a function of the 
cone anl~le. Since stt'el is not rq;al'dl'd favorably 
a!; a Iilll'r material, these data are of limited 
lIsefulnl'GS, but material shortages in an all-out 
war may forct' till' use of stcel again, The dab. 
do t-;how that standoff, cone thiekucss, and eone 
angl" are interrelated, and that if any of these is 
changed it lllay be necessary to change the others 
for best results. For example, a comparison of 
cuncs o( different anglp may ue biased, unless 
thp tllickness is also changpd. 

Figures 2-1S and 2-19 show penetration as a 
function of standoff for 45° copper cones, Here 
there i::-; a distinct diffeH'nce between the two 
sets of data at the longer ::-;tandoffs. The reason 
for this difference is not known pOSitively, but 
it is probably due to a difference in quality of 
the cones, since recent work with cones of high 
accuracy tends to confirm the Du Pont data. 

Figures 2-20 and 2-21 give the results for alulll­
inum cones. They show the characteristic 
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Figure 2-15. Penetration versus standoff for 3ri> steel cone and mild sled targets 
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property of aluminum: the fact that penetration 
holds up well at long standoff. Considering its 
low density, one might expect that aluminum 
liners should be thick :is compared to steel or 
copper, but figure 2-2J does not show any ad­
vantage for the thicker liners. 

Figures 2-22 and 2 -2.3 show the performance of 
zinc and lead cones, neither of which are of con­
siderable importance at present. However,. as 
mentioned previously, the Naval Ordnance Test. 
St.&tion has recently report~d, informally, excel­
lent results from a castable zinc alloy. 

2-89. Recent Work With Simple Cor.es. Figures 
2-21 through 2-27 show penetr'ltionas a function 
of standoff for copper, steel, and aluminum cou')s 
of a constant thickness for cone angles ot 22", 
44°, 66°, alld 88°. The t~ndcncy uf aluminum to 
maintain its penet ration with increasing standoff 
is evident, as is also the tendency fOl optimum 
stando!! to inc.rease with cone angle. These 
curves do not necessarily show optimum results, 
since thickness may not be the best for some 
angles. 
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Figure 2-16. Penct}'ution versus cone angle 
for steel cones ami mild steel targets 

Figures 2-28 through 2-30 show re~' IItS obtained 
under conditions very different from those for 
the previous data. These charges were fired in 
shell bodies or cases closely simulating shell 
bodies. Thus, the explosive charge was short, 
in ~omparison with its diameter, and fairly 
heavily confined. The accuracy of the cones was 
very good. Figure 2-28 shows a very gooLl 
penetration, fairly flat penetration-standoff 
curve, and a long optimum slandoff. Figure 
2 -29 shows an optimum cone thickness of 3 per­
cent, whirl; is somewhat heavier than that for 
unconfined charges. This is in agreement with 
the general observation that, if the charge dia­
meter is increased or the charge is confined, 
the thickness of the cone should be increa." .. 
for optimu'TI penet.ralion. Figure 2-30 gives ~:le 
results of varying the cone angle under different 
conditions of constant explosive loading. The 
results are, therefore, not of general applicatiofl. 
A penetration-standoff curve obtained from 
firings at the Ballistic Research Laboratories 
is given in figure 2-31. These were drawn, 
105 -l1lm cones of good accuracy, confined in 
shell cases and fired against mild steel targets. 
Penetrations were unusually good and held up 
well at long standoff. 

Figures 2-32 through 2 -34 give the results 
of recent firings at the Ballistic Research Lab­
oratories. These were Sl1laU cones, 0.750-in. 
inside diameter, oi eledroformed copper mft­

chined on the outside to about O.0005-in. toler­
ance. They were fired in unconfined pentolite 
charges of a diameter 20 percent gr{'ater than 
the cone diameter, and 01 a suHlcient length 
(two cone heights above the apex) to insure that 
penetration wa.s not restricted by short charge 
length. The cone thicknes..: was much greater 
than that usually used. Figure 2-32 giveE 
penetration as a function of slandoff for 30° 
cones. Similar curves were obtained for 20°,46°, 
and 60°cones. The results of most interest are 
those for the small-angle cones, which gave 
excellent penetration and a large optimum 
slandoff. This is at variance with previous 
results f::;: steel cones of smaller wall thick­
ness and ... ith charges the same diameter as lhe 
cone, for which both optimvm standoff and 
maximum penetration decrease with cone angl:;, 
(compare figures 2 -16 and 2 -17 with figures 
2-33 and 2-34). However, figure 2-15 does 
show the penetration increaslllg wIth cone thick­
ness even up to the maximum thIckness fired. 
Figure 2-33 show~; that the cone thickness is 
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not critical for 46° cones; thb is not true for 
oUler angles, especially 20° cone~. Figure 
2 -34 shows maximum penetration a::> a func­
tion of cone angle. It is thought that the dif­
ference::> in optimum standoff given are not of 
any 5ignifi(~ance, since no definite trend is shown 
and the penetration st;UJdoff curves are fairly 
flat. The optimum thickness for 46° seems a 
mi:;fit. It is Fossible that a trend ill thickness 
might be shown if intermediate thickne::;ses 
between 0.033 ahd 0.066 had been used. 

2 .. 90. Bimetallic Cones and Nonconical Shapes. 
The term "bimelallic cones" will be applied tv 

cones consisting 0f an inner layer of one metal 
witn an outer layer of anotber metal. It does 
not include cones the apex end of which is of one 
metal, the ba.se end of another metal. In most 
cases the composite cone consists of two sepa­
rate cone::; nesting in intimate contact. However, 
in the case of copper -clad steel, the two metals 
are bonded together. Table 2-10 lists penetra­
tions into mild stE'pl targets by 45° t~ones 1.63 
in. in diai'!leter. For cu;nparison, results from 
single metal cones are given in each case. 

NOllconical shapes inelllde hemispheres and 
splll'rical caps, trumpets, and combinations. 

Table 2-1(J 

outsi-;-T center
Cone TtlJC~n;J~~~e - ~ ---~---T~tal ~- -8tandoff -rpe~:~ativ~~l 

(in.) (in.) (Ill.) (c.d.) (c.d.) (c.d.) I 
--~-+-- ----~----.. - -------_.- .. _--_._- ---_ .. _-

Steel I 
0.017 

Steel 
(}.036 

Steel 
0.018* 

Cop;;cr 
0.005-

Copper 
0.010"* 

Steel 
0.03G 

Steel 
0.018 

I 
I Aluminum 

Aluminum 

Steel 
0.018 

Copper 

Steel 
0.029 

Copper 

Copper 

Steel 

'Copper -clad 

AlunlinUlll 
0.040 

Aluminum 
0.0:36 

Ccpper 
0.012 

Copper 
0.018 

Copper 
0.025 

CClpper 
0.03G 

Cadmium 
0.006 

0.035 

0.03G 

0.011 

0.036 

0.018 

0.025 

0.024 

0.031 

0.031 

0.044 

0.030 

O.OHi 

0.015 

-'Copper-clad, 42°, 2.07-ill. dia. 
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Figure 2-17. optimum thickness and optimum standoff versus cone angle for steel cones 
and mild steel targets 

Radiographs indicate that hemispheres do not 
collapse, with the formation of ajet, as do cone5; 
they turn inside out before collapsing, the whole 
liner being projected as a stream of particles. 
Spherical caps (segments) are fragmented and 
projected as a cluster of particles which may be 
more or less focused, depending on the cur­
vature. Some work has been done with spherical 
segments, especially by the British. The re­
sults were, generally, poorer than those from 
hemispheres. 

Interest in double-angle cones has been revived 
recently, due largely to certain advantages shown 
for the French 73-mm round. Early firings of 
double-angle cones, in which t'J.e change from 
one angle to the other was r. 'e abruptly, did 

not show any increase in pe.netration for the 
double angle. In the French 73-mm round, 
the change from one angle to the other was made 
smoothly and the liner wall was tapered. This 
round gave peak performance at normally avail­
ablE! standoffs. 

An almost infinite v:lriety of combinations is 
possible. Complete covE'rage is noi warranted, 
since, generally speaking, thE' penetratioIU:; 
achieved from them are inferior to those from 
cones. 

2-91. Th~_Y;ffect~a~red Walls on Pene­
tration. The British suggested that, since the 
thickY'ess of liner s shaul d sc ale as the diameter, 
a cone would logically be thicker at the 'se 
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Figure 2-18. Penetration versus s'fandoff for 
45 0 copper cones and mild steel targets 

than at the apex. This idea has been followed 
up by several groups of investigators. 

In general, it does not seem likdy that any 
very appreciable improvement in performance 
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Figure 2-19. Pcnetmtion ' . YSUS standoff for 
450 coptJer cones ami mud steel targets 

(no confinement) 

can be obtained by the usc of tapered-wall conas . 
However, it is possible that if the right com­
bination of thickness and taper can be found, 
improved results may be obtained. 

2 -92. ~.i!5'§ and Other Obstructions Wlthin the 
Cavity. A very large number of tests have been 
::onducted to Hnd the effect of wires, coils, 
simulated firing pins, and so on, placed within 
the cavity of the con" or on the axis in front of 
the cone. Practically all of these items were in 
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Figure 2-20. Penetration versus standoff for 450 aluminum cones nnd mild steel targets 
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Figure 2-21. Penetr~tion versus stcmdoff for 
45° aluminum cones and mild steel targets 

cormection with fuzing. All such obstructions 
almost invariably cause very serious impair­
ment of the penetration, often as much as 50 
percent. 

2-93. Flanges. The effect of the base flange 
of the ccne on the jet formation is somewhat 
curious. The data given in table 2-11 were re­
ported by Du Pont workers for M9AI steel 
cones 45°, 1.63-in. base diameter, flange 2.0-
in. diameter, unConfined. 

Table 2-11 
--.-

Dia. of Penetration, mild steel 
explosive I-in. standoff 

(in.) (in.) No. rounds 

1.63 5.45 4 

1.75 5.70 5 

1.88 4,50 Ii 

2.00 4.00 5 

.. 
As the diameter of the explosive is increased 
beyond the cone diameter, there is a slight 
increase in penetration, followed by a decrease. 
Similar effects have been noted by other ex­
perimenters. The Carnegie Institute of Tech­
nology explains this effect as follows. The 
velocities and the velocity gradients al, g a jet 
are quite sensitive to the times of arl'ival of 
the release wave at the liner. Since the release 
wave is initiated at the charge boundary, any 
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Figure 2-22. Penetration versus standoff for 
450 zinc cones and mild steel targets 

change in the geometry will consequently cause 
a change in the velocity and in the velocity 
gradient. With the larger diameter charge, 
which has an explosive belt, the major portion 
of the release wave is initiated on the lateral 
surface, but a small portion is initiated along 
the base of the explosive shoulder during the 
later stages of the cone collapse prGcess. This 
small portion of the release wave produces a 
greater gradient in the velocities of the rear 
elements of the jet, which contain a large frac­
tion of the jet mass. To be of benefit, the mag­
nitude of this gradient should be neither too 
great nor too small. If it is too large, this por­
tion of the jet will break up quite rapidly and 
become ineffective. If it is too small, proper 
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Figure 2-23. Penetration t'e rsus stal/doff foy 
45° leud cone s and mild steel targets 
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Figure 2-24. Penetration versus standoff for 2::;0, 0.023 c.d. thick cones and mild steel targets 

lengthening will not be achieved for efficient 
penetration. This, in essence, explains the ob­
served optimum charge diameter for a liner of 
given base dimension. 

2-94. Effect of Spit-Back (Flash-Back) Tubes. 
For some types of fuzing, a small tube, called a 
spit-back tube, is attached to the apex end of the 
conc, extending away from the cavity. The por­
tion of the apex inside the spit-back tube is re­
:~10ved. For M9Al steel cones in unconfined 
charges, the presence of the spit-back tube 
caused little change in penetration, or a slight 
decrease. For copper liners in confined charg­
es, there was no change, or an increase up to 
20 percent. 

2-95. Effect of Annealing. Results of tests to 
determine the effects of annealing and of harden­
ing steel cones show that the penetration from 
drawn M9Al cones is not changed by annealing, 
but that the penetration becomes progressively 
less as the hardness is increased. Drawn cop­
per cones show no change with annealing. Re-

suIts at the Ballistic Research Laboratories 
show that cast beryllium coppet' cones, whose 
normal penetration was low, were improved by 
annealing; that electroformed copper cones were 
not affected by anne'llil1g, except that when the 
annealing temperature was increased to 1,400°F 
the cones blistered on the inner surface, with a 
decrease in penetration; and that cones made by 
a shear forming process, wh.ich worked the metal 
so severely that its structure was impaired, were 
improved by annealing. 

THE UNFUZED WARHEAD 

2-96. Introduction. To accomplish its mission 
satisfactorily a projectile must be capable of 
defeating its assi.gned target, and of flying ac­
curately enough to assure a high probability of 
striking the target with the first or second 
round fired. While flight of the projectile is 
properly the problem of the exterior ballistician 
and the destructive capacity that of the terminal 
ballistician, the requirements of accuracy and 
of destructive capacity are so often at variance 
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that the designer is compelled to make compru­
mises and to attempt to ,u·~ive at the be'st over­
all balance of accuracy and destructive potential. 
The effect of various design parameters will be 
discussed here only in relation to the lim itations 
imposed upGn the desipll'r by the realities uf 
practical shell design. An effort will b(' made to 
trace the df'velopment of a typical warhead and 
to pOint out the general areas where successful 
compromises have been made. 

2-97. Selection of Weapon Type and Size. Thp 
design for a sperifie typf' of shap!'d charge 
missile begim; with the performance specifica­
tions fOl' ttH' weapoll sYl';tem. Til,' rangt" ac­
curacy, and mobility requirements determine the 
velocity of the projectile' Had til(' type o~ wt.'apoll 
required, while the maximum penetratioll dder­
mines the minimum size of liner and charge. 
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Table 2-12 contains typical accuracy, range, 
and velocity data for existing shHped charge 
proj ectiles. The range shown in the table is 
that which offers a fairly high probability for a 
first -round hit on a small ta"get (such as a tank) 
:Uld is not to be confused With the maximum range 
of the missile. 

The caliber or size of the missile depends upon 
its required destructive capaCity, its peak ac­
celi'ration, and the type of weapon from which 
it will be fin'd. Although perfor ation of the taT­
get is a necessary condition for the defeat of a 
tart-:et, it is not sufficient. Unfortunately, very 
little is known aIJout the effect of shaped charge 
design parameters on the extent of. damage 
beyond penetrable armor. The work which has 
been reported is insufficient for establishing 
adc(,uate criteria for shaped charge effective-

AI 

Standc,ff in cone diameters 

FiguYe 2-25. Penetration VCYSUS standoff fay 44 0, 0.0:].1 c.d. thick cones and mild steel tarf.{ds 
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Figure 2-26. Penetration versus standoff for 6(iO, 0.023 c.d. thick cones and mild steel targets 

Table 2-12 

Range 
Type (yards) 

Bazookas and grenades 100 to 400 

Rockets (fixed launche:o:s) 1,000 to 4,000 

Recoilless rifles 5e(l to 2,000 

Guns and howitzers I 1,000 to 2,000 

ness. It has become c:ustomal"Y, therefore, to 
evaluate shaped charge effectiveness on the basis 
of depth of penetration and relative hole volume, 
and to trust, that a orovision for some arbitrary 
"residual" penetration - usually 2 in. of homo­
geneous armor - will be enough to assure the 
defeat of the target. Additional studies of shapr,d 
charge effectiveness should certainly prove to be 
fruitful avenues for futher research. 

Velocity Typical ballistic accuracy 
(fps) (probable error) 

150 to 250 ± 2 mils 

1,000 to 4,400 ± 1 to 2 mils 
500 to 2,200 ± 0.5 mil 

1,000 to 4,000 ± 0.15 to o.ao mil 

The maximum thickness of the armor to be 
penetrated, without provision for any "residual" 
penetration, quite c\early establishes the mini­
mum diameter of the liner and charge. Based 
upon present standards of shaped charge per­
formance, the minimum diameter of an unl'otat­
ed copper cone (D in.) reqUired to penetrate a 
given thickness of armor (T in.) 90 percent of 
the time, without provision for residual damage 
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effect, may be estimated quite well by equation 
(7). 

T+2 D", -- in. homogeneous armor, BHN 300 (7) 
5 

Table 2-13 shows the penetration level above 
which 90 percent of the rounds would fall for 
cones and charges of various diameter. 

Table 2-13 

ApprOXimate projectile 
D (in.) T (in. armor) caliber (mm) 

2.5 10.5 75 
2.6 11.0 
2.7 11.5 
2.8 12.0 
2.9 12.5 

3.0 13.0 90 
3.1 13.5 
3.2 14.0 
3.3 14.5 
3.4 15.0 

3.5 15.5 105 
3.6 16.0 
3.7 16.5 
3.8 17.0 
3.9 17.5 
4.0 18.0 r-. 
4.1 18.5 120 
4.2 19.0 
4.3 19.5 
4.5 20.0 

Alter selecting the type of weapon and velocity 
from the accuracy and portability reqUirements, 
and the minimum size of cone and charge from 
equation (1) and table 2-12, the caliber of the 
missile may be determined from the thickness 
of the projectile walls required to withstand the 
stresses of firing. 

Before proceeding with a more quantitative dis­
cussion of the effect of the various design pa­
rameters on the penetrating potential of the 
charge, we summarize the present state of the 
development of the hypothetical projectile. The 
type of weapon, peak gun pressure, acceleration 
forces, muzzle velocity; prOjectile Caliber, cone 
size, prOjectile wall thickness, and the material 
of construction of the projectile body have been 
l;entaUvely defined. All have been fixed as a 
result of a consideration of the specifications 
for weapon weight, weapon accuracy and range, 
and by the projectile penetration requirements. 
The type, shape, material, wall thickness, apex 

angle and method of mounting of the cone, the 
amount and distribution of the explosive, the 
size and positioning of the booster, provision 
for the fuze, and the manufacturing preCision 
required for obi aining the shaped charge per­
formance predicted in table 2-13 remain to be 
determined. 

2-98. Consideration of Liner Parameters. Al­
though the effect of various liner parameters -
shape, material, wall thickness, cone angle, and 
so on - are described in detail in paragraphs 
2-80 through 2-95, the projectile designer is not 
free to treat these parameters independently. 
He must be guided in his choice by the projectile 
parameters fixed by the requirements for pro­
jectile accuracy. It is therefore quite appro­
priate to treat each of these parameters here 
in order to illustrate th~ manner in which a 
judicious choice of each of these parameters may 
be related lO the boundary considerations of 
the projectile design. 

2-99. Standoff Distance. In a real projectile 
the effective standoff distance is determined by 
the length of the ogive, the velocity of the pro­
jectile, and the fuze functioning time. Although 
the optimum standoff distance for a well-made 
conical liner is usually more than four cone 
diameters, the actual standoff is usually limited 
to from one to three cone diameters by aero­
dynamic considerations involved in ogi\"'> shape 
and size. However, this standoff may be enough 
to permit the attainment of about 90 percent of 
the penetration expected at optimum standoff. 
The shorter standoff has adva'ltages in certain 
instances. For example, if the shell must be 
rotated at some low spin rate, 10 to 15 rps, in 
order to achieve projectile accuracy, the opti­
mum standoff may be reduced from four to two 
cone diameters. Also, if the enemy employs 
spaced armor in an effort to reduce the effi­
Ciency of shaped charge projectiles, the spaced 
armor itself may provide the increased effective 
standoff required for maximum penetration. 

2-100. Charg~ Length. The llmgth of the pro­
jectile body, and hence of the charge, is most 
frequently limited by aerodY:lamic performance 
and projectile weight specifications. In gcneral, 
the penetration and the hole volume obtained 
increase with increasing charge length and reach 
a maximum at about 2 or 2.5 charge diameters 
for heavily confined charges or four Charge 
diameters for lightly confined or unconfined 

CONFIDENTIAL 2-49 



CONFIDENTIAL 
chargl's (refer to paragraph 2-115). In most 
cases involving rockets or projectiles a charge 
length of two charge diampters can be provided, 
and this is sufficient if the charges are sub­
jected to close quality control during manufac­
ture and loading. The usual eHect of reduced 
charge length is a Jowel'l~d averagt' penetration, 
reduced hole volume, and an incrl'ased number 
of rounds with below-normal penetration. 

2 -10 1. Charge Shape. Existing shaped charge 
designs usually have one of the shapes shown in 
figure 2-35. Although each can be made to per­
form satisfactorily, (a) has the advantages of 
somewhat greater case of manufacture, high 
explosive loading, and hlast effect (because of 
the larger amount of explosive) j (h) and (c) are 
sometirnes necessitated by the requirt.'!ments for 
accuracy. There is some slight evidence that a 
tapered charge has a shorter optimum standoff 
and a slightly lower maximum penetration than 
the cylindrical charge. The greater amount of 
explosive ill the cylindrical charge makes it 

more valuable than the tapered charge for the 
"l'l'ondary effects of ulast and fragml'lltation 
damage. 

2 -102. Selection of Lincr Mater ial. Although 
depth of penetration is not tht.' only cI'it('rioll for 
judging the maximum damagt' to the target, 
there is only limited information available as 10 
the relative damage b('Ytllld the taJ'(.!;et caused by 
targl't lll'netration by lin('l'~ of dlff('rent matp­
rials. Such information as there is indicates that 
the relative damagp decrea~;es in the order 
aluminum, steel, and copper. The relative 
penetrating ability of variolls materials is des­
cribed in paragraph 2-84, and has beell the sub­
Ject of many investlgalioH!-'. If thc type of 
weapon is such that the caliuer of tht.' projectile 
overmatch('s the penetration rl'quircment for the 
defeat of the prospective target, a most desirable 
circumstance, it may be possilJlt~ to select 
aluminum or steel in preference to copper. 
13ut if, as is most frequently the case, the 
penE'tration requirement taxes thE' penctr ating 
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Figure 2-27. Penetration versus standoff for 8SO, 0.023 c.d. thick cones and mild steel targets 
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Figure 2-28. Penetration versus slandoff jar 45° copper r.ones 

ability of the projectile, only copper can be 
considered s~riously. In this case aluminum 
sleeves or bimetal cones should be consim.:'ed. 

Having reached a decision as to the type of cone 
material to be used, it is necessary to specify 
the composition or alloy. Although only very 
scanty evidence can be cited to support this, it 
is the considered opinion of those closely as­
sociated with the art of shaped charge design 

that the purity of the material, or the type of 
alloy to be specified, should be that which has 
the greatest ductility. This conclusion is de­
duced from the fact that potf:'ntial depth of pene­
tration is governed by the length and density of 
the jet. The density of the jet is, of course, 
characteristic of the type of material used and 
is only slighUy influenced by impurities and al­
loying ingredients. The length of the jet is de­
termined not only by the size of the cone but 
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Figure 2-29. Cone thickness versus petlctration for 450 copacr cones 

also by the velocity gradient n:slllting from thf' 
design of the charge, and by the ability of the 
ductility of the jet material to support the veloc­
ity gradient, during elongation of the jet, with­
out rupturing. This effective Jet ductility is, 
of course, dependent upon the inherent ductility, 
the strength, and the melting point of the mate­
rial. Much more work has to be done before the 
influence of these factors is understood. At this 
time, however, the best choice of material for 
shaped charge liners is believed to be oxygen­
free electrolytic copper. 

2-103. Liner Shape. Liners of many different 
geometric shapes have been tested for pene­
trating efficiency (paragraphs 2-90 and 2-91), but 
Experience in the United States seems to indicate 
that the best and most consistent results can be 
obtained with conical liners of appropriate apex 
angle and wall thickness. Some very !'ecent data 
indicate that double-angle conical liners may 
offer certain advantages, btlt the performance 
of these . liners has not yet been deter mined suffi­
ciently for a complete evaluation of their true 
worth. 
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2-104. COile Wall ThirklH'ss. For each type of 
cone matl'rial, standoff, proj('ctile wall corl1in('­
nH'nt, type of pxplosive, shapp of charge, and 
apex angle thert' is all uptimum wall thickness. 
From the practical com;idl'ration of projectile 
dpsign, however, prO]l'rlile confim'mcnt and cone 
apex angle are llloSt determining. 

Figurt' 2 -36 show,; reasonable values of liner 
wall thlrkness for copper COIU'S with apex angles 
lJPtween 40° alld 45° plotted as a function of the 
COnfil1l'IIlent. As a guide for lincrs ()f different 
apex anl~les, or tur shape;, other than conical, 
an approximately corrpct wall thickness may be 
obtained by maintain:ng the thickness constant 
in the axial direction (figures 2-17 and 2-29). 
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x Constonl length of e~ploslve 
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Figure 2 -30. Penetration ve rsus cone QPlgle 
at constant standoff 

Curvl'S of penetration VS. wall thickness are 
freCjul'ntly unsymmctncal. A thicker wall 
is (:;ell('rally to ue preferred over. a thinner 
walL The performance of the latter is typified 
by all excessive variauility from charge to 
charge, the former by good reproducibility with 
only a toleraule decrease in penctration. It 
would, therefore, seem to ue good practice tu 
select a w:lll U"ciulesS about 5 percent greater 
than lhe optimum to assure that in productiOIl 
the wall thickness will not be less than optimum. 

Cones with tapered wall thickness have been 
studied from time to time (paragraph 2-91). 
Though more work in this :field is desirable, 
the available evidence indica+.es that tapered 
walls offer slight, if any, real improvement in 
the performance of conical liners. The data 
do show, however, that rather wide tolerances 
1l1ay be placed on the variation ill wall thickness 
between apex and base without redUCing pene­
tration, provided the wall thickness is held 
constant at each transverlSe section of the cone. 

For liners of shapes other than conical (double­
angle, hemispheres, trumpets, and so on) the 
observation that optimum wail thicknelSs depends 
upon the inclination of the surface indicates 
that in such cases tapered wall cones may be 
advantageous . 

2-105. Cone ~ex Angle. The choice uf cone 
angle is quite important, both from a perform­
ance and a manufacturing point of view. Data 
are availabl~ which show that nptimum stalldnff 
ill('l'caselS with increased apex angle up to about 
65°; optimum standoff thl'n decreases as the 
apex angle i3 increased. However, the optimum 
standoff is also dependent upon the cone material, 
wall thickness, and charge length (figures 2 -24 
through 2-27, and 2-34). As with most other 
cone parameters, the effect of apex angle be­
comes less important as the spin rate of the 
proj('ctile increases. For examtlle, at 0 rps a 
45°, 3.4-in. copper cone penetrates 3 in. deeper 
than a 60· cone of the same wall thickness, but 
at 45 rps the difference is less than 1 in. 

The penetrating performanp.e of small apex 
cones (20°) is characterized by lowered eHi­
ciency and increased deviation of scatter of the 
data. It is probable, however, that this merely 
reflects the difficulty of manufacturing good 
COII(:S of vt'ry small angle (fil\ure 2-34). With 
the precision of modern manufacturing methods 
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FIgure 2-31. Pcnetration ,h,TSUS slarldoff for 45 0 copper CQ11CS confined in shell bodies 

the optimum cone angle for projectiles with 
copper cones is close to 40° or 45°. In some 
cases best penetration performance has been 
observed with 20° (figure 2 -34) cones, and in 
others with 60° cones. As a first choice a cone 
angle of either 40° or 45° may be selt'cted, which 
will give good performance in projectiles with 
an ogive length of 2 calibers. 

Back) T\ibe Cones. In most reported cases 
involving copper cones where charges differing 
only in the presence or absence of a spit-back 
tube have been compared, equal or slightly better 
penetration is obtained with a spit-back tube. 
There is no effect upon optimum standoff, rota­
tion' or optimum wall thickness. In addition to 
the usually better performance of spit-back tube 
cones, it is easier to manufacture cones with a 
short spit -back tube section and to maintain 
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clOSt, (lit'ralll'l's Ihall it is with ;l s";l1'l' "I'n, 
;'lIlIt' , and It-,.,s di([indty is 1'llt'tlUlltl'l't'd in ,,\) .. 
tallllllt', sOllnd charges wht'll sl'll-t),H'k tulte 
COllI'S aI'£' uscd. 

It is standard prarti('l' to spl'cHy Ilanl-dl':lwn 
COjlpl'1' tubing with a wall thil'knt'ss nl (),()f)O to 
0,065 ill. iO\' spit-back tuill's, Tilt' dft'ct uftulll' 
diamt'tt'r has I'l'cl'ived unly lilllitL'd at(cntiulI, but 
satisfai'tory results havt' UI'I'1l olttallwd with 
tlll.J"S having a di:J.l11l'1l'l' lJl'twt't'n 20 alld 30 
jJ\'rcL'llt 01 that of tilt' COllL', 

Little information is available On tllt' dfet'! uf 
method of altaehl1ll'llt of ::;pit-back (ul)(';; to COIH'S. 
Thl' tube::; Illay be integral with thl' CtllH',.O)' lIlay 
be attached by means of soft soldl'I', braZing, 
buttI'l';;;; thn'ads, cl'lJIt'nting, or crimping, Al­
though ali methods have bpen lIspd only the liSP 
of an integral mounting, buttress thread:.;, ('l'­
mpnting, or crillljJillf; al'l' both rclatively ilIl'X­
pensive and not 'subjpet to warpagp as a rf'slIit 

oj application oj IIl'at tu til,' "1)111'''. III allY 
,.,,,ld"l illt', or ('t'lIIl'Jlting \J1"'ratiuli 1:1,'at earl' 
Illtlst Ill' t')('.'rcl~'t'd to St'l' tliat ;IIIY I'Xt'I'SS 
matl'!'ial is rt'IJI{)\'L'd lrulII tli,' tlll)(' ;lIld ('OIlL', 

)<;VL'I\ a l'TlIali qualltlty uf ("'llll'nl slllt'ared till 

UIlL' side of a COlli' has bC('1I shoWIl Iu ue L'HIlUgll 

tu I'edu('t, pt'lldratltlll by 40 1"'l'el'lIt. 

2-107, M-,:.t..!!o~t.I_~Ll.\.tf.;ld!iJ!h-1h(: Llllt:£.: FOil!, 
(hH(,I'l'llt nwthuds of COllt' atta dllllt'llt al'l' 
COllllIIUllly I'lIljlioyt'd: (1) Ih" CUIH' flangt' is 
Cl'illljll'd I.lL'lwt't'1l OgiVl' alld body ILIIIg"s (M9A2 
gl'l'lIatll'); el) it is \.Jrazt'd 01' ,'I'IIJL>IlIL,d (M2BA2 
01' TZOr) I'tH'kds); (3) tht' ('on" fbngt' is l'l'gis­
t(,!'l'd ill thl' \.Joely and clallljll'd I irmly by a 
thl'l'adl'd rillg or ugivl' (MG7, TIOt!, TIU4 HEAT 
projl'l'Iiil's); (4) th(, ('onl' is pl't'ssl'd b,tu the 
ugivt, alld lH'ld in placl' by a locking groovt' 
(Tll~, T138 jJl'ujP(,\iles), Although eaeh llwthod 
has (,t'1'laill ;ldv~Ultagl's in lIJaHufaetul'l', tilt' last 
two lllcthods have pcriul'!lled we'll CUlisistl'lltly 
and lIIay be used satisfactorily, 

f- T I I ITT Ti---r- 1 I Il--TI ·---r-T· I , --.--r I I I 

I~ 
-

7 
""'" -~ ~13~ I- 5 

~ ~ 
0 -f-

L------I-- > f- -
~/ 

III 

~6 
Gl 

E 
.': 
'0 
Gl 
c 
85 
c 

c 
o 

3 

I- ~ l---' I-

I-

l-

I-

f-

l-

I l-

-

f-

f- Std. dev .. 066 thickness 

I- Std. dev .. 033 thick~ess 0.72 
I I I I I I I I I I I I I 

b 

I R'f"'",'.~ 
•. 066 c.d. cone thickness 

o .033 c.d C0'1e thickness 

o.ls 0.69 0.56 3.3 

0.55 1 I I I I I I I I I I I 2 
o 2 3 4 5 6 7 

Standoff in cone diameters 

'" ?. 
-
-

-
-
-

j 
-

-

-

I I 
0~5 

8 

Figurc ::-3:1, Pcnl'fraticm/or 3(';0 ciec/ro/armed copper COIICS into mild si,',', ialKcis 

CONFIDENTIAL 2- 55 



CONFIDENTIAL 
6 
~II-

r ., 
0; 

~5 
"D ., 
C o 
u 
c: 
~4 
a 

-

-
-

-

-
r-
r-

-

t-
2 
o 

Ll I 

,---r-I ",- " T- Il 

• 

--

i 

5 :;.5 I 
Optimum 

I I I --L-I I _I I I I 
.020 .033 

,--,-,,- , iT- -ll-'- -, 
I '1 -, -r-,-

------- -r----r--- -
r-----. -

---,.. 
-

Reference BRL -
-

-
-
-

-
5; 5.5 ~ 

standoff In C.D. -
I 11 I -.l_L I I 1-.1 -.l -.l 

.066 .100 133 
Cone thickness In cone diameters 

Figr~,.c 2-33. Maximum pcnctmtiml into mild 8tccl ta~gcls of optimum stmldoff l'l'nus C071C 

thickness fay 4(iO dectrofonlled copper cones • 

2 -108. Alinement of Cone and Charge. For best 
and 1I10st reproducible performance, the axis of 
the ('harge and cone should coincide. In actual 
practi('e, however, the ax('s may be parallel but 
displaced: or may not be parall('l. A large num­
ber of experiments have been described in which 
the importance of these variables is treated. 
The importance of extremely careful eontrol 
over this type of imperfection cannot be over­
emphasized. 

r 19 

Cone angle In dtQrees 

Figure 2-34. Maximum penetration into mild 
steel targets at optimum standoff versus cone 

angle for electroformed copper cones 

Tilt of the linrr results in a reduced average 
penetration. 'The lowered average is the result 
of a larger number of "poor" shots. Ther(' are 
some good shots, even with angles of tilt as high 
as 2.0°, but in general the average penetration is 
reduced by 50 percent when the cone is tilted la, 
about 20 percent at 0.5°, and 10 percent at 0.3 0

, 

and a difference in the spread and average pene­
tration can be detected between tilts of 0.05° and 
0.15°. 

The second type of misalinement, in whieh the 
con(' charge axes are parallel but offset Slightly, 
must be controlled just as carC'fully. In one 
experiment, an offset of only 0.015 in. (1 percent 
of the bas(' diameter) reduced the penetration 
apprOXimately 20 percent. 

From the standpoint of manufacturing, however, 
it is not difficult to maintain the coincidence of 

(0) ( b) (c) 

Figure 2-35. Typical charge shapes 
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the chargt:' and liner within O.OIC In., provldt:'d 
the cones are propC'rly registered and clampC'd 
in place. It Is Illuch lllore difficult tu lIJaint :tIn 
allnement ill brazed, welded, or ('l'mt:'ntt:'d as­
semblies. However, re~al'dlt'ss of th!:! lllPthod 
of conp attachnll'nt and the care (~xerci~)ed in 
maintailJin~ prOl)Cr alinl'lJIcllt, it Is vel'y impor­
tant to bc able to In::;p('('t till' alinelllent after the 
cone :tnd ..tLtI'{C' aq' a.· .. ·L'l'lldcd. 1',\'l'Z'\, df,ll '. 

Sill 1I1d Ilt' 1ll.lr., to avoid blind aSSl'lllblil':'; of the 
prujectih'. 

2-109. Dooster~ of the Charlif..: The bizc, 
shapp, lo('ation, ;mn :lIi1wlIlcnt of Iile bO(Jst(,Z' 
havt' all been studied. In most C;uJ'CS ckctric 
detonaturs have be('n used tn initiat!' UII' lJ(lostrl', 
III ant' I'xp.'l'illlelli till' rjllckne"" pf tht' booster 
\:;;,,, \'aI'H'd from 0 10 1 in. without any indication 
of a detrimenl;,1 effed upon perlormanre, and it 
was eon(']\ltkd that the detunator was sufficiently 
powerful to initiate the charge. In a rcal pro­
jectile, however, the detonatC'r is enriosf'd in a 
rotor in the fuze, and even though a tetryl lead 
may be employed, the probability of being able 
to initiate the charge satisfactorily without a 
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wall thickness 

booster is 1I0t high, Nl'verthl'll'ss, l'xpericm'p 
with s('veral PI'()JI'ddes has showlI that the boust­
cr dOL'S nol IIl'l'd tu b(' laq-:I'; a pell£,! 1 in. in 
diameter and 0.4 in. hi~h apll,'ars sufficil'lIt ful' 
3.5-in, chaI'f!;t's (T201l E7 base elelllcnt). 

Thc effect on pl'lIetration of tllt' "11 .. ;\(1" of ex­
pJ"~'I'l(" '.11 III" dlst;IIH'l' bdwl'l'1l Ib,' bfh'Sj"1 <Ill!! 

Ule apex of the (,OIlL', h;l:.; bl'I'1I cxamilicd. T/rl' 
hl'ad of ('xplosive J'l'qlliJ"l'd ::;1'eIllS lu vary with 
the "order" of Ihe iniliatiun. U thL' mall! chaq;" 
is satisfactorily initiated in a symmetrical 
fashion, thl' \Jomiler may bl~ pbced directly aIJov(' 
the l.i11l'r. If, huweVl'!', Ihl' illiliatiull II, Ill)l'Ol'r­

line, satisfactOI Y Jll'I'iOrm;lnn' will hi 0lJlailh'd 
urdu if ttl" boost!'!' il." from Of!, to 1\','0 cum' 
dlal11l'll'I'S abo\'L' the COIlt'. If th,' dcfon,ttlli ,,"d 
\Jooster ,u'e adl'q\latc, it is llf'lil'vcO th;>t safi~,­
fadury shallI'd chargt' eff,'e! will be oIJtairwrl 
if the uooster is not Ipss than 1 in. aU,JYI' tlll' 
('one. It does S('em hkl'ly, howP"er, that the 
effect 01 misalinl'ment of tl1C ronp will lwc0ll1(, 
increasingly severe as the booster is moved 
toward the calle; therefore, the boostl'l" should 
be placed as far rearward in the chargp as other 
design considl'rallons pern, . 

Eccentric initiation of the chargl' has been 
studied extensively, For point initiation il has 
been shown that the detonation wave front is 
I?ssenlially spherical with the deton<ltor at the 
center of curvature. U the d('( onator is nwved 
off cenler' a decrease in penetration is ob­
s~rved, but the e[{('cl is relatively small. Plac­
ing the detonator 0.5 in, off cpnter, in a charge 
length of two ('one diameters, resulted in a loss 
in penf'tralion of 20 percent. Sinee it is not di!­
ficult to hold booster and detonator alinement to 
within 9.060 in., off -axis initiation is not an 
anticipated problem with electric or magnetic 
fuzes, but some difficulty might be experienced 
'With a spit-back type fuze. In the latter case 
initiation at a point 0.5 in. off center can orcur 
unless care is taken in assembly of the spitter 
cone. 

2-110. Confinement. The relationships betwcpn 
cone wall thir.kness and projectile wall thickness 
were described in paragraph 2-104. ThE'rp are, 
however, other efferts of confinemel',1 that are 
oi ron~idpl'able interest to the designpI'. In­
creasing tn(' confinement greatly increases the 
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IH)h' \'Oll'IIH', This ell('('t IS ll(1kd whdh", till' 
('OIl[llll'l\ll'lIl i:-; I'n)\'itkd by illl') ,'ast'd wall 
thicknl'ss (11' by a "twit" t;[ l'XplllSi\'('. Till' 
111'1'Sl'll('t' Ll[ l'xpllJsioll 1'1'l.t!uds at higlll'l','ssurl' 
willll~' til,' ,'xpl(1,;ivl' bell rdanb til<' l'XI':lIlSiUII 
of till' I'n)t,tud~; ill IIllll'h thl' S:III1(' llIalllll'r a,; 
Ol"'S a st('l'1 CISIII~, Tlw "('(lIl[lllllli;" <'lit'''' 
of tillll'l'l'nt illt'rt lllatl'l"lal;; 1,;, ul ('our;;t', PI'U" 
l1urtiullal tl) thdr tkn:-;ity. 

in ,'al'ly ,'xl','riIllt'nts with Ch:lI'i;"S 01 diamdl'l 
LH(~('r thall tll,lt of th,' l'Olll', a significant died 
\\'a:; nutl'd ill till's\' caSt'S wh.,'\'" III\' l'1ll1l'1' w,'n' 
f!ant;"d, It W,IS o\)sl';'\'cd that Whl'lI :111 t'xl'lllsiv(' 
1.)('11 is ill (,DIIl:ld with til,' fbt flalll:" of :1 ('Oil" 

till' 1'l'IH't":lt ion was luwl'" than wht'n th,' fl:llli:" 
wa" rl'lI\Ovl'ti, 'I'll,' I[}ss In 1"'II"'r~lt iUlI, was 
l'ullsiderably p'l'atl')' wh"11 tlw ('hal'~~t'}; \H'IT 
hl':n'i.ly l'llJlfin"d. With till' tYl'i':ally ht'avy ('un­
filH'n;l',nt 01 a 1O~) 'mill I1l'oj,'rtil,' a loss in 
Ill'lIL'tI·;'!tioll ,',f'll! P"l'l'l'llt I'l'SliI lL'd whl'1l a (l.IO-in. 
flall!':l' was U:ll'kl'd by l'xplpsiH'. Ht'(,l'ntl)', th" 
l'l'sulb uf all l'xtt'llsivt' study of till' dfl'l't of 
('ollfiIl,'IlH'I1\ lJII tllt' jJt'rlllrJlla;!l'l' [)[ fl:lIIg,'d and 
\lIlfl:lnl~l'd ('llIH'S ha\'!' )ll'(,OIl1(' a\'a\la\1I,' (para­
graph 2-93). FrOlll tlll'Sl' d;II<1 thl' ;luth('r drl'w 
thl flllluwi!lg clJlI,'I,,;-;i')Ils. 

:1. Till' addltlllli [}1 a SIlI.I11 .'xpIll,;i\·t' b('lt 
ubtailll'd by ill('n';lslng the l'haq~" diaIlll't,'r hUll! 

l.G3 ttl 2.00 Ill, !'rtldut'Cs ;1pproxi Illately the sallie 
l'(fl'l't [}n IWIll'! ratll'll and holt' VOIUllH' as till' 
addltlUll of 0.2:) in, or st".'1 COnfinl'I1H'1l1. 

b. Wht'n twav)' b;'!sl' conf\l1el1H'nt has uPl'n 
;'!dd('d to thl' 2 -in. eh;'!r!!;\', the pl'nl'tratiun is 
dl'l'l'l'aSl'd about ;~7 jll'lTl'nt. 

('. Tht' additiull nf both latl'ral and ill';1\'Y 
ua;;(' cOIlfilll'l1Il'nt to till' 2-in. char!!;t' (,:lIlSt'S 
a drastir r,'dlH'tion of about 45 p('J"('pnt in pl'nl'­
tratiull pl'rfolmanct'. 

d' Whl'11 till' larg,'r ell;'!r!!;t' i;; ('onfint.'d I;'!tt'r­
aily, the pl'l'Sl'nCl' of till' fl:Ul!!;e caust's a rPla­
tivdy small, but Siplificant, dN'rt'as\' in pene­
tration, as cOlllpar('d with a similarly c()nfbwd 
c harg(' lilled with a dL'flaIl!!;,'d CllIlt'. ' 

e. Thl' hult' volump produC'{'d by tllf' 2 -in. 
l' hargp is incrl'ast'd uy auout 50 ppI'cl'nt wlll'll 
lateral c(,nfillPl1Ient lJf 0.25-in. stc'pi is uspd 
(colllpar,'d with th, 100 lJl'rCent incH'asl' which 
occurs with Ihe l.G3-in. chaq,;('s); buundary 
cUllditwns at tlw lJasp of til(' char~,' havl' littJ~ 
or no .,f{('ct on hoit' volume in spite of tllt' largl' 
changl"; in depth of pl'n\'lralillIl. 

Thb expt'rilllL'nt illustrates how an apparl'ntly 

SUI,p.-li(,lal ('liang" ill l'h:IJI:" th-,.,ign call .':nn," 
1''-t>flHIlIlI challl:"'" In rharg'·I','rlllllllalll·('. While 
it i;; l'[)s~,ilJlt- tl) l'xplain thl'~;l' l'h:llq:,'S sat is­
fact,'rily ill till' light uj [Ullltll'Il'lltal illfoI'lllatlUll 
aIllI lu I'rt'dil'l ljllalll:Jtivl'ly wh;!illlight ha\'l'lJl'l'l; 
(,Xl"'c!l'd, l:r,'at car, shuuld l)t' l'xL'rl'ised ill 
d,'~ii:lliI\g l'xpl'rilll,'nt,., SlI a~; tu bl' SUIT tilat 
th" \'arialllt- stlldil'd lllay bl' liOlll'stly l'vaJ\lall.'d, 

2-\\1. IlIlt'rn.t1 0l:i\'t.' :)h;II',l', Till' int',),llalshal'" 
,)1 :1 (,llnieal [}I' lalll""nl (I"il'(' dl)l'S nut inll')'ltT(' 
with till' nl)l'lllall'uJlal',';l' 1,,'UCt'sS 01 tlit' sliapl't! 
('llargl' lilll'r. I1I1\\'l'\'t'l', a nl1111b"I' of HEAT 
shl'lb now l>dn!', dl'l'l'lul'l'd ior tht' Ordn:lIl('(' 
l\)rp',; l'lllploy a II',', IJ(H)llI, ())' "l';kt'llt~i\'l', whil'll 
can I'l'tilll't' 1lt'Il,'!rati(lIi gn'atly. U,:;I'(':; III till:, 

sli;11'" art' of lIlt "H'St lll'l':HISl' tlll'Y lial',':l luw 
lift and, tlll'l'l'flll'l" smalll'r I','storing Illtllll,'nts 
an' rt'quirl'd for proj,'ctill' ,.,tabiltty. Whill'sut'll 
ogi\'l's do hal'" a lIluch high('r drn~ than ('ulIl(':l1 
or lang"lIt Ugll'e'" at I'J'Uj"ct ill' vL'l()cit Il'S up tu 
2,000 fps, tht' a<il'antag,' of Illw,'r drag possl'ssed 
by th.' Jattl'!' is llIlich ll';;:; Illark,'d at vl'lucitil's "f 
3,~iOO alld 4,tlOO fps. 

Tht' df,'l'l of intl'J'naltl'L'l'onfi~uratiul1()lJsh:tpl'd 
ch;'!rgt' dfcd has u('(11 !!;ivl'Il a great lit';tl of 
attl'ntiuIl. Figul'l' 2-37 shows six of ttll' m:lny 
COnfl!!;Urat iOIls whi(,h havl' bl'PI1 h'st,'d, and ;'!Ise 
thl' Jlt'lH'trat ions ea('h uf thl'sf' bllllms l'l'rtilit. 
A considt'r;'!tion uf dl'signs A to }O' diselo;;,'s two 
important dl'sign rt'ljUirl'Illl'nts; (1) a fl'l'l' sl'aC'(' 
Ilot It'ss than O.G (,OIlt' diameters must 1.)(' I'ro­
vidf'd in front ul th,' COlh', and (2) ttll' borl' of thl' 
boum must hl' as l:ir~l' as tilt' \J\;'!xiIlllli1l dla~ 
Ilwtl'r of thl' slug. It Sl'ems eh'ar tilat Il\'ar thp 
base of th,' COIll' the collap;;ing l'wllll'nt;; ftlllow 
a forward curvt'd path. Cuni' collapsl' is not 
cOlllpll'fl' until lhl' COIl(' has 1ll0Vl'd forward a 
distancl' of nl':l1'ly onl' cone diamPler and useful 
~d t'll'Ilwn!s art' fOrIlll'd during the tllllP tIlt' slug 
l~ i1ll)Vln~ forwan.:l a :-it'l'(lIHi ('OIlP di:ln1t~tflr. 

If tlH' bol'(' of thl' boom is not at it';'!st as large 
as tht' IIlajor diallll'teI' of thp slug, thl' j ct will 
be pinched nfl wh,'n thl' slug jams in Ill\' OOI'l' 
and a port ion of till' pOtl'Iltial /Jl'nt'tra:ioll will 
be lost. The tests rl'I'ortl'd alJovp Wl'l't' statiC' 
tl'StS. It is r,'asoIl;1bl., to SllSJll'ct that in dyna­
mil' fil'ings tht' boom may bl' jaIllnlL'd l't.'arward 
toward tht' C'onl' by till' impact vdority, and that 
this will reduct' th,' l'ifl'rtiv(' frl'P spac,'. Tlll'rc­
fort" :-;OllH' additional fn· ... spact' must b., pro­
vitlt'd, and till' actual amount rt'quirl'o will 
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provably d,',"'lId LIP"" Illt' m:L,ill\ulll illll,.ld 1 l'/(l­
city uf the I'n l •• l'(Ii.'. 

THE EXPLOSIVE COMPONENT OF SIIAI'IW 
CHAHGES 

2 -112, !!)t I"lJdu_rt lUll, Tilt' ~ltapl'd ('lIaq~t' dlL'rt 
tit'pl'Jllb UpuJl till' I'r(,~~lI)"t' IlllJ'U 1st' pi a dd tl­
lIatl'd explUSI\'I' ttl :11'('('11'1 atl' till' lilll'l' \\'all~; III 
till' l'llilapsc prOI'I'sS, whit'li produCt,s till' Jet. 
Tilt' ('xplu1;II'l' J~ tlwl't'iul'l' fUll<iallll'll!al !ll thl' 
phl'llLlllll'IIUJI and It I~ ('ss('II!lal th~t! l'llargl' l'a-

1';\ll1l'tl'r~ be ('an'lully ,,('!edell, Till}; nl(';lIl:> 

that PI'OplT distl' Ihut I UIl, Illit lat iUlI, :llld l'x!,I,)­

;;iVl', ()r :til ade-lIu;t!I' rUllljlrulllI:;o' L11 (hl'Sl' 
[:,Il'tUI'S, Ul' macit' , 

2 -113. Eff(,(~t __ u1- EXI'~'2~i 1'1'_ Ull ,1~l'J'lur~I_1 ~\ll(' (" 
ConsideralJle l'Xjll'riL'nc., IIa" b("'JI gaiJl(,d, frcllll 

which it it; g.'nl'l'ally I'I)ssihlc to lIlak., alil'quatl' 
shapeli {'haq," d('sif~IlS, TIll' l'lf.,ct llf ('llllljll'()­
misl's with tlll' illt'al elt'sign (';til alsl) bl' ('st inl:ltl'd 

-30· 

A, 19.7 IN, 

NOSE RING 20 IN, 

II'ao;ulI.I\,ly wi'll. I!IIWI'I,.'I, tl,,' 1"1,1>11'111:; oi I'X­

I'l l wil'I'S ill ~;h.tl,,'d ('1I:lrl~I's h:II" tlllt all I>I'l'lI 

soh"'d, CUI1t11tlllll,; .111.~I' WhL'll'ill 111111<11' \';[I'i;t, 
tiulte, !'.\lIS(' all :II'PI"'("J;tl,i,' pI'll11rlll:tll"I'l'iI;lllt~I'. 

whirh rail 1,(, attriiJu("t! u/li/ ttl till' "''1>1'':,11"1', 
.slllall Illodi/irat lilli,', III ('II:I> I'," 111['1':1) .ltl')1l (I'\'h-
111(1'1(', .11 :l chaJl,:I' III I'"pl":,II'c' tll:,t) Ii1lllioll 

al,"ut th" lilll'I', may aiit'd till' l"'Ill'fI':I(I"J"~ 

sipIiII".llItI~' Thl' I'xad 1)":11'1111: IllHl'"IIIt'l'llilty 

of til(' ,'xpl":;:I" ,'I"IlT" h,I:, IIll jll'rfullll,lll{,C' 

l'l'll'lin's IlIl'tltl'l illl','stlj',a!illll, 1'1 (ll,.'r ~hal'lIlg 
u( !I If , tI..tllll;ttJU!! 11':1\'" 111 til" I'xl'llI;:I\I' ha:; 
sholl'lI 1'1'lIlIlIS" Ili 1;11'1:" Illl'n'a;,,' ill P"IlI'!I';I! 1'.1I1 
1"'lltlllll;\Ill'" bllt 11.\;, IlltrlltiU\'I't1 additJl)Il;(ldIIIJ­

l'uitH'S, wllich !lIU:;t l)l' lll't'rl'tllll,: Ill'!urL' It (';\11 

b,' I'llIiSiLiI'l'I'd SI'l'iuLJ;;I:-. luI' 111'11/ J('III Illll. 

l'l';tl'ti(';tlly :tIl silldit's Ilf ,'xl'\""J\ \'S III sli:lJ, .. d 
l'h;tl'g.,,, ha\'(' bL"'1l ,'XI'I'I illll'lIta!. This chll's lIut 

JII"IIIl, ""\\'1'1'\'1'. that thl' h:Ic,Il' S(Utlll':; 11:11'" 1)"1'11 

1l
"
I:kt'tl,d, Iktl>lla(illll tlInn') '1,>-; twilll', actl\'I·ly 

1'1lI'Slll'!i, a:; is alsu th,' sludy llfl'xplllSII"-lIIdal 
1I1("r:w(illIlS, DIH'c't 'll'ldll'lltllJllo.; lIf tlll'~l' I't'­

searrll "ultlll's aI'(' b.'IIII: "aJ'I'Il'ct (lut by the 

,750D 

§: §:. §:. §: ~ -k,,-

F. 6,0 IN, 

--.. ~­
, .J<i' 

FiJ.;UH' ::-:t-:. Ti'{' ('(JI((il,'ll/ll/ioIJs 
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Carnq;ie IlIslitul· 01 Tl'('hnulof'Y !;rtlUp in Ihdr 
work on a rdl';\M' wave theory as "PI,hed to 
IInl'r collapse, 

2 -114. E1Cc~'t ~ Dilkrl'n,t Typl'S ~1..!::~J~losivl's. 
In shal'l'd I'haq;l' dl'vl'lnpllIl'nl ('oll1>id(,1 alll,' 
work has lH'('H ptTf()rllH'd on standard I'hal'l:t',-; 
to L'Va1l'.11l.' til!' I'd;,!iv\, I,,'durmalll'l' of varillUS 
,'xl'losiv,',;, unl.\':1 "'W 01 Iht.".,1' h.1\'l' found ord­
n:ull'(' applicatioll. SOIl1(' l'xplosivl's wilh low 
d,'lollat lUll pn's~'un's :Ul' lIlaq;illal and fUI'IIl 
Vl'l"y pt1111' )l'Is, hut no uJlP('I'lilllit tOl'.'l'fOl'm:IIH'1' 
has uL'en louuti. that is, as till' dl'lullat ion l'n'~;­
sure is in(,l'e~sl'd till' Il('nl'lra!iollt' iIlCrt'asl', 
Thl' !Ic'ml III ','xp,u ,I','l':-- ft'Se,ll eli IS thl' dl'velup" 
1Ill'1l1 of Ill'W compounds with hi!:h('r dl'loHatiulI 
vdocilil's and P!'l'SSU!'L'S. Tlllls sIIl:lll additilHlal 
lIIlP!'1l\,1'1lll'1I1 in pl'rlol'llIanl'" Illll~hl be ;Jill i.'i­
pal,'d. 

Table 2-14 lists varit1tls high l'xplosh'l's, WIth 
tlwi!' propl'!"1 i.,s :U1d shapl'd char~(' p('lId rations, 
TIlt' list is not compldc, and SOllle an' ulla.::­
ceptabk lor wide application UL'l'aUSl' of ~;<,n­

silivity, romp,llability, stauility, 01' produrtion 
diffkultiPs. Thl' dl'nsitil's ~ivl'n are thosc 
actually obtained in tllt' rharL~{'s uSl'd for PPIH'­

tration comparisons, Thc detollation vl'iocilil's 
~iven are compuled on the uasis of exp!'rinH'lI­
tally derived density -d('tonation velocity slope 
data for the ('xplosives. S.'nsitivities are takcn 
from impart sludil's at Naval Ordnall(,c LaiJora­
tory only tel avoid introcturing calibration con­
st:Ulls for different tL'stin~ machin('s. The pcn­
etrations are from Naval Ordnance Laboratory 
work on point-initiated, unconfin('d chargC's 4,0 
in, in height, 1.63 in, ill diamdcr, with M9Al 

(' steel cones, and fired with 4.0-in. standoff into 
mild steel plates, A ft'w similar explosive com­
parisons performed at Du POI,t's Eastern 
Laboratories are also given, This furnishes a 
reasonable comparison of different explosives. 

Formulas or rorn'lations r('l:lting pf'netrations 
and cavity voluml's to paramders of thl' explo­
sive have bc('n d('ve!ojll'd, but th.:-y do 1I0t t.lke into 
aCCJunt the prop('rti('s of th(' liner or tit(' nat ure 
of Jet formation anj penetration pro('esses, and 
hence have limited usefulness, 

2-115, E;..plosive Distribution,.: The distribution 
of the explosive about tilt' lilJ('l" and tile typt' of 
initiation uscd to detonate the ('hargp havc a 
very marked influence on the performanre of a 
shaped charge, Distriuution as discussed in 

(Ilit. 1',lra~!':tph i:c; ('olll'l'rlled only wllh tilt' g('u­
lilt II ieal a!'r:tngl'!lIl'llt of tilt' expltl:-oil I'. InholllO­
~:('Ill'it it'~ or vanatiOIl:-' frolll a ulliform rh;ugl' 
will hI' t'ollsidrl'l'd bl('!". TIll' paralll\'tI'l'S whirh 
descl'iue thl' explosivc 1:t'onlt'tI'Y for I'ylindriral 
tJl' lll':n ryillldJ'l('al ('hal't~l's art' hl'ight and dl:llll­
t,t l'r. The til'I"'IHit-Ilt't' "I I't'rIUl'IlIaIlC'l' tlll Ill(' 
dl::;!ri\)t1tiOll i." d,,::;('ly r..!at,'d 1(1 tll(' 1l1;!1)!}('!, 111 

",11I('1l It l'()ll(ltlls Ull' jl~ ('~;~"lIT lllljluL,.·ddivt.'ITd 
10 thl' I illt')' waiL, 

11 1>0 /lui pllssiiJlt, to gt'lH'l'ali<ll' lllur!l on the ef­
fect pi thl' c'xpl()~,ivl' disl'li)ulitlll 1';\1';1111'-('.'1'::; 

Wllill,ut Ill'sl ,td il\inl~ .'t'l'la Ill" u[,I'I(' 1111'111 :II'Y ('''11 

ditlt'Il:', 11 llllt' lal,,'s all lI!ll't'llt!I\"d, p(1illt­
initi<1tl'd ('h:\q~(', till' mean pt'llt'tr:tt'clf) will :i" 
(,It.'as(' wltll IlH'I't';\sing ('II:1q,(' Ill'il',hl. Pt'llt'lra­
tiUIl is I'l,'y Sl'1ISIIIVl' 101' hl'il!hls up 10 sl'l'l'I'al 
('()lll' diallll'!{'I'S, after whirh it slltlw, .. ollly small 
Chan[;l'S with illl'!'t'ase 01 Ihl' ('xl'losil't' lOIUIIlII, 
Howl'v,'!', it IS dill o\Js,'l'vallh' al Jl'lll,ths up 10 

six nr :;l'Vl'll COIll' dialllctl'rs. FigulT ~-38 is 
1l1tilcatlve 01 Ihl' llormal uehaviur of pl'nt'll':ltioll 
as ;! tUlldlllll ()f ('11:11'[:" hl'lghl utJ(it-r tlll' cOlldi­
IIOll,"; P1'f'Vll'llsly ('lIUllH'rakd, Al'Iu~lly \':'ryill~ 

th., Il'ngth 01 l'xplusivl' al;ovl' thl' lllll'r apex 
alll'els till' :,llape and lIIal~llitudl' of the hiGh 
Pl'l'SSlll'l' 1'L't";ion ill thl' t'xplosivt' reaction ZOll(' 

and abo varips s!J~htly till' dlrc'l't~Oll of thl' 
wa\(' front, whll'h lIlt(,facts With tile Illlrr, l'S­
pC('lally at .'iho}'t charg!' hl'lglltt-, 

Undel' I;illlilar (,(llldititJlls til(' l'fft'l't oj varying 
tlJ(' l'xplosivl'-to-lilwr diamdl'l' ratio rl'bults in a 
p"nl'll'alion relation as shown III figurl' 2 -39, 
Varyin~ thl' explosivl' dialllder with a IiXl'd­
conC' diameter rt'sults in a pprlormance similar 
to that for chang!'s in tilt' cOnfinelllt'nt wall 
tilieknl'ss, 

TIH' hol(' volume incH'asl's with illcrl'asin~ 

lenf;th, as wl'll as with increasing diam£'l.'r JI 
l'xplosil'l', within the range normally obsl'l'\'l'd, 
,fl.. limiting value is approached and, of ('om":ie, 
it ueroml's mort' difficult to obsl'rve the smalll'r 
incrpasl's, whit-h arc hiddl'n by til(' sprt'ad in till' 
data. 

Although the preceding paragraphs would in­
dirate a rl'lativPly simpl!' ('Ofl dation for ppr­
forman('l' Wilh explosivl' ll'ngth and di:Jml'll'l', 
in reality it is a romplt-x problem. It should UP 
noted that the rc'sults prl'SI'nll'd WPl'l' fo!' till' 
simplpst ('a,.;(' and lIndt'r r!'stril'll'd conditions, 
Till' sha!'l' and llIaglliludl' of till'"'' CUI'V.'S might 
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Table 2-14 

Sensitivity I 
--

Detonation Penetration 
Density veloc ity C:rop I (i n.) 
(f':1lI pc'r (m PCI' height -

Explusive Compositiun ('c) sec) in ern) INOL Otlwr 
f---

(du Pont) 
TNT Trinitrotoluene 1.(;0 6,980 162 1.25 4 .) 

.M 

:}U.f:l 39.5 1.0 (du Pont) 
c'on1posilloll B Imx TNT W'L, 1.69 7,9:lQ 60,4 G.17 6.2 

91 9 
COlnpositinll A· HDX Wax l,GO tI,2:H) 58.H G.22 ... 

GO GO (ell! Ponl) 
:;0/50 l'l'ntuiite PETN TNT 1.1;:, 7,560 2:1.5 G,5B S,;) 

40 ~lH 17 .) 

IIBX-1 RDX TNT Al D-2 1.72 I 7 ,~i50 95.7 ;'.16 ... 
4:1.::! ~H.O :2H.~ 

l'TX-2 HDX I'ETN TNT 1. Gil H,OOO '" G."7 ... 

(du POnl) 
70 :10 GG/:1G/Tdrytol/T),;T 

70/30 Telryto! Telryl TNT 1.G4 7,:110 ... 5.12 5.0 

70 :lO 
70/30 eyelotol HDX TNT 1.70 8,100 37.G 6.:n ... 

75 25 
75/25 Cyclotol HDX TNT 1.71 8,160 ... 6.56 ." 

75 25 
7f,/2b Octol HMX TNT 1.78 8,350 4;'.6 G.98 .. , 

77 23 
77/::30ctol IIMX TNT 1.81 8,440 ... 7.45 . .. 

·Prl'ss .. d (all other explosivl's listed were CaBt). 
Du Pon! ehar~e~ were similar ex('ept ehg. height was 6.0 in. 

be greatly changed by anyone of the larf';c 
number of variables not considered in the dis­
russian up to this point. In general, unless ex­
perimental results are available for the parti­
cular ~ituation at hand, it is difficuit to predict 
the effecl of variatiun of charge height or explo­
sive diameter with any certainty. This is also 
true if the shape or contour of the explosive 
charge deviates from cylindrical symmetry. 

2-116. Initiation of Explosive. Plane-wave 0"1' 

peripheral initiation, which shape the detonation 

wave, may change the penetrations obtallled. 
Figure 2-40 compare~ point, plane-wave, and 
peripheral initiated standard charges for differ­
ent charge heights. These results are ior steel 
liners. Limited tests for other liner materials 
indicate an increase in penetrations with peri­
phe!'al initiation, but the percentage improve­
ment varies considerably with the material of 
the liner. These special results are given to 
indicate what may be achieved with proper wave 
shaping. Penetrations from point 0).' plane -wave 
initiation are fairly reproducible. However, 
small asymmetries anywhere in the system will 
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produce large variability with peripheral initia­
tion. Application of such an initiation system 
mp.st be made with eaution if increa:sed penetra­
tions are to be achieved. Experience with a large 
number of shots under well-controlled conditions 
has shown that increased penetration for stee l.­
cone lined chal'ges and p(>ripheral initiatwn is 
real. Howev(>r, the large increase (25 to 30 
percent) reported here has been shown to depend 
critically on the liner used. Furthermore, tllt' 
cavity volume may be reduced by as much as one 
half. 
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Fif(Ui'C 2-:18. Shaped chaYfrc (wlle/rutions as a 
functiurl of charge ;leight for Jl19AI sled cones 
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2-117. gllargt'_P.J't'paration. in charge prepara­
tion the problem is to produce an explosive 
loading which will result in maximum Shal)('d 
chal'ge performance. The method should insllrf' 
(1) uniformity of the l'xplosivp, (2) axial sym­
nwtry, and (3) maximum den,sity. Radial uni.­
formity and axial symmetry are highly important 
to J\'l formation, and ,small dl'viations from tilE'S" 
conditione; may prodllee a sll-\mfir ant dec reas(' in 
mean ppnl'tration. Maximum dl'llsitie,s are re­
quired to obtalll the hip;lwst possibll' detonation 
pressures aud, lwnre, largl'st pl.'lwtratlOlls. 
Lark of uniformity in the rharge do('s not always 
result In poor(>r pl'rformanre. Increased pene­
trations have been reported when composition 
and dl'llSity gradients along the charge lenbrth 
wen' rhangpd inadvertently. In('reased penetra­
tions have also /)(,PI1 reported that could be 
attributcd to charge imperfections in the form 
of axial pipes that produced some ,shaping of 
tlll' detonatIOn wave. 

2-1Hl. (':harge~~~ection,s. EXI'l'riments 
with liqUid explosives, which may bl' conSIdered 

162~'· CONE DIAM!:. TER (CONSTAP04Tl 

00&2 'NAt l \ NO FLANGE) 
(M6 J 

~. 
0_0 

o 037"WAll (FLANGE) 
(M9All 

'~9----~I~O~--~----~IL2~--~I~'~--~'~'-----­

o CH A AG £ / OCONE 
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Fi"lIre 2-.19. Shaped cluu"e pcuetl'lltions as 
j/(nctiOlI oj ch(lIge diameter (ImcOIlfilled) 

- . 

CHARGt HEIGHT (INCHES) 

Fijfure 2-40. Shaped ("ullge {H'l/elmtlOlis as 
flilictiun ot illitiatiu/I fur M.9Al steel cuw's 

and 51)150 penlulile explusit'e 
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~~l'> ~t .w:L(~:".tI~~J,wl.lliJgl'11l'.OU.'-i, illdicate that thp 

...... 'V'trru·fjnit;< of n'sult~ with solid ('xpl()~ivps Illay 
be d,'cl't'a~ed grpatly by improving hOlllOr.;"IH'lly 

in the nose of the projectilp, ili;!t 'f:-l \'~lwrglz('d 
by tlll' imp;l('t"with·Hw·-targut; lltlwr ant'lectro­

.,,', -ili:'t~rwt.i ... (1J' electrostatic device can bl' used. 
()f tllL' clIarg('. InholllogPIll'itics in a multieolll­
pOrH'llt l'xplnsive, such as COIllP B, dup to th(' 
ulls)'Ill111f'trical ~egr('gatlOn 01 one of th,' cllli-.... _ 
st it U(l.!l(s , could account for :lpprllximatl'l', half 
oj t-ilC'v:li':iability nJ rt';;.ults, (11f' other half-llt'inr.; 

-'ilttnbutablf' to variation:; in metal parts. Voids 
and !.JulJbl!'s In tlw vicinityofthe lincr may callS!' 
markpd reductlOll in pC'nl'fratioIl. Small bulJlJlp;; 
OJ:. "y[l.i~s, dlstl'lbutcd throngllOut tIlt' Charge, 
10Wl'r till' loading density and result III dl'c!'('a:;cd 
dPl'>IlatlOll Pfl'S::;Ul'l'. Contiidl'ratlOn of Oil' t'fleet 
of dt'tollatwll pn';;surl' indleates that a 2 pe'n'l'll! 
los~ in pressul'l' may produce as much as 5 
lWrcl'nt variation in penetration. 

2-120. E:uzi~~~L~_w-Vdo~i!Y Hound~~ III the 
·"'t"it;N:i: .. gL.l.~utJHonic round, such a:; tlw 3 1/2-in. 
rocket grcnadf' or, evtm better, th(' T37 rUll' 
grenade, thp rcquir p t1wnt:; for :.;pced of initiation 
of the explosion ar(' far h'~~ "tringent. A rifle 
grenadr travels at ~onll' 150 lp~. Again, if olle 
pL'rmit~ til(' round to deform 1/4 in. bt'ful'l' sl't­
ting off the high -explll~IVP charge, the ti mp a vail­
abh' i~ 140 " sec, and a lIle(JWrtt'a.Lir~lis~ion 
of illf()~'(!I.n th!' nose to the rp:lr Ql(;nH!nt 
!.Jpcomf'~ at least tlll'ordieally po:;siblr. Two 
firlll'ral methods are employed to provide nH'ch·· 
amcal transmissioll. One i~ the so-callpd "spit-

FUZES FOH SHAPED CHAHGE MISSILES "'-- !.Jack" (flash-back) fuze, where a ~mall shaped 
A 90~~_eXploi'iVe in the nose of th,' roundls lfii-

~ .. !'u.~--..2£.!!~J:~h-V_e.logy _~.9.lIJ!.Cl.s~ tiatpd by a percussion primpr and fire:, a jet 
ml'l).--__ J'in..:stalJilized, gun -fired proj('ctilp Illay 

barkwards through a passage provided in the 
"' ... travel at a vdocity of some 2,500 fps. Thl' main charge into a base boostpr. Sinre the 

distance from Ow nose of,the round to the loea-
. .. vl'locitv of such a small jd ,is very high, tillS 

. -

tion ol the ddonatlll' IS appl·-nx~·'llMyly 1 1/2 ft. ,,'..-1: - t, I, "d ~"tl-Jct·tt-t ._ 
~ mf'an~ Unt lJ tll!.': r!.l.ii:lld,,~>t.t(.).l)cdMi)liaTl'il· ".J1LQ\}'(.,~~n ex rellle y raj,1. .. 111~,1(. . .-~- ... -, --. 

. -_._--.-. -"-'.-~" . ' .",,' '"-. ''''- ". " nllttlIlg tht'·tr.lgge.r .. actIOn from tn\:!·tl'tR.t .. tQ.HI€'. 
·.a Vl'I'V short time alter till' Hose contacts thl' > . _. ..'.. 
.. """""~m"'" '.' .. '.' .... '--.. '.. n'al'. In SPltl' of tIl(' very Illgh Jl't v!'loclty tillS 
tal'gl't ttllP tlllH' b"lllg llIluted ari)ltranly by tIll' ' 

. tl .. , o.h t II I ml'lhod depl'llds upon a clear path from the requirement lat m'C' .nose mus co ap:;e no . 
tl 1 4' b f"'f - !' t f n1 n shaped charg(' III the nose to the boostt'r; a COIl-

more Ian.,' lIL e Dry, Il' llll la lllll 0 PXI".~=.. dition not always satisfied due to rnisalinelllpnt 
",:. slon), thl' Illlbatron must bf'started l!l!l .. ~t'f~·"· · .. ·'·of· metal parts or deformation of thp fuz(' upon 
':::::·-kl.g,c"l!~IJ~t.l"at_ IS the tlllll' reqUIred for thp shell to - . . , ., '. T ., _ '---. 

. -... "·~""-"..'4 . .. Ii ., ' d t t " 6 ., . Impact. Another approach used In lock('t gIl n ........ 
tr4l\ l. L . IT). t.le e ona or reqUlrf'S .. s~c d' I ..' I tit d tl 
t . d < t '~~t .. th . l't f II a es IS to lave an lIlertJa W(,ll'; I oca e at le o c,ona e ,u er rpcPlvl'ru! 1 e signa, I 0 ow:; . ._. 
f! t tI nf t t~1 f"nm tl t' f base of the round. When \ round contacts a 

. 1;1 WI orma Jon mus ~,,;~ ~l: _ .. ~!) 0 target, It d('(~elprates, aIld (he I -t--.....--_. __ 
~,;:::-tl.l&..",,;l!.ell to the d~1Q~.to.r In 2 .. sr('. ThIS llll- slides forward and fires a percussion cap. The 

.:;> ·llWthately.r'1Jl~.s. nut any mechanical nll'ans of 
. disadvantage of this type of fuze is that it is "t rarfsmilting tl)!,'., infor rtlation from th(' front to tlw 

basp of the shf'lf:-l!nd,'r these conditions an inhC'rently slow and that the shell is required 
to hJlve a very rigid nose section, so as to pre-

plectncal fllZP mutit be us,:d. Sc\,pral e1f':,trical 
methods have been tried. One is to use a poi.w;.-< 
supply, such as a battery, a switch in the nosl' 

-(WlllCh Dlay be a simpl,.> double shell), and a 
detonator at thl' base (WIth an appropriat(> a~l­
ing systPIll). The second, which is rl'all)·a 

"-. 'modlflcation of t!J(' first, i5-to.u:,:(' a sot;rCt' uf 
elpctrical Pllergy that is incrt until firing, such 
as' a si mp!" impulse grnerator th"-t chargps a 
capaeitor on firing. TIllS capaCitor can be made 
to hold its charge for the dUratioll of the fliRht 
of the prOjl'ctde, and can be discharged by a 
switch as In thp previous case. Thi;; last ap­
proach Was us('d in the first model of till' T208 
but was abandolll'd in favor of the simpliCIty of 
th!' PICzol'lfxtric gl'nerator. A third possibll~ 

electrical method is to USl' a g'enerator, locatpd 

vent collapse while the fuze is going through Its 
triggering cycle, 

THE EFFECT OF ROTATION UPON SHAPED 
CHARGE JETS 

'" -" 
2-121. The De'2rlOration Pnx'ps:o. 'The de';'pl-

- -----_._---------- -
opment of a tl'iplp-flash X-ray system fur 
stuoying Jets from large fotatpd chargp:,: has 
darifled the df'tails ot thp deterioration of tht' 
Jet. The sequence of ('vents as the rotational 
frc(jul'ncy increases is shown in ligul't's 2-41 
throll[';h 2-44, whirh show till' e[fects of in­

creasinv; rotation upon the Jl'l from a lu5-mm 
copper llllel'. The dl'il'I'lllratioll pnl{'ess can be 
broken duwn into thl' folhllving distinct steps. 
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a. The j"!t, whi'eh ·i& normally continuous 
when unrotated, begins to break up into separate 
pieces along its length. 

b. As the rotational frequency increases, the 
cross section of tile jet starts to deviate more 
and more from a uniform circular shape and 
shows evidence of deformation into a ribbon­
like structure. 

c. There is finally a definite bifurcation 01' 

separation of tile jet into two essentially parallel 
jets, with each jet broken into separate pieces. 
When the bifurcation first appears, tile two 
portions of the bifurcated jet generally seem to 
lie in a plane of bifurcation. 

d. Increasing rotational frequency causes 
tile plane of bifurcation to be distorted into a 
helical surface. 

"., --'the bifurcation in the jet appears to be associated 
"· ... ' .... ,·.~ltFl-:r-mtic.aLfr~.guency that depends on the. 

canbe"F<..·,.T.hus, bifurcations have not been seen' 
in jets fromT05-.::mm charges rotated at 15 rps; 

--"'wheteas"a1I"'jets from IOS-mm charges: rotated 
--" at 45 rps show bifurcation, as do most jets from 

105-mm charges rotated at 30 rps. 

The incidence of bifurcation is clearly associated 
, with the steepening portion of the penetration 
'~off Cui'.yes (see figure 2-45). Finally, the 

plate;u":tegJon a"Ssociated with the highest spin .. 
freque~~ indicates tilat the later modifications ". 

-----. of the bifurcation process contribute very little 
to further reduction in penetration. It was 
originally conjectured that the original bifurca­
tion was perhaps followed by bifurcation of each 
of the new portions of tile jet. This has not been 
ruled out, but the observations on the target 
plate .,upon which this was based can also be 
explain'edbY the distortion of the plane of t.i-

.. fUTcation into a helical surface. 

2-122. Theory. It was pointed out by Tuck in 
1943 that rotation could result in a malformed jet. 
The vector addition of the rotational velocity 
and the collapse velocity of any element results 
in a velocity which has a direction tangent to a 
circle whose radius (r') is dependent upon the 
velocities and the cone geometry. This would 
result in a hollow jet, and could cause a drastic 
decrease in penetration if r' became large 
enough. On this basis, Birkhoff estimated that a 
3 -in. diameter liner would show appreciable 
deterioration at 100 rps. 

Figure 2-41. Effect of rotational frequency 
upon the jet from a 105 -mm copper liner 

BirkhofC, using a different approach which neg­
lects initial malformation of the jet, has esti­
mated the decrease in the penetration from a 
given element of a properly formed jet caused by 
the increase of the cross-sectional area result­
ing from the expansion of tile jet resulting from 
rotation. The magnitude of the force causing 
this expansion can be appreciated by considering 
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the extremely high rotational velocities of the 
jet, which result from the conservation of the 
angular momentum of the cone. 

2-123. Scaling Under Rotation. For the scaling 
of results of rotated shaped charges, several 
theories have been advanced. The simplest of 
tijem scales penetration in cone diameters 
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Figure 2-42. Effect of rotational frequency 
upon the jet from a l05-mm copper Ziller 

against "d where ,,' is the angular velocity 
of the projectile, and d is the conc diamcter. 
I<'igurt' 2-46 is a plot of this type, This scaling 
law call be expt'ctpd to hold only if the other 
paranwtcrs (such as standoff and cone thiekness) 
are also sealed. It has not been too well verified 
in the high spin frequency range. 
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Figurl' 2-43, Effect of rotatiollalln'qul'nc.l' 
upon thl' jd /ro/ll a 1 (15 -nI III cappo' lilll'r 
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1"01' thl' de~I~Ill'r, til,' UC;l' 01 d as a c;('allll~ 

variable IOi' pJ'l'dl('llIlf' til" dr.,('t pf I'otatloll 
UpOIl pl'lll'tratlllll app.'arc; II) h(,tll(' bl'st :\v,\llabk 
basis (lVI'r thl' !'ant-:l' () tll 100 l'pS and ;17 . mill to 
l05-rnm ('alll.)l'!'s. For hi~hl'r C;PIIl fl'l'qll"Ill'It's 
it is stIll tIll' l)('~t t-;uide, tJUt l~Xp('rilllL'lltal vl'rift-
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FiJ;ll1" ::-II. Fff,'cI of rolalimw/ (r"lfI/">I('\' 
upon III<' id (rolll (/ !O:'-IIIIII copt"'I' /1111'1' 

.'atllJIL'-; an' J'('('IlIlJlllI'1l1lt'd as a ct,.'('k ollll)'('(iI('" 

tllll!'>, It IS I'xll".'t,'d tli;lt "Xlll'l':IJIl'lltsClJlTI'llti\' 
lInd,'J' way wdl "lllllinatl' titl' lIlll'.'I'tallllll's that 
.'xisl "I tli,' h'l~hl'~t valu('s III d, 

2-124, TIt" 1';11"1'1 III elll'" Allt,I,' oil P.'Ill'lrall!lll 
Ulld.'r H'llalllJll. TIH'IlI'E'fJl'al ('PIlSl<itoratlollol till' 
df('I" (ll ('lilll' :1111',:" ('11 J\'\ l'ut:lllon:1i vl'l'Jl'lly 
Indll'a!.'s tltal slll.tli-:ln>',i(' ('()Ill'~ wtll Ill' Ill"l'!' 
c;.'Il:,JtIV,' III rl'talillli. TIll' "XIH'l'Illl"IlI:II ,LILI 
lliJlallll'd durldl, 11ll' wal'byth.'OIlH"',dSn"lltlltl' 
H,'s.'al'l'll :\lld Dl'\'('\ll[JIlIl'lIt Oil I Ill' dll'.'I'; OI"OIIl' 
alli,ll' aI',' Ilut l'asy tll 11l1t'rprd hl-C~lll;"- ul Llq," 

l'xP"rtlJll'nLll dl"IH'I'~lon", Howl'vl'!', th., 1"'Ill'r~tl 
cUlI,'lllC;lll11s dl'awn uy litl'lr I lI\'l'sl1,,;J1I)\'}; .ll'l' 

,'c;sl'lltlally ac; lulleIW,~, 

,l, At ,~lillrt st:llldnf[ (ill' lar>',,'!' angll' !tn"rs 
c;huw ilttil' dl'll'!'Hlrat]()1I as a l'l'C;lllt ell 1'\l(.ltlon, 
!lew,-v('I', SlllI'l' 1111'11' lllll'lllatt'<i jJl'lll'tratl<lll IS 
rdalivdy pOllI', till" IS 01 llttit> pr:l<'II('al valut', 

b, 1l1'I'aUSl' uf tlil' IlH'fl'aC;e(\ <'flt'c(I\'(' st:l1ld"fl 
(dut' to tl1l' inl'I'l'as.'ci COlll' IH'J~ht) 1)( a slIlall­
allglt> COlll', It b llHll'l' C;t'rtlllISiy alkct.,ci at :1 
{.:I\"'II l'x\t'rllal sLllIdolt and Its P"I1l'tr:ltlllll IS 
tit"n-Ion' llut apPI'l'cl:tblv Iwtt.'r than that o( a 
largl'-allf'll' ('()n~',: ... "., ........ :--. 

Th,'S,' \:,.'1';([;I:~lln~ art' Ullfortllllatr'ly lIot as 
SPl'[',-;-iC':' as wllllid hI' til'Sl rl,d by a d.'si>',IH' r, 
};~l(iIIHlllal ,'xPl'l'Il1ll'lIt:d data ha\'l' b""ll OULllIH'd 

.""." by tilt' B:IlII~tlc H,'s,'an'h Laboratoril'c;, ll"llIg 
, l05-1lI1ll ('har~l's of a ~iv('n flXI'd hl'l~ht al :t 

standoff of 7 1;2 Ill" a \,allll' lwar tlll' C(lllllll"l1 
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AT vARIOUS STANDOFf.:' 

\ 

ROTATION {RPSI 

Figure :':-,15, IJfl'<'I of rOlrI/IOIi 01/ f><'II.'lrlllis;:tl 
al I'ariolls ,;/(//lIloff", 4:;0 CO,!>I','/' .'lIllt' willi 

Sf>!/· /ill< 'k, 1 U:, mm 

2-(ifi CONFIDENTIAL 



--~--

CONFIDENTIAL 
built-in ammunition standoff (.,2,3 eon,' dia­
md!'rs), Thest' dat<l are shown pInt It'd in fiJ::lIres 
2 -47 and 2 -48, In these eurve,; ('.omparisons are 
made of the unrotated penetration, and the penc­
tration at 45 rps. as a fUIlction of COIH' a n[.'; h', 
The rel5Ults within tilt' I'angp of variabh's so far 
explored dearly indicate an incrcaspd Sl'nsi­
tivity of small-an[.';lc Cones to dett'rioration by 
rotation, From the pl'adical vipwlXlint of till' 
designer, from this experilllPntl:l thl' best cnne 
angle at 45 rpl:l appears to bp about 45°, l'Vl'n 
though the I:llllall('r cont' angles havE' better un­
rotated performance and the largel COlll' anglpl:l 
have reduced sensItivity to rotation, Howf'v('r, 
caution must be used in extrapolating to otl1('r 
conditions, The experiments, which are being 
continupd, will cover a much larger range of the 
variable.. and the standoff for various cone 
angles. 

Under standoff conditions normally f'xisting for 
ammunitiun, the designer can eXJlect to find 
small-angle cones more sensitive to rotational 
deterlOration than large-angle cones. Then' is 
not sufficient good information on the cone angle 
effect at large standoffs. 

2-125. The Effect of Liner Thickness on Pene­
tration Under Rotation. There have been very 
few rotation experiments reported involving 
liner thickness as a variable. Those condurtE'd 
up to the present time seem to confirm the 
theoretical expectation that over the range of 
thickness studied the effect of thickness is not 
of major importance, and that the pC'nPlration 
performance of a uniform conical liner under ro-
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tution is, within the precision of the experiments, 
pssentially unaffected by thickness. 

Improved experiments, with extra care taken to 
reduce dispersion, will be required to establish 
til!! existence and magnitude of the thicknE'ss 
effec!. in rotation. Separat(' f'xperimentl:l are re­
qUlrl'd to ascertain the contribution, if any, of 
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the liner thicknesl3 to changes in Jet stability to 
breakup. Such experimentf; are under way at the 
Ballistic Research Laboratories and at Carnegie 
Institute of Technology, but at the time of this 
review there are no definitive results. The 
best Courl3e for the designer at this time il3 to 
tn'at the thicknesl3 variable as though it has no 
eHed on rotational penetration, the best per­
formance under unrotated conditions shouLd 
determine thp thickne::;s. 

2-126. The Effect of Standoff on Penetration 
Under Rotat;on. Recently there has been com­
pleted at the Ballistic Hesearch Laboratoriel3 a 
very cOlIlprt'hensive experimental study of the 
effl'ct of rotation and standoff on the pendration 
of heav ily confined 105 - mm drawn-copper lin­
ers. The most uspful way to summarize thi!] 
study is to present the experimental rel3ults in 
graphical form; these are I3hown in figure 2-49. 

These results ran be considered typical of good 
liners, ::;ince the unrotated perfornl'lnce of the 
basic liners compares favorably with the best 
results ever repClrted. 

The conclUSions, of value to the designer, that 
may be drawn from these results are as follow::;. 

a. The penetration at a given ::;tandoff de­
creases monotOnically as the rotational fre­
quency increases. 

1.1. The st<lndoff corresponding to pPM pene­
tration decreases as the rotutionalfrequency in­
creases, until at the highest frequencies used 
("- 240 rps) the optimum standofi is only a few 
inches. 

c. At low rotational frequencics useful pene­
trations are obtainabll' cven at the large::;t stand­
off::; (42 in.) used. The implJcations of tillS 

re::;ult arc important for the problem of defensc 
by spaced armor. 

2-127. The Effect of Liner Material on Pelll'­
tration Under RotatIOn. Penetration l'xp!'ri­
mcnt::; comparing various liner matcl'iaI1; undcr 
I'otr,tion have been carri,'d out by OSRD, by 
Firestone, and by CarneglC Institute of Techno­
logy. In addItion, flash radiographic Jl'I ::;tudie::; 
have been '~arried out by the BaUi::;tic Research 
Laboratories. The penetration expl'riments 
generally lead to the concluHion that no material 
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studiNj so lar ufiprs any s(I'ikint: advant.ag;p:; 
over any othL'r matorlll insofar as rotational 
e{fl'ct:; are cOl1cl'l'npd; P 'n though til(' advantagf' 
of coppel' over other tl ,jl'riais diminish!'s as 
the rate of rotatioll i 11('1 eases, the predominant 
roll' of till' unl'Lltakd jll'l1etration still makl's 
l'oppl'r the propel' ('Iloin' for pl'netl'atioll pur­
poses, aceording to the pt'IJetration l'xp('l'imentl:>, 

The flash radiographl(' :;tudies by tht' Ball i~;tic 
Hl'sl'arch Laboratori(':; have indipatcd a basis 
for ('XIIl'cling diffl'rl'!lcl's in tlH' lll'havior of 
various matprials due to the l'xjJP\'tl'd dl'ppnd­
{'lleI' of the critical f!,{'qu(,l1cy for biful'catiol1 
upon tllP physical propl'rties of till' materials, 
Such diffcrl'lll't's havt' actually bCl'n observed, 
TllL'Se studies, however, have !lot Yl't prog;I'l'ssL'd 
to till' point whl'r{' condusions of value to a dp­
signer may bl' (hawn, It may (,Vl'n turn out 
that thl' diffl'rt'nCI's which tiCl'llJ to l'xis! may be 
too small or may require tll(' usp of stl'<\te~!(' 
mateI'Lli for their exploitation, 

2-128, The Effect of LilH'rShajJPoIlPl'lldI':ltlOIl 
Und{'r R-;;t;Uol2-:-Ith;ls-b~~II~u~gl'stl'(lby \':I,;-i'()I:t:" 
invl'stigators that trull1jJl't-shajJcd lim'!'s mi~ht 
shew IIlcrl':lscd n'sistancl' to dd"l'ioI'ation by 
rotatioll, ThIS view is baspd on till' notllln that 
since the trumjJl't liner IS on tlU' aV{,I'agl' eloser 
to the axis of rotatinn than thl' l'qUlvall'nt COlIl' 
of {'qual altItude', it outc:ht to be affcrft'd less '_',\ 
rotation, 

Exp('riments by thn Carncgi(' Inslltuft, of TI'C'h­
nology s('veral y('ars ago did not bpal' ou! SUdl 
eXjJcctations, How.'v('r, "XjJl'I'lI11('nts which hav l' 
bpl'n earric>d out at till' Ballisti(' /l('s,'a"cll 
Laboratnril's llslllg trllllljJl'! lint'I's with pl'ri­
pheral initiatIOn have indlcatl'd that l)ll,' call 
inde{'d obtain rl'ductiollS in till' dl'tpl'lllratwn ()j 
thl' jJerformancl' undl'r rotatlllll hy lllt'<\ns oj a 
trumpP! shape, 

Thl'se I'Xpl'l'lnwilt s W('I't' f(lr S,lIlll' t Illll' plagued 
by an Inabi !ity to rqlroduc., thl' .'XpI'I'1 nWllt al 
!'l'sulls, ThIS diffIculty has l't'Ct'ntiy bl'1'1l tra('('d 
by LIl'beIIllZlIl to all lIIadvl'rt('ntly ,j\'I'r\"I)kt'd 
IllI'Challlc:1l lil't'rjt'I't'I\(',' With till' latl' "tlll.l!'S,' 
stagl's, wlllch hilS SlilC'l' bt'l'll l'lillllllat,'d, In 
adciltItlll, ilSYIllI111'trll'S III thl' ('XpltlSI\'I' 11;11',' 

also 1ll'1'1l sllLlwn by LI.'llt't'lllan ttl Ill' ul Illl­
portaIl('" III hl.1d('rllll': r('lll'nciUcibIllt y', 

A C1l1l1parlStlil 1)1' till' Illllst 1'<'(,,'111 jl,'r!')l'lllanc,' 
01 Ih'!'lphl'l'ally lllltlatpd tl'Ul11Pt'fs wllh tht' t'tlI-­
rp"jl')I\(l!ll~ ('()IlI'S of 4;)" ,lllt'X alll':I,' IS slt.)WIl III 
llgul'l' ~<)O, Thl' jl('rfnl'maIH't' 01 t'11"'Il'"ltJl'lll"d 

truI'ljlP!S (pprlph"l'ally illitLlft'd) I" ('olllpal'L'd 
with thL' best drawn conical liI\('rs avaIlaiJlt' at 
the BallIstic Hl'Sl'al'l'h LaIJtlr:ttllrH',~ III thL' 
sallll' calibl'l', If. IS (jUltt' L'vilkllt th;!t th,' pI'l'lph­
l'rally initiat('d tl'llll1Pl'fS an' I'l'slstllll~ ddl'rl' 
oration (jtll!(, dfl'ctivl'ly, Mpl'(' ('olllpl(,tt' ,'''1'('1-­
agl' of thl' [lL'rtln,'n! l'al'lailll'S IS still np"ti('d, 
(Fur inst:II}(,(', il tnIly \'alld t'tlIIlP;II'J.~qll w""ld 
J'l'ljuirt' that lillt'I'S oi IXlth shap,'s Ill' mati(' hy 
till' ::;:11111' prot'.,ss, IiUW('\'I'I', thl' t'fft-I'! IS 
sufjicielltly dl'ill' t,) warrallt (,'lllsldl'r;!lltlll I)f 
thiS syslt'lll ill appilcatllllls Illvnl\,lnl~ low,,!' rota­
tional fl'l'qu.'nl' iI'S, ThiS sy~;tt'm llIay Ill' ('()ll­

Sldl'l'l'd I' (I!!ljldltl\'(' wIth tlut I'd llllt,l's II! thiS 
rallt-:!" alld may ('\'l'll hal'" ad\'ant:li~I's, SIIH'I'tlt"I't' 
IS nll p,'akln~ (If till' jh'lll'll'atl,lIl P"I'IOl'IlLllll'(' :It 
a P V('lll'ot at iUllal 11',''1 \ll'1\('Y . hut rat Ill'l' :1 t't,d II(' .,d 
dl'tl'l'io!'atlon, till' jH,\,!orlll:ll1(',' IIllPl'ltl'lllg I!llllltl­
tonically as till' rlltatillllal 1('''qlH'nl'), dt'l'n'a,,,,'~, 
Tht' P,)SSI bd It:; of I Ill' l'l'ast't! S,'IlS I t I I'lt y' t (1 load Inl': 
aSYIllIlll'tI'll's is a tl!sadvant.ll~" that 1l111.~t aiso h., 
clll\sid"I't'd, It shullld, hIlW.'Vt'l', 1Jt' ptlsSlhll' ttl 
8V('J'COlllt' tillS With (';It'dul luadlnf~ tt'clllllqll'''~, 

(lU"II'.~I;',~OI\' I"~ l'flll~lHl\llllN" ,.l'lI"'t, *"< "', .... 

1 .... IT,A'fl' l()~IIA, ,! .... fR.'>AHC) 1'~h"'HIh'A •• ' 

INlTiATtO THlIMl't T LlNl~ ,.- '----, 

1-'-.-..... -.:--1---r-----t~---: ----"1 --1 
-- H'l'MPt T ",,* ,",'S J(I,I\t I ~(T~~ H~~fn' 'I 

q 1-I1~1"t MN~ ·\,1 ."IT ll-"~ 

--~~----~;----~ 

-----+-

l'!!..,'!JJ( :,,-J_:){J. ('(",;/J(;'·i . ...;(i'i (l.t" lit Il( i}(Jll()'l .... 

"I,/.I/Ill,! I< /Ih f'lJ/ll/ IlliI/Ii/' d (',lIlIt'lI! llll<')'" 
<lIlt! (,.TI/,h.T,i1lv IIIII/<I/,'d 11'1111.'/'.-1 IIIItTS 

Th" II;lSil l'adl"'~l'ajlh~; til tllt' ,1,'1>; shllwn In 
tll':UI"'s 2-;11 ,Ind 2-;12 lwar <lut tIlt' l!ll'l't',IS,'d 
1't':-'I:-.t.lll",' til tillS ,~y's!t'1ll t,) rtlL1tl,'nal ddl'l'l­
tlLlt 1t)Il, 

In lll'ti,,!' tIl III I III III I I," th,' t'lil'l't~ 'If I't l (.lt1\)1I, 
It I~ it)glc:tl tl) start (hI' ('ullapst' lIS Iwar tllt' 
,1:'>.1;; :I'; !ll)SSllll.,: that IS, l)y thl' U>'l' "f ;1 ,'yllll­
dl'll':11 Illlt']'. Tht' ",lrill'st 1',,('tll'lkd t'XPt'rIllll'nt" 
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\\'dh ('ylllldl'l(';Il IIII('I'S ;I!',' tllt)S(' 01 1I1t' IIl'ltlsh, 
TIl<' i~I'''\I)I ,II Ih,' 11:I111"tl\' Ik;';,':II'I'1I 1.;IIJ\l1'a­

!t1l'H'''. \111.111:11'" III ~Ul'1I "XI"'I'llll"llts, stal'I,'d :1 

;';111111,1 I' 111\ ,':,t 'I::tt IIII' III J \1:',U, :)111('" tllal t 1111(', 

tlll"'sl q'"lllln, al Frallkllll'd i\)'S('II,1I 11:11'(' :lIst) 
att.lt'kt'd 111(' iJl'"ill"i11 :llId h:lv('p!'tldll(','d till' 11':1\'(' 

,,11:1111111', ";),',1"111, wlll"h ;.;" 1:11' 1,,1>: gll"'11 th(' I)L'sl 
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Jtovl'l alld th,' /'('PI'ot!lI('IIJllity, hOWI'Vl'r, have 
both 11(','1) Illad('(lu;ltl', 

Till' Ill:t,lOI' pl'()bl('lIIs III till' illvn;tq~:ltlO!!()f l'yJIIl­
c\1'I('al Illll'l's :11'1' thL' lull(l\\'lllg. 

a, ))"\'IS;I)[: a svs\l'lIl whos(' ulll'otalt'd jJ('I'-

101' ilia!!\'\.' Will (,()llIpa!'(' fav()l'ahly with that of a 
('OIlIC:II 1)111'1' III tilt' S;IIIll' Pl'll.lt'('till'. 

II. p,'!,I",('t IlIg a \\':I\,t' ::;ha]1ing SYS(('lll which 
11'111 1)(' slIlIil'll'lltly n'lll'otiu('ilJktu Ilwkl' l'XPt'l'I-

~ .. ., 
~ 

~ '\ 

7, 

( 

fi I 
I 

1 

' " 

" .. 
'iI; co 

~' .... I 
I 

I 

2·70 CONFIDENTIAL 



CONFIDENTIAL 
1I1l'lIlal iIlV::'::;tig<ltioll vf o(ht'!' pal'alIll'lt'I'S p"~­
::;iull'. 

Tht' advanl:q:t's uf :\ sllIall-dl:l'lll'lt'l' t'ylIHtII 1(':11 
11I1l'l' art' Iltl' fullllWlll):, 

a, Thl' rylindt'I' sltuuld l'xlllUII a hl[~1t :luIII(Y 
to I'l'sisl dl'tt'I'illl'atioll by l'ol:1(I\l11. 

b. Thl'J't' IS p\ltvlllial valul' III tltt' Ilt'ssllnllty 
vf lIJakillf~ (ht' penl'll'a( 1011 Lit'pt'lld ujlUl1l'l'tljt'cI til' 
ICIl[:(1t l':1thl'l' thall Pl'Ojt,c!!l(' cnliul'!'. 

c. Thl' silllplicity of (ht' P'tllllt't!'y slwuld 
havl' :1d\'all(a~t's frolIl tilt' pl'odut'litll1 Vl('wl'tllnt. 

Thl' possiul(' dlsadv:llltat~t's III ouch :t hIll'!' a 1'(' 

the folltlwill~. 
a. Vl'ry high pn'l'iSIOII willl'l'olJably be I'l'­

quin'd for thl' t'ylillti('I' liner, 
0. A waVl' ShapIIl[~ S~'SIl'lll IS I't'qllll'l'd, 

al'('(1l'dlllg to IlI'l's(,111 (iL'slgns, ttl I',l'! ('nuugh 
lllalt'nal ill(o thl' jl'l ttl llIakt' Iht' slzt'ahll' ItOll' 
diamt'!(,J' ('sst'lltial for adt'quall' lvth:tilty, 

e. Pl'l'~l'llt dl'siplS havc', up to this It lilt', 
given pt'lll'tratIVn Pt'rfl1l'lIJan('t' Iltl lwlt!'!' than 
half (h,lt attainabl,' III !lit.' ::;anlt' I'ruJ('c!til' with 
a COl1l'. 

Figul'l' 2-53 shuws thl' appl':1ranCl' ul thl' .wt il'OIll 
a 4-in, lung cylindrical iilll'l', ,)1 I 111. intprllll' 
di~llldl'r and 1.1 Ill. t'xtl'I'l(1I' dl:1llll'tt'l', II. a 
heav ily COIuilll'd 105 -mm blldy, 

Figul'l' 2 -54 shows thl' holt> madl' III IIllld sted 
by such a Jl't. 

III summary, till' dl'si~lH'r should bl' awarl' of two 
d,'vt'lopnwnt::;, involving liIll'!' sJtajJl's, aimed at 
redUCing Sl'llsitlVity to l'ot,IUon:11 drlt'nOl'a!t011. 
Of thl' two, thl' Systl'Ill lIl\'olvinl!; trumpPls, with 
and Without p('riphe'ral initiation, is llluch Ill'al'l'!' 
l't'alization and applicatIon thall thl' system in­
vlllvinl!; a cylindrIcal liner With a wav(' shaping 
device. Both of these' ::;ystl'ms should b(' diS­
tinguished from tlw flutl'd liIll'rs and othl'l' 
ml'thods (dlS('Ussl'd III paragraphs 2-128 thruugh 
2 -141). Tht' latlt' I' an' mul'l' PI'tllwl'ly cllnsidl'J'l'd 
nwthods lu!' actlvply O\'l'rCOll1ill~ tlJ(' "lil'rts of 
I'lltatlOn, whilL> thl' systt'IllS discuSSl'd in thiS 
chaptl'!' art' p'lSSl\'l' "YStl'IllS. 

SPIN COMPENSATION 

2-129, l")ll!t~J:.Illt'l'::;' Tht' most Pl'UlllISlJIg 
ml'tlw<i of (,Ollljlt'IlS:ltinf: for Spill is till' USl' Df 
Ilutl'd lllwrs, Fl'um tlw vIl'wptlint til :lpplll'at lOll, 
tilt' best !'('sults that havl' Ilt"'11 ubtallH'd ttl dall' 
an' : 

57-Hltll lim'l's 
(cha!'!!.l'dl:lIlll'll'!' 

1 5/8 Ill.) 

I05-mlll lill"l's 
(l'harg,'di:uul'tl'1' 

3 1/4 Ill,) 

' '. . ~ , .. ~
:.;I;.~ .. '. 

4,0 chalTl' dl:lllll'tt'l'S lll'lll'­
tl'al1<)11 at 360 rps 

5.0 chargl' dJ:ll1Wt,'I'S jll'lIl'­
tralilln at ItW rp:-; 

4,7 ehal'gl' diallll'!l'l's jlt'lh'­

tratloll at 250 I'p'; 

fi.2 ('ha"t~t' dl~1111t\h'rs Ih'lh'­

tl':ltllJlI ;1( ;)0 I'pS 
4,5 ch:ll'~t' dt:lnlt'lt'rs P"l1l'­

tl'attull al t\5 I'Jl~ 

Thl' pul"lIltal (Jl'l'forlll:llIcl' 01 thl' 57-lIllll CUllt':-; 
(as 1'l'(Jl'l'sl'l1tL'd by Slllt'lltlt l111l'I'S fll't'(j ,,':1' ,,':,lly) 
is about 5, 3 dialllt'tl'l'~ [ll'lll'll':lt llln, and tl1:11 ,,1 

till' lOG-mnl lillt'l':-; ahuut 6,7 diaml'!t'l':-;, lInd,'1' 
apprOpl'latl' ,'llllditiollS Illl' ('0I11P;11'1:-;UI1 wlth tilt' 
ahovl'. By Inlt'l'pola(ion fl'l'llllalJlll'atol'Y l'l,,..adb, 
a pt'n"'!'atltll' of 4,11 ('haq~l' dlanll'("l's should ht' 
I't'atiiiy ohLllnahll' fl'om a 57-11111l HEAT round 
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al its slandard spill Crequl'rH'}' ul 210 rll~;, No 
linel' has yl't 111'('11 Il'l:tl'd that wUllld PI'OVllit' vcry 
t::ood spill l'CHljll'IIsaliuII III standanj 10~)-Jl11ll 

HEAT I'otlilds ("pill fl'l'q>J,'lll'y abmll 200 I'lls). 
Although ,'vm;ijerabl<- <kvl'lul'Jl1cnt work is 
\)l'illl~ derl(' with fiult'd lin!'r:;, I1V allllllullItiulI 
cOllI,\lllillf' a flutl'd lilll'l' has \)(,l'lI :;talltiardil.l'd, 

2-130. Ml'cilallislll of Spill COllll'l'IlSatlUII Uy 
FI~!t':'.d _ Lill,,'~;-lt-;~I;;)\';'-l~;;jl~;l' ;llly ;\CC "Ilt~:ci 
Ihat tllP ddl'inH'nlal L'fCl'l'Is uf l'olallUlI al'l' dul' 
10 Ihe reqlliremellls of l'UIlSl'1'valiulI oC alll~ular 

lIIVllll'lItUIl\ and Ihl' l'Unsl'ql\l'lIt tn'llIl'IIdl"':; I'ota­
tiunal frequl'llcil's vf thl' Jd, III ordl'r 10 ,'Vllll­
tl'rac\ this dIed, II is obviuubly 1Il'l'essar)' thaI 
a tangclIlial l'OIl1]Jolll'nl of vl'lul'ily u" illlparted 
tll ('aeh l'll'l1\l'nl uf thl' lillcl' , lJy s 0111 l' nll'ans, 
Ihat is l'q"al in lIIat::niludl' but vpposi!l' in 
dircctiun tv that sl'lup uy thl' initial spill of thl' 
linN, Thl' si [)Jpll'st means uf aCl'olllpl i shi ng 
Ulis is to find a way of using thl' l'1ll'I't::y of till' 
explosive 10 produce a counlL'rtorqup Ull th!' lilll'!'. 

The prL'Sl'llt concl'pl of :oPlIl coml'em;at ion is 
based on two phenonH'na th:!! h',1\'\' lwell st\ldil'd 
at tlIe CaI'lll'gi(' InstitutL' of Technology. Olle, 
s\lllH'tilllt'S caliI'd the "thick-thin" ('Hed, is thL' 
observed dl'pl'ndl'ncl' UpOIl th,: thicknl'ss of the 
lin!.'!' of th!.' impuist' ddivCI'l'd to a lillL'r l'il'IlJ('lIt 
by !lit' product gasl's of detonation, Thl'sPcQnd, 
named the ",transport" effcct, is til(' depl'ndt'ncl' 
of thl' impulse dl'livcrl'o tll thl' llller UPOII th,' 
angh> at which till' detollat ion produl'!s i lllPll1gl' 
on till' liner. Doth of these dfects an' strictly 
dynamir phenomena; that is, t1wy arl' to bt' 
observed only in a rapidly flowing fluid. TtlL'y 
rl'pn'sent dl'partun's h'om Archim('des' prin­
cipll" 

Figm'c 2-54. Jet p('lu'fratio1/ ill mild steel 

The thick-thin ('(fpct is rL'prl':;pnt('d graphically 
in figure 2 -55, Thl' curve shown. was d,'rivl'ri 
from tlll' tlwory of shock wavl'S and has bpell 
vl'rifil'd by l'xpel'inwnt. A very similar rl'suit 
has also bet'n uutaiIll)d on thl_t hasis of g~,s 

kinet irs. Application of tht' thick -thin ('{fl'cl to 
a fluted liner is also illustrated in figun' 2-55, 
The impuis!' pt'r unit arl'a is always greater on 
till' off:3l't sllrfaCl', sin('i' the thickness normal 
to that surface is gn'ater. Furthermore, till' 
impulSe' i:; directl'd along tht' :;urfa('(' normal. 
Wllf'n tlIp impulses dt'iiverl'd at all surfan' 
ell'nlCnt:-; an' resolved into radial and tallgential 
eomponpnt:-; and Slimmed, thl' total t:lllgl'ntial 
compOlll'nt docs 1I0t vanish, as in til(' casp of 
a static flUid, but has a net resultant tll?t 
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produces a torque, in the direction shown, 
which can be used for spin compensation. 

The transport effect can be represented simply 
by the equation 

(
5 t cos'2 II) 

18 = In -
6 

where It! is the impub;e delivered to unit area 
of a liner whose surface normal forms the angle 
o with the direction of propagati(lll of the detona­
tion wave, and In is the impulse delivered in 
normal impact. This equation has also been 
derived from both shock theory and gas kinetics, 
and has been verified by experiment. It is 
significant in spin compensation because the 
angle (I at which ( ,e detonation wave strikes 
the canted surface i3 generally (except in spiral 
flutes) less than for the offset surface. Thus, a 
net torque is produced in the direction opposite 
from that produced by the thick-thin effect. 

By combining information gleaned from theo­
retical considerations, basic experiments, and 
observations with fluted liners, the following 
conclusivns can be reached. 

a. The phenomena responsible fon;pincom­
or-~-'ion (that is, the thick-thin effect and the 
II _ ,art effect) are second-order in magnitude 
compared with the overall effect of anexplosion 
on an inert liner. 

b. The two effects are of approximately the 
same magnitude, but are opposite in direction 
under the conditions thus far studied experi­
mentally. They are largely independent of one 
another and Can be varied separately. Conse­
quently, they are competitive, and either one 
Can be made dominant by appropriate design, 
leading ~o the possibility of reversals in direc­
hon of spin cumpensation. 

2 -131. General Experimental Results With 
Fluted Liners. The essential effect of fluting 
is to intr Jduce an angular impulse in the col­
lapswg liner that, under appropriate conditions, 
can be :nad2 to compensate for the angular 
momentum due to initial spin. Thus, a fluted 
liner spun at its designed optimum frequency 
produces a jet exactly like that produced by an 
equivalent smooth liner fired statically. Wh2n 
fired statically, the fluted liner produces a dis­
persed Jet like that from a rotated smooth liner. 
A set of flash radiographs (figure 2 -56) taken 
at the Ballistic Research Laboratories illus­
trates this. 

~O.J -

~Ll.< -
H 

--I. • 2 (em.) 

L • 1 (em.) 

._ 1 ____ . _.1 __ . __ 1 . ____ ... 1 _-------1... __ 
0.1 0.2 0.3 0.4 0.5 

T {"",.) 

Net Impul.e 
~--------

Figure 2-55. Illustration 0/ the thick-thin effect 
and its application to a fluted liner. Due to 
the variation with liner thickness of impulse 
per unit area delivered by the explOSion 
products to the liner (see upper /igure) , the 
impulse delivered to an element of a fluted 
liner depends upon the shape of the liner m 
the neighborhood of the element. The greater 
the thickness of the liner element (measu~'ed 
normal to the outer sUrface) the greater the 
impulse delivered to it. The result is illus­
trated schematically in the lower figure, 
where the lengths 0/ the arrows roughly 
represent the mGl,'11itudes oj the impulses. 
Because of the nonuniformily of the impulse, 
there is ill general a lIet force tending to 
rotate the configuration irl the direction of 
the curved ayrow. The illustration, of 
course, ovel'simpllfies the application, but 

conveys the general idea. 

Further evidence of the effects of compensation 
is shown in the plots of figure 2-57, where ex­
perimental points and curves are given for the 
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Figure 2-SfJ. Radiographs showing ejJpct of fluted liner 

depth of penetration q', a functlOn of rotational 
frequency for smooth and fluted 57-mm and 
I05-mm liners. It IS "vident that tlie hchavior 
of the fluted llllers as the frequency is rkmged 
is the same as that of the equivalpnt smooth 
liners, except that ttl£' maximum pendr,ation is 
obtallled with the fluted liners at some rotatwnal 

frequency other than zpro. This ortinlUm fre­
quency is determin<:'d by the design uf the flutes, 
wall thickness, and :;iO on. The cases shown are 
typical. For the l05-mm liners, the fluted liners 
gave a tll~hcI avera(.',l' pPIlPtration at thc'ir opti­
mum frequency than was obtained with the stati­
cally fired smooth linel's. (Thc ostensible in-
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crease in penetration can be explailH\d by redu('­
tion 1I1 average wall thiC'kl1l'ss of a ('onl'initlally 
thlC'kt'r than optllllUlll causpd by machining of 
flutps; this is not a typical characteristic, of 
course.) With the 57-mmlirlL'l"s, til(' penetration 
at optimulll frpquPllcy by the fluted lilwrs is 
sOlllPwhat less than that obtained with statically 
fired smooth lillers, but it will bl' noted that the 
opti mum fn'quency is 250 rps (well abovl' th~' 
rate of spin of a Litandard 57-mill HEAT shPlI). 
The experimental pOints shown on the plots also 

f~~IIt.on. , 

~<)l.'tt1 (.ont.rolt· 
11.1_ 

1 _ ._. __ .. J _-----1.. 
_.\. .... ' V .~ ...... 

'T1l \ 1 n ,. ~ tt . ~ 

rir ... l<Inl' T. t R. Co. 

Tn' lV nut ... 
1.1'rr- tln~r, 

~. ".".>Joto 
}..·IJ.I)t,7 .. "-
(,.1. .:1. 

Figure 2-57. Plots oj trpical datafroml05-mm 
and 57-mm;7uted lillcrs, compared u:ilh o/J­
sen'atlolls for ('qui/alellt smoolh liner..,. 
Both abscissae all{, 'nrilllates are normal­
ized ill accordance IntI! ([c('cpted scalillff "e­
latiolls Jar purpose of comparisoll (D Is the 
hase diameter oj Ihe Zhler ill each case, Pis 
the depth of penetration, and: the spin fre­
qU('l!CY at ldlich the obser1'alion u'as made). 
There are too Jeu' lUS-mm data to conclude 
much, except that the jluted lillers pel/orm 
at least as u'ell at their oMImum frequency 
as lIIP statically fired smooth liners. For Ihe 
S7-mm liners, the peak penetralioll by the 
fluted /illers is .~omeld/(lt less tlum that bJ' 
the smooth lillers but tlte optlmumlrequ('ncy 
is high (about 250 rps). The mriability is no 
I.fors£' than u'itlt smooth liners, IIOWL'l'er. 
Reiatil'e dl'gradalion in pl'r,tormmlcc as a 
functIOn oj depariure jrom o/JIimlf/1'l fre­
qUe/Icy IS the sam!' forfluted ([lui/or smoolh 
liners. (A description of mettzod oj ('/0'1'('­

filting may he foulld ill CIT-ORD-R23, R25, 
and H:!6.J 

j llustrate that tilt' variability in performance 
with a sat isfal'torily made fluted lin!'r is no 
gl'!~ater than the variability of til!' l'lluivalent 
:-;mooth liners. 

2-132. Scalinl,!. Hvlatiol1s f()l' flutl'd lil1er,~ art' 
not yet wetll'st~lblisht'cl: "TIlf'ort>fic,d ('onsi(jpl'a­
tion!'i based Oil nHldt'lin~ laws lead Olle to ex­
pect th,lt, for liners and ('hal'l:;('s tll:lt arc ~eo­
metrically similar ill all resp('('/s, thp optimulll 
frequl'ncy (that is, tJIP frf'qupllcy at which tilt' 
highest degrep of COl11pl'lls<1tioJ\ i:i obtained) 

should vary as -~, d I)('in~ tlw l'har~(' diametel'. 

The only experimental evidence avaIlalllp at 
pH'sent is obtainej IJY ('omparisun u[ rl'::;ults 
with ·liners of diffpl"f'nl siZl"!:i thal arc lIot r('ally 
scaled replicas. Early t'olliparisons oj this sort 
seemed lo imhl'ate tllat '0 was nlO],(' nearly pro-

1 
portional to -- iJut this ha~ since been (,(JIltl'a-

d2 ' 
dieted by work at lJolh Firestone and Cal"1lf'g1l' 
IlIsl!tu((~ uf Tl\chnology. At present, it appeap; 

that: () , ~ with n sll!'htly larger than unity. Tile dn n , 

uncerta.inty of thl' expprilllC'ntal cumparisons i:-; 
sueh that the dpparture from thl' tbeoretJcal 
expectations is not certain. Consequently, 
through the remainder of the cllscu;;;;ion of spin 
compensation, thp theoretical scaling relation 

o ' -} wIll be adopted. DefillltiVp scallllg tests 

are being carried out at tIll' tinw of writing, but 
have not been completed. 

It must be noted that ('v(~n tilt' most favorabll' 
scaling law that can be anticipated raist's agrl'at 
deal of difficulty in obtaining compl')!sation at 
standard spin rates with large liners. In order 
to obtain compensation in a 105-111111 shell, tlw 
ratio of flute depth to charge di ameter or to liner 
wall thickness must be about twice as gn'at as 
that required to obtain compen::;ation at the 
same spin rate in a 57-mm shell. With flute 
designs that have bepn tested to datl', it has not 
been possible, lor this 1"('ason, to aC'hil'vl' a useful 
depth of pelwtration with thl' larger linl'rs at 
standard spin rates. 

With regard to the pOSSIbility of achil'ving com­
pensatioll at very high spin rates, it ("an ,lilly 
be stated now that tlll'J'!' has appeared no (,SSl'fl­
t1al lllnlt to tIll' attainable optimum frequl'llci,'s, 
It IS t.:l'rLull, howl'ver, tilat till' diffiC'ulties wlll 
Inc r,'as(' rapidly as till' upti IllU III fn'qul'nc), 
sought incn'asl's. Cl'rLunly, till' Sl mpll' desl~lls 
01 flute and till' rl'latrvl'Iy lihl'ral t01<'I"<1IH'('S 
uSl'd til dati' must bl' aHen·d. A practical limIt 
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'~iGJhe attainable compensation frequency exists, 

certainly, but its magnitude cannot be estimated 
from present informa.t.i~ ... , _.IL~.eems entirely 
pOSSible that compe!lsation can b·i .... achieved at 
values l1!"I'O-das high 'as"l',ogp in. per sec without 
requiring impractical desigl~';"""--"-'-' 

2 -133. §pecific Experimental Results WIth 
Fluted Liners. Five distinct types of flutes 
have been tested to date. They are illulitrated 
in figure 2 -58 and given designations that will 
be used throughout the followi~:,; discussion. 
Class I and Class II flutes are formed between 
one fluted metal die (male for Clasli I, female 
for Class II) and a rubber-padded limooth mate. 
The undulating flute formed by the padded tool 
characterizes both types. Class III flutes are 
formed between matching fluted metal dies and 
Classes IV and V between one fluted die (female 
for Class IV, male for Cla:"s V) and a smooth 
metal mate. As will be seen presently, quite 
different results are obtained with the various 
types of flutes. 

All significant flutes tested thus far have been 
made so that (at least nominally) their depthli 

Clan I Ch.u II 

Cl ... !:r 

ClUJ IV 

Figure 2-58. Profiles tYMfying Jive general 
classes of flute design. Arrows indicate di­
rectiem of compellsativl' impulse for small 
numbers of flutes; fa/- Class III flutes, direc­
tiun of compensatIOn depends on i'1(1£'.\ wr/-:lt' 

as U'ell as 011 numb,')' offlrifes, 

increased linearly with cone radius; hence the 
flute depth can, at least nominally, be repre­
sented by 

where" is a constant for each cone. The desi~ns 
havp lwen limited so that any can be nominally 
described by the five design paramders illus­
trated in figure 2-59, and defined as follows. 

a ,,= R 
T 

A. = If 
11 number uf flutes 
'/ anglp IJt'tWCl'n flute offset and radius 

through its root 
I> = angle of inde}(lng (when matchlng fluted 

tools are used) 
where 

a = flute depth 
R = pitch radius of liner element 
T = wall thickness of blank lJefore fluting. 

Tests have been carried out with all types of 
liners, but the Type III liner is by far the most 
promlsing. 

T . 

-* .~-'r-~--I· 

\ 

Figur" ::-59. Dcrilli/imr of d,'sign parameters 
fa I' fill/nl coue" 
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2 -134. TI\[' Behavior of TYJll' HI Flulps IS l)('st 
described by considl'l'inp; s~'-ITes OIt-;'sts ill wlllch 
only the index angle has lWl'n varit'd. TIll' re­
sults of a Sl'l'ies of tl'stS witl! 1 5/8-in. rharw's 
rontallllnfi liners WIth 16 flutes of llJaxllllUlll 

depth 0.015 in. are lllustratl'd 1Il [lp;ure 2-60. 

- -_ .. ---- -- ----I 

! 
I, 

Figure 2-60. Faria/uill 01 'of>/inlll/n Jr"I/''''/icr 
(CII 1'1 'I' A) and the (lnlci ral 1(1/1 al v/,l i nllim .11'1'­

quency jO)' a s{lcc~fic ~ rou/, oj liners Ii·ith 
Type III flutes. Skelches illustrate apPcllr­
alice of line)' profiles fo), SCI'CI'a/ index 
allKles. Val'iatiolls in pelleim/iUlI a)'c due to 
lJaried degrees of '1eckinl} uf the filite prufilc. 
Sketches illustrate clumge ill fillte (,OlltuU)' 

with l'aryillg index allgle. 

The relation between optimum frequency and 
index angle is, of course, cyclic, repratinfi it­
self at intervals of 360/n dCfirees - that is, at 
22 1/2 degree intervals for the case illustrated. 

2-135. Variation of Indexing. It is evident from 
the plot that variations in indexing alone, and 
the attendant changes in relative ma(!;nitude of 
the COll1pctll1g mechanisms of compenl;ation, 
caul;e drastic variatIOns III optimum frequency. 
The ranfie covered in the experiment illus­
trated is from c27~i rps to -250 rpl; - that is, 
a range of 5;~5 rps. Of especial academic in­
terest arc the index' angles 1 1/2 and 11 1/20

, 

at which the competing mechanisml; exactly 
balance and produce zero optimum fn'quency. 
Of more practlcal int(~rest are the indexings 
-1/2 (or +22) and 6°, whl'rp the largest (absolute 
values) optimum frequenCIes were obtallled. It 
IS evident that there IS a definite preference, 

on tIlt' baSIS of PPllPt n.tlllfi abiltty, for thl' 6" 
indl'x anglp. 

Thl' I'l'sults illustrated in fi(!;urp 2-60 hav!' now 
b('t'n substantiatpd by tpsts with 105-mll1 linel'::; 
that arl' approximatc I;caled mudds of thl' 57-
1l11l1 linl'rs used in till' ol'lglnal tt'sts. TIl!' 
rl'sults of Ihe larger I;cale tests are compared 
in figure 2 -61 WIth tile or iginal; tilt' closp 
agreelllpllt bdwl'Cll the two sets of obsl'rvatium; 
is evident. 

~...., 

Fi/ilo'(' 2,&1. CompariSO'1 of FII', lOll.' 1(,,1.\ 
I~'itll lllS ·mm lillcrs hm'illl-: Clas., III filii,'., 
witli results Ull fi7-mm lillcrs. Coord/lilli,' 
(I\'es are lIormalized /0 permil comfii.wlioll 
oj data. Sillc(' Ihe liN) sets of II>/('/'s !lnd 
clwrge8 u'Pl'e lIot accurate scaled modl'is, 
exact qIllHltitat/I'e agreemcllt is IW! 10 Ill' ex­
pected. The close qualilalll'e similarily 8',h-

stal/fiatt's the o)'/!;illlli c.J. 1'. o!JsermilOlls, 

2-136. Variation ul Tlllcknel;s. A bnef ::;eric's 
of tests has also been rompleted WIth IUlPrs 
formed with the sami' dies uspd in the exprri­
n1l'nt illustrated III figure 2-60, but with lilll'rs 
of approxImately 50 pcrcpnt greater wall thick­
npss (0.063 in. instead of 0.045 In.). The re­
sults are compared in figure 2-62 with thuse 
of the orifilnal tests. While the grnpral fpa­
tures of the two sets of obsprvatlOns are very 
Similar, there is some eVidence that the ratio 
of the optimum frequenCies obtained with the 
two different wall thicknesses val'ies WiUl the 
index angle and that the indexlIlg at which zero 
compensation is observed may also depend upon 
wall thickness. If these indicatlOlls are sub­
stantiated by furtller tests, it wlil mean that 
the behavior of Type III flutes cannot be re­
duced to simple empirical relatlQns. 

Still a third set of expl'riments is illustJ'atrd in 
flgurl' 2-63. In tlH'se tests, the wall thirkne~,s 
of thl' lllll'!';: was the sanl(' as that used in the 
anginal t('sts (that IS, 0.045 Ill.), but two dii-
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f,'n'llt nut<> nl'pths Wl'rl' us('d, o Ill' ~;hallow('r, 

and nlll' dpl'pl'!', than 111 til(' (11'1~lnal SlTit'c;, 
!loth sds of Ob:'il'l'VatlOlls ,'xllllllt gl'lIl'ral fl'a­
turt'S similar tu tllOSl' uf till' first t('sts, al­
tll()u~h tlll'r(' lS sllllW ulls\lb~,tantiatl'd l'V Itll'ncl' 
uf vai"latillils 1Il thp lIld"XIII~ th:lt product' Zl"ro 
("llmjll'lIc;atlllll and uf a 1l()1I1111(,:I!' !'t'iatloll 1)('­
tWl'(,1I optllllUIlI fn'qul'IlC'Y alln flutl' lkpth fOI" a 
l~ivl'n lIIcil'x allgll'. 

Till' bl'hav iur of TYPl' III flull's lS ('ven IlIlll"l' 
('ol1lplH'atl'd thall that 01 th,' lour tYPl'S fllrllll'd 
Wltlt sllIf!;ll' dll'S. Val'latlOlls ill thl' additlOlial 
vanahh' pl"oducl' ('Ol1lpll'X chang,'s In th,' 
gl'llll1dry ut til(' 1][1<'1' and, l'OIlS"qUPlltly, In 
thl' slllH'k lIltt'rartlolis that a.1'I,'('t Spill ('Pll1-
jll'm;atlllll. Till' v('ry conslol'rahll' t,'chlll('al 
ati\'antagl's of the Typ,' III flutl" \1"I1IC':) :In' 
dlscussl'O mon' fully Lat,'r, llllll',' than I"l'­

c()lllpl'nSl' fur th"tr Illore ('ompll'x hl'h'l\"lU I" , 

2-137. Effcct 9I!Yl'IH'.1I:'1.tUlg.P~)JI~'~ TIlt'tlutlng 
ul a IInp!, can also atkd If:.; lmlcntlal pl'JI('trat­
Ilig power qUltl' orastwally. [o;\'cn thl!lll:h thl' 
impuLsl's im'oln'o In COlllpl'llSatlOll at t ill' Spill 
rates attallll'd thu,; (;11' an' t,l() c;mall tll allt-d 
appreciably tilt' lIasll' charal'tt'r 01 th,' ("JIl<' 
collapsl' or of thl' Jd tornH'd (that IS, SJll'­
cilically, Olll' dews !lot l'XlJt'ct :Ill ap(ln'clabk 
chan~p 111 tllP dlstrJt)utlon ot l'n,'rgy III thl' 
JeO, It is quite eVldl'!lt from buth FII"l'SltllH' 
and Cal'lH'~ll' Institute of Tt'('hnology "Xlh' r 1-
n1<'llts that mpcllalllcal strl'ng1h l'tl,'('''' to a 
very lar~p dl'bl"l'P gO\'prn the depth ot Ih'lwtra­
!lOll ubtainl'd at optimum frl'qul'llcy, TillS IS 

: . ~,' . '." . 
• P-~ .. r\_ntal It •• ,,~ .,,7'" 
-:v.r., fr_1lf .• ),. 

1'''' 

.,.' 
I 

t 

{' , 

FiKIII'(' 2-62, Coml'arisoll or IJ/,llnI,un/n'(J'I"Ii-
1'1('.'" (II /'aI'/OIlS ilJ(it'.t (1)1/-:1,> .... O!JIII/IIl'd Ii /111 
lilll'rs vf n.O/j,'j-.'II. lillil illIl'k.u'ss (md IIllh 
O.(J·15-1II. /1"(11/ IIlickliess. Th,' ('t"/J,'l'Im'>'ltlil 
poill/'<" reprcs,"lti'l/-: illc !llIcl,',,,, lillcrs lilt' 

lelllalire and ~'illnj('C"l/() sll/-:hl 1'111111#;/'" P"'ld-
1111{ comlJll'illJl/ of ~(/;;II/~ (1I/lllysis 

! """'('_1",\ 'fr.rl1,-----

I T}I" II 11,\", '7~ 1.1,,. .. , 

I ~,: I :f:~L 'n, fl· l' 
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o 

FI/-:III"(" :!-/i."!. CrJlnpIlU,,1JI1 of v/>limum/requCi/­
ClI'" ill /"l/l"ilJl/s II/de). all;,;l('s /01' thYl'e jill Ie 
".,/,/11., Tit,. ,'\!>c/"Im,,"lal !>oill/s are len/a­
I" (' Wid -"lIlli/'ct 10 ,,11;,;"1 clnlll;';l's pew/III;'; 

("om/lldioll at J.:wiillK (ll/al.' sis. 

tll hI' l'XlH'ctl'O of IlIv'rs haVing linear flutes 
(th,lt 10., .. = ~. constant along thl' !lutl'), since 

all tlll'ort'flcal and l'XPl'l"lllll'ntal l'Vlnt'IlCl' inoi­
eatl'S that th,' Idl'al lIutl' IS far frum IlllPar. 
Wlth a lilll'ar or any utlll'r nOllideal 1 1 u(( .. , the 
varIOus l'LPlllPnts of thl' linp!" tpno to compPII­
sait' at ddtl'I'Pllt fn'qul'l1CiE's rather than at a 
C'l)ll1ll1(ln fn'qu,'ncy of rotation, So lon~ as ~hE' 
natural tl"l'lIUCIlC'iC's uf adjOIning pLt'I11l'nts arp 
not too odt,'rl'nt, or so lung as tlll' lilll'r wall 
IS sutfl('II'ntly strong to resist thl' kndE'ncy fllr 
rl'latl\'(' rotation'll thl' l'lpmPllts, thiS CaUSl'S no 
s('nous dlffl('ulty. But If till' lllll'r is badly 
lH'ckl'd In till' fluting, thp strams sct up by 
such a SituatIOn cause th" lil1l'r to ruptui'C, 
Instl'ad oj collapsing l'ohl'rPlltly and tllrnllllg a 
JPt. Till'ory, howl'H'r, canllut be madc to Ylt'ld 
a usalJlp dt'slgn. Thl' task of deter mllllng the 
Idl'al lUl'm of 1\- as a lunctllJn of posltHln on 

til,' 11lll'1' must tor till' prl'sl'nt b(' an l'millneal 
onl', It ha . ., bl'l'1l ullCh-rtak"Il, but no rt'portabll' 
results an' avallabl,' as yd. 

TIlt' t'xpl'l'lm,'ntal l'Vldl'I1('I' 01 ddt'rlol'atlt)!) In 
lWnl'tratlUn, du!' to 11]('(' hanlc al stl"l'lIg11i l'fit'l'ts, 
IS best dlustratt'd by llwans ot l'Orrl'iatlllll 
hdw"l'n th., Ol'ptlt or pl'nl'lratlllll at optll11um 
trt'qUt'l!l'Y ll!O thl' 1111111mUtn tillckn,'c;sol th,' \\"all 
t,! tlit, flutl'ct lilwl". (Usually tli.' nlllllillum 
t1l1l'klH'SS IS loulld Ill'a!' till' bas" 01 till' llult" 
Whl'j'l' l1l'ckln~ occllrs.) } 19un' 2-64 shows 
plof,.; tor both Carnl'gl<' Instltult- 01 T"l'hnolllgy 
and FlrC'stonl' data ot l'orrl'latlt)]l" i.lL'tw,'('n tlil' 
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Fi,~'lil'<' :;-6-1. CU'TcialllJlI /)<'11("('/1 1!,'II,'II'llwll ub/'.· .. !in/ 'II u/,I/ll/iUlIlr,'tjl/('II('\, o( ,olalioll tilid 1111' 
mlllinlllnl wall Ilncbll·.", 11('10','" (/ .1/1/1,' I" "Iii.' The oilSI" 1"·"I'I'"drl/l/(III,.., //(11',· h,','11 dll'"I,'d /1\ 

lilt, r""clrali(JlI ""ltlilloJ.lrom orlimllm .'//Ioolli //11,'1,'" .111'",1 Slllilcoll" 'IiiI' /a/,;.;,'-s('tll<' 1'/0/ ~, 
C,J, T ililia (Iii Ih" /1'/1 sh"Ii,' II 1: 1','lIl d,,,i 01 ,..,.'1111,',' hili (/ ('UI rt!al/()II IS CI idl'lll, II //(/S 11"1';1 

assllil/I'd lli(/1 II/I llil"'" /Ir,','" 01 r:llt." III! /Ii dol '!III rl'II,""III/)/\ !.>t, Ir,'al,.d (IS 1/ SIII,;';/" sllll1811l1l1 
rurllltlliull ill I/lls Irf'almclIl, (hi ih,. 1'1.;'; iii. Iii,' ('.1 T co,', ciallUll /Ii/,' IS slioll II /I til; 11;,' cu"­
re/al/ul/ of Fn','slollf' rla/Il, TI;,' ([';1'1','/111'111 I,' liS hood as ('(iii Ii,' f'r/>('ctl'li II/ 1'1<'14 (,i till' ,'('{III,,), 
uf tlie ('.1, T, datll (///11 1/;,' 1'(,/,1111'1' -'(t"TIII uf FII'I,,,t"'ll ri'lttl It /s 1"III/>li'I,I; 10 COlicilld,' t/;lIl!111 
1010' /'Ih's of.l/,II('s ./0/1011 ill<' ,wone ('011'<'1<1//(111, IIIlfi I/;tlt /iIIl'll), SC(///IIg /!lIu: h"ld, (P(J indicates 

Ih,. ll/'(')'(Ih" {1"II,'ll'Illful! In lil (, hcst (/un/llb/,. smooth lille!'s of Cllch SIZ,.) 

maxI mum 1)(,lwtration ob$pl'\'('d and the 1l11!ll­
mum wall tlllCkll(,ss. It IS c'vldt'nt thai tllPn' 1:-, 
a cl'ltlcal value' of thl' min..illlullI wall tlllcknrss. 
When the thlC'kness falls bl'low tillS valu,,, thl' 
pt'n('(ration falls off vl'ry rapIdly with dc'c !'('as­
ing thi('kl]f";s. TI1l'rC' is, uf ('DUrSt', a Sl'('ondary 
('())'rl'iation b('tWl'Pll fiull' dppth and m:LXllllUlll 
p('nl'tration for any hOlllologous sl'ri('s 01 conl's, 
UP[,;lUS(, lncrl'asing flutt, dl'pth ilH'Vltailly pro­
du:ps mort' pronoullcpd necking of thl' line!' wall 
and dl'C'!'eas('s till' minimum wall tlll(·klll'ss. 
AnalySIS shows that thl' prrmary corrPlatloll b 
that WIth llllnlmum wall thIckness. howl've'1'. 

Onc' of th,' llIost lntl'rl'stlng o\Js('rvatioIls of tillS 
sort h:1s llt'f'll l1l:1dt' in i'onnp(·tioll WIth tht' in­
dl'xln~ t('sts o('s('ribl'd ('adie}'. If thl' two 
curves p, 0 Vt'rSll;; , and: 0 V<'I'SUS " slwwn III 

11~ur(' 2 -60 arC' us('d to t'llllllnaf[' ' , tIll' plot of 
P, 0 V,'I'SUS , 0 shown l!lliguI'<.' 2-65 IS nbtainpd. 
Such a cOl'l'l'lation IS of practical intl'rt'st, 
althouc;h as pointed out a llov " it dol'S nut rcpl'(,­
sent any fundamental rl'iatlOnslup (these san1l' 
linc'!'s an' indud,'o in ihl' gl'I1('J'al cOI'I'l'1atlOn 
bl'tWl'l'n P, () and Il11l1lmUm wall thiCKness shnwn 
In figurt' 2-64. Fig-ure' 2-65 shows that lor 
Type' III flutc's, wltilin thl' 11l~lits of optImum 
fn'qul'!H'Y flXt'd bv the' \'aitH's of " " n, and 
so on, lIs,'d, nlll' can \)btaln a gn"'11 lI\agmtudl' 
of uplill',ulIl fl'l'qu,'ncy hy fuul' dlf("l't'nt .nd.,x­
ill~S. But, bC'(';JUSC' thl' dilf"I','nt llldl'Xlll~S 

n'sult 111 dilf,'l','nt dq;J'C'l'S ,)1 nt'Cklng III th., 
lull'\' wall, dlffl'l','lIt jl,'nC'tr;ltlUns :In' llbtallh'd, 
~;() that tlWl'!' IS a ('[(';11'1\' llptlllllllll ('llllll'l' 01 
Indc'xlll~ luI' UVL'I';dl ]l,'rlol'malH'l'. Cautilln 
must h,' us,'ll In g"IlC'!'al17,lng II'Oill flgun' 2-65, 
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It applies only to a spl't'ific group of iilll'I'S and 
does not in any way n'pr(,~l'nt lil!lit;llion~ on 
t:'itht:'r the optimum frequf'ncy or the dt:'pth 01 
pt:'nt:'tration that ran tJ(' obtailll'd wIth other 
designs. 

While compromisl's belw('('n wall thirknt'ss and 
flute dt:'pth ran providl' suitable combinations 
of optimum frf'qul'IH'Y and ma..ximUIllIll'nl'trauoll 
telllporarily, tlll' uitimatl' solution is tll ('lillll­
natt:' the infiul'ncl' of llH'rhanicat strength dfl'l't~ 
by uS(' of appropriate nonlilll'ar flutes. 

2 -138. Variability--.!.!I_Perfor!!.lall('l'~--.!~tult'd 
Liners and Tolpl:ance.~ Rl'quired, Fol' tllt'typ,'s 
of lin('r~ tested to datl' by Carnt'gil' In:;litute of 
Technology and Firpstone, tolprancl's 01 thf' 
magnitude gIven in table 2 -15 yidd Pl'I'fOl'lll-

" 
" ~ •• l'"1 
~ ~ 
" ~ 

~1" __ '"_~~-L--"1 ,_, _~ I 
_j .-.l .: IV -L'\, +1,-1O +~.\.' ·3)0 

Figure 2-65. Correlarioll hctln'c1I />Nle/ratio1l 
at optimum freqll(,Ilcy and lIie o(!timllm/re­
qucncy of I"Otat, all for a particular grvuf' of 
lill!' rs lIal'ing Type lfl fillte s, lIie index illig Ie 
btillg 1'aried, Fo;' any (absolute magnitude) 
frcqllellCl' II/> /0 2!j(J ;-/>s, (lI1.\' one of four in­
dex ill/gil'S eml Ii.' usetl. O/lll' tile all(' har'lII!: 
till' greatcst mlllimun/ Ifllll Ihicimess is of 
prac!ical interesl, /iou'cl'cr, bccause it 
yields betler penl'lrutiOlI than the vthers. 
Consequel/tly, vllly those lille rs correspond­
il/g tv Ihe IIpper left hrmlch of the abOI'e plot 
(1 1 /2~.·~6 d£'grt'e~) aI'(' of illterest, Sillce 
Ii/le rs of this se rie" }ollow the coyrelatiml of 
fliflji'(' 2-60, il is possihie 10 predict, withirl 
limits, Iii£' rall!ic vf llIliex all/;'les that are vf 
illtpres/ ill « scri,'s of this surt. The rauge 
will, 0.1 CUllrse, de/>cw/ 011 the scientific val-

ues of ~, u, l't('. u,I,'ed. 

:tlll'l'~ that art' no! apPI'l'ci:tuly mol'l' l'rratic 
than tho~l' of equivalent smooth liner~. 

Tab/,' 2-15 
-

P\,l'lIw;silJle tolerances 
(1l(lll1l1la I) -----_. 

P'Il'alll.:l~r r:, 7 -1lI1l1 lOr:,-llllll ------
" j 0,01l1 ill. f 0,002 ill. 

T f (l.002 in, f O,O(}l ill. 

~HJO • 
I ~ min 15 lllin - 1 j 

11 

" 
j :! dt'g j 2 d"r: 

j 15 rnin j Hj nlin 

''1'11(' :Ulr:!l' suhtl'Il,kd at the <LXiii by each flute. 

Thl' tolt'rancl's quotpd are somewhat cOlls('rva­
tlV", QUII., rl'spl'ctabll' performance could bl' 
t'xpl'l'tl'd With sOIlH'what more libeJ'al figures. 
In ttll' C;l;;" uf tilt' 57-mill COllt'S, I'spt'ci:llly In 
tht' early tests, till' variatlolls l/J test PI(,Cl'S 
havl' lll'.'ll murll largt'r th:tll till' tott'rancl's 
t'lVl'lJ. Ttll'rt' SL'cms no reason, howt'v,'r, why 
rt'a:-;oll:tbly ca rl'ful tl'chniqu,'s should not be 
('apablt' of pruviding pit'rl'~ well within thf' 
sprrlfirations, 

TIJI' shape:.. Ilf till' flutl's must also be cpn­
Slstl'nt, of ('ourst', althour;h It is difflcult to 
givl' quantitativI' tolt'rallCl'S fill' shap('. Other 
paramet!'I's should be kppt to thl' same toll'r­
ances that hav(' bp('n ('staulishl'd for smooth 
lllll'rs, 

2 -139. Mt'lhod;; fur Manufacturing Fluted Lin­
~ Om' of till' chi!'f obstacles in early re­
s('arch on spi n rompl'nsation was tht:' procure­
ment of suitable test piHes. Th(' difficulties 
hay!' now Uet'n very largely overcome, although 
manufacturers undertaking the task of producing 
fluted liners for the first time sometimes ex­
perience r('currence of the old troubles. 

The only sigmficant method of manufacture 
us('d to date is pressing. F'restone has made 
extensive use of machin('d liners of Type IV 
design, which are entirely satisfactory for 
laboratory purposes for that one design only. 
The method is entirely unsuited to quantity 
production. Die casting has been considered 
many times, but thus far appears unlikely to 
yIeld pieces of adequate homogeneity or dimen­
sional stability. It is improbable that die 
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('astillf: cnuld ('umpt'tt' with pres,<';lIIf: UII an 
ecollollll!'al basis, III allY l'VI'II!. EI('l'trodl'po­
sition of lilll'l'S with Hut,'s has also bel'n cun­
sidered, uut has IIl'Vel' uCL'n att('lIlptt'd. Ther(' 
is little chanl'l' that such a procedul'(' would Ut' 
cOlllpptitive, ('ither ecunolllically 01' III quaUty 
of product. 

2-140. Mt'ans of Spin Compl'nsaliOIl OthpI' than 
Flult-d Lilicrs. 

a. Thl' USt' of spiral ddonatioll guidps (vari­
ously ('ailed "laWlllllOWl'rS" and "spiral stair­
cases") to guide thl' dl'lollation wave in spctlons 
along s('parah' spiral paths h~s ueen tt'sh'd uy 
Jo'ireston(' alld Carnq;ie Institute of Tl'chnoiogy. 
Tht' tl'('hniqup introd\1ces a compllllt'nt 01 Im­
pube in thl' apPl'opriate direction for spin 
cumpellsatlOlI. Expprinwnts indicat(' that thp 
principII' opl'rates as expt'ctl'd, but that the op­
timum frt'quencies attainable without pxcessivl' 
loss of penl'tratin(! powl'r art' rplativt'ly low. 

b. A techlllqul' of fluting the explosive ad­
)aC'l'nt to a smooth hner has been tested by 
Carnegie Institute of Technology. The flutings 
were similar to those ordinarily lIsen on the 
liner. SPin comi)('nsatioll was ousel'vpd, as ('x­
pt'cted, but the proeedure St't'm5 unlikt'ly to 
afford as great benefit as do the liuted linen;, 

c, Very recentl}, Firestone has carried out 
a senes of tests with smooth liners made uy a 
"shl'ar-fornung" process. Tht' liners wen' 
very wt'll made Illsofar as dimenSIOnal c!: .•. c·­
teristics are concerned, and thl.' charf:es wen' 
of standard design. The shear-forminK pro­
cess, however, tends toproducl'spiraldt'forma­
tions of the liner, eVt'n thouf:h they may be in­
Visible on superfiC'ial insp('ction. TIll'deforma­
tions may be manifest.'d in the final product uy 
asymmetric variations In density, nll'tallurgical 
propertil's, or dinwnt:iiOlls. Lillt'rs mad,' uy 
this process had prl'v iously been tested stati­
cally at Ballistic Research Laboratones and 
found to perform poorly; the:-;l' results had 
promptl'd an analYSIS by Pugh that may have 
some bearing on the Firestone results, 

Firestolll' fired slH'ar-formed iIneft:i of gO-mm 
size at spveral diiferl'nt spin rates, ohtailling 
til(' penetration depth versus frequpnC'y pint 
shown In ligurp 2-66. The lin!'rs showed a defi­
nite and, for h!lers of thp size, fairly laq:;t' 
optimum frequpnry. ThL' tendpnry of thN;!' 
line!'s to comppnsatl' for spin IS pl'l'sumably 
dup to the .lsymnll'tri(·s ('allspd by the Illt'lhod 
of manufacture. Much mol'!' ('xp('rllllental work 

J r1re.t,.,n. T. I. H. ('...0. 
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mULlt be donI' uefore the practical significance 
of this observation call be evaluated. 

2-141. Sr~lI Compel~<;ation (~ Use of Fluted 
l.:l..lll'rs) Compared With Other Mpthods of Elillli­
Ilating Spin ~radation. For standard small­
calibpr weapons (57-mm and probably 75-mm), 
th('r(' is little room fur arf:"ument conC'erning 
thl' best method of l'liminating :,;pin degrada­
tion. DeSigns are alrpady availablc' and tt'~tt'd 
for fiutt'd lillt'rs that will providp p,'rfllrmanC'P, 
at til!' standard spln-ratt' of thp 57-llltll HEAT 
round, c'sst'llllally <,qual to that obtallll'd With 
slllouth IIlll'rS flrt'd sta!ieally, The dpvdop­
ml'nt of a ('olllparabh' 1111"1' for 75-1ll111 rounds 
should b(' rt'iatlvt'ly sImplt'. There,ls no eom­
panson so far as ~·lI11plt('ily and Inw cost of 
applIC'ation are' (,(]IH't'l'nt'd Ut'lwPl'n flut('d lilll'rS 
and the otht'I' llH'thods aV:lllablp, 

For 1:11';;('1' \L'aplillS (811-illlil, lU:;-Illlll, and 
larf:"er), thl' sltuaLtlll is qUltt' dlfl,'I'l'Ilt. III tht' 
t:ip('cial caSl' tlf tlIt' 10~)-1ll1ll HAT w['ap')]1, FlI"t'­

stOlll' has fOllnd thl' :;I,)W-Slll11 T138 nlulld WIth 
:1 ilult'd llnt'r to be th,' upst solutlllll. !:itatll'. 
snwoth-colll' p('rform~llet' is obLllnt'd at SpIll 
ratt's up to abuut 60 rp,; WIth ,l\',ulatJi,' fluted 
11l1l'r Ol'SIf:"IlS, .:lnd sht'll;; ha\'(' bl'l'll d"SIf';n,'d 
that afford SuffICll'nt aCl'\lraI'Y at "'plll rat"s 
bt'low 60 rps. The d,'sign IS lInt a satlsfact()ry 
solution t() Ilw f:t'nl'rai prulJI"lI1, llllW"\','r, u,,­
('aUSl' It r('quirt's a spl'('Ial nfk. It IS 1I,"'"s­
sary to fInd il shl'll dt'SIf';1l that C;lI1 b,' iIl'l'd 
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iI'om ~lll1S I'urrl'ntly ill till' fll'ld O\' III 1'1 ,Iliul'­
tiOll, 

There arl' !hn'l' alternative l'xtl'riur uallistll' 
1iolutiollS to th,' pl'oull'llI under cUII~id,'ratll)lI, 

Th,' COIlI'cpt of ui,illt~ p('I'lphcl'al Jl'! "lIgllH'S lJlI 
thl' shell to stop its 1ipin Ul'flll'l' thl' targl'! is 
I'l'a('/ll'd has lIot yd 1)('('11 alil'quatdy Il'",tl'd. 
Flrl'stOl1l', i'\ ('LlIIJlllJ('t WII wilh I'H'aIIllIlY AnH'nal, 
has Slllll,' I<'~,ts plaIlIH'd, uut ('OllljluLlt Ions of I ilL' 
tllrqlll' nL'cdl'\! OJ[l'!' liltl,' hUjJl' that tills Illl'lhod 
Will prov(' pr.~(': lcal. 

Th" US(' of bf'al'll,:g-llIoulIll'd l'hal't~"s th;!t jJl'J'­
lI11t part ,If thl' sill'll to SFHI, for stauility, whilt' 
thl' l'hargl' itsl'lf spins vl'ry 1ilowly, If at all, 
has Ul'l'lI pl'uvl'n practical by Fin'stolll' alld 
Frankford Arst'nal and by Mldw,'st Hl'S,'arch. 
Two dl'slgns havl' uL','n uSl'ci - onl', a talldl'lll 
arrallgellll'lIt, in which th,' fr'.lnt part spins; 
tilt' otlll'r, a COIH'l'lItrir arrant:I'IlI"lIt ill which 
tht' L1Ut,'1' sill'll casing spins about a r<'iativdy 
slow-spulIIing COl',' clllltainingthl'chargl'. Eithl'r 
dl'sign SPPillS clpabk of pl'lwiding Ch:ll'gl' spin 
ratl'S of till' oniPr of 50 rps or lC1j1j wht'll firl'ci 
from curr<'IIt!y st:llldarci rift('s. Clearly, a 
fluted lill!'r 11i Ill'l'dl'd to l'lllllpt'lISatl' for ('V('11 
those low ~pill ratl'!' III lar~l' sh"lls, and It im­
Illl'cilatl'ly becomes l'l'ltical to kllow wtll'tlwr tlH' 
::;pin frequency uf till' c hargl' I::; con~i~tl'nt. 

A numb,'l' of laboratoril's, btlth industrial and 
milItary, havl' iwell workillg ()Il fill-stabilized 
round::;. Both IUllg-boom and folding -llIl lllodd" 
h:ivl' b('l'n d"",igIWd that l':lll Ill' lirl'd IrulIl 
stZlndard weapons with appan'lllly satlsfal'tIlJ'1' 
;j·lural'Y.' EV"ll th"o;(' hal'" a s;llall anll)llnt 1>1 

spin imparkci t() th"1Il (tlrdlnarily it'ss than 
20 rp,-;) tll imprlll'l' IIlt,'rlll!' ballislics, "0 a 
flutl'd cont' n11ght Ill' dl'siralJh' lor largl' calill,'r 
sh,'lls. 

A COlllpanSOIl of thl' 1Jt':ll'ing-lllllllntt'd charg" 
with the' fill-stabJl17,,'d shl'lh I." I'l'ry dllfll'ult 
:-It pn'sl'nl, 11l'CIlISl' 01 tlrl' 11llJitl'd ,'XP"I'll'lIl'l' 
wilh Iwarlng -lIll)un!t'd PI'lIJ,'ctIll'~' It S"l'P'" 
('l'!'LlIll Ihat till'" musl \\"'lf~h Inun' thall a 
!;tandard SIJlIl-St.dllllzl'ct prll.!I,l'tIl" "I sl1ll11:1I' 
('allb,'!' and Ihat Ill,' (,tllwl'lllrll' l,,"slgn dl'flI,ll11is 
thl' llS!' uf a sl11dll,,!'-ti1;1I1-1l0l'lll:l1 Illlt,r. II I~ 

I10t al all ('l'r!;lIll, IWWl'll'l', (1);lt tiJ,'~ Ildl \I"'I,~h 

1lI0!'l' (}I" ill' 1ll0l'" ('"slly tiJ;llI 1II1I1I'd r"ulld,;, 
Th" flll-;.,talnll/,"<i ;.,hl'll~ In\olll' ;.,,)(11,' "1>1\11'1,­
c;liJl)ns In dl'SI~,1l and Ilrllli~, "ut Wllllt" ,11'1"';11' 
III 011,'1' 'lit, hl'lII'I' !,()IUtl()J) 01 til" til',' 1,'1' I.JI'!~''j' 

cal JlII'j' ruunds, 

It ;"l'l'IlI:; c/t-;Il', hLlwl'vI'I', that any tl'Cl!lllqU(' lor 
l'l'dUl'illl: thl' rat<- uf Spill (II tlll' Cli:II'g" C;lll pl'O­
Vllt,' oIlly an Inkl'llll ~Ollllll!II, OIH'(' a Ilult'd 
11,ll'l' c;11I lJ(' ctl'slgIII'd tIl l'Olllp"llsatl' 101' tlll' 
fr"ljuI'IH'Y 01 SpIll of a stallci:lrd rolind 01 allY 
1~1\,I'n calIlll'l', il IlIlllwcilatl'ly PI'''VIlj,>,'; til(' lIlost 
l'IHIl'l'lIll'nt alld l'l'UlIllllllcal solution ttl spin 
dl'gl'aLi;ltlllll lor that ('alib"J'. 

DEFEAT OF ::iIlA!'lW CI!AHGE W[O;AI'Ol'lS 

2 -142. QI'~'.!!L<2f Shall('c!~I..!."I~"~('~llllln..:'..: Of 
all possihk Illl'alJ:-; of dl'll'atlI1g ;.;hapl'd dl:lI'l',l'S, 
thl' lllllSt pI'olllbIng foulld III dak (,llI1~>lStS of a 
t'ollliJinaliun of glass and skl'1 arnltlI'. 'I Ill' 
,.;Iass may lJl' III tlll' Inl'llI of plat"s, iJltlt'ks, (}I' 
lal'gl' ballt;, pllssiiJly III ('OIlJUllC1;oll WIth :l SllIt­
alll,' shod; ailsoriJlng mall'l'Ial. This l1l('allS III 
pl'utL'l'fi(}lI has th,' advantagl' of low dl'lIt;lty and 
hl'Ill'I' low OVI'l'.111 weight, in addl!loll toUtillZllll; 
Ihp abnOI'l'lal stoppinl: power ()f glass, which has 
llot bl'l'lI approal'l1l'ti by any oltwr rnl'tllllci uf 
passivl' d"f"Il;;l', TiLllllUlll displays ahllormal 
st6pPlnp; pow<'!' tll a llluch smalkr l'Xt,'lIt. Hl'­
Cl'lIt l'l'sults SUp;gl'st that l'xploslvl' llt'lll'ts or 
IlIlI'ar-shap('ci eha!,!,:"s can prl1vld" a \"'1'" 11Il;li 
dl'grt,(, of prott'dion uncil'1' cl'rtain (,1I'l'UIlI­
stallcI'>;, but tlit'Sl' la>;t two Illl'thods ha\'!' Ilut 
b"l'll d,'vl'iupl'd to till' point where thl')' can b,' 
Cllll~idl'rL'd practical. 

Tl':HM1NAL BALLISTIC EFFECTIVENESS OF 
SIIAPt':D CHAHGES AGAINST TANKS 

2 -I,Ll. Thl' Cn«'nOIl of Shapl'_cL Char£;,,- Effee­
tll'l'lll'.'± llIusl III till' flllal l'I'Zlluatillll bl' Its 
~lhlil't~' tl dd!'a! :IIl arnltll'l'd I'l'ilicll' - not Just 
to pl'l'lll!'atl' lIs al'lIltll', Ttll' first l'Il'Illl'llt to be 
(','IlSldl'l'l'd III th,' cI'IIt'riuJl IS Ihat of p,'rforZl­
thlil; til,' Sl'Clllld <'i"IlIl'I1t IS ciarna~l', after a 
pl'l'l(l!'atl41ll, 1','rllll",ltlllll (If a tank's 'arllHII' is 
lItlt till' S,lllll' ;IS 1"'I'I(lI':Jt loll ,11 all .cicalizl'd 
targd, 1\ltll'll III till' LII'gl'! pn's"I1tl'ci lJy :i tank 
IS Hr"guLI!' ;\Ilct nllIlh(lIlwg.'lll'lllIS III C(llnpUSI­
IlIlll, Sll tll:l! Pl't'dldlllIlS ,,1 tilt' <'1'[l'ct of jl"!'­
jllI',\lJ(lll C:lIIll/lt bl' l11:ld,' Il'llIll fLit platt' data, 
D;i'l1a,~,' dtll'S I Ill! ,)('CUI' ttl a tank ,Il.:-.t lJh'allsfi. 
;1 p"I'j"I'~tl 1(111 III th,' ;ll'lI111I'l'd l'I1Vt'iOP" OCCllrs. 
Till' l"'I'llll'.llltlll III II "t l':JUS" fuI'llll'r lit'stI'Ue­
tl:lll 111"ld,', TillS dallla~~l' d,'pl'nds upon Whl'rl' 
th, 1"'l'ill!'a! J,lIJ lH'l'UI'S alld thl' rt'sltiual dalllap;­
Ill", <'1."l'I 01 tit" wt :lftl'1' th,' perfo!'ation. 
Utill'!' i;1l'!,l!'" such ;t,-; sland-nif, linl'r rnalprial, 
,Hilt so '"1, ;t!Sll aI'I' IIIl'ulv,'d, 
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U::;ually, a tank b:; uestl'oy,'d by I'l'l";}sillg till' 
furcl's thai it ('.11'1' iI'::; within it. Thus, Link 
deslnletion depends tn a gl'l'at l'xtcnl 011 il~llltion 

of till' amlllunition 01' fllt'1. HOWl'V''I', olhel' 
tYJlt's of dama!',,' reduce tank l'If('ct i\'('n,'ss 
equally wdl, dl'Pl'lIdilll: Ullllll till' CiI'CUIllSl:\IH'l'S 
of comuat. For installce, if a tank is inllllobl­
liZI'd during a rdreat, it is lu~;t Just as surl'ly 
as though it had bt'l'n lJu I'Ill'd , In the caSl' 01 all 
;litacking lurt'(', if the fil'l'jlllwl'r 01 thl' tank is 
dl'::;Il'l)Yl'd, the tank IS n'l lung('r Df USl' in lh,' 
particular action. 

Thl'l'l' catq;oril's uf dalllag,' to a lank havl' 1><"'11 

dl'lillPd. 
K Damagl' is damage that will cause the lank 

to ue dl'strOYl'd. 
F Damag;l' is damagl' causing cOllljlldl' Ul' 

partial loss of till' :Ibility of till' 
tank to fin' its main arm,Unl'lIt 
and machine [,:uns, 

M Damagl' is damagl' causing illlllwbiliza­
hOIl of thl' tank, 

2··144. Suurces of Tt'l'millal Ballistit' Data. 
There an' thrt'p SOUI'Cl':'; of data [or tl'J'llIinal 
ballistic damagl' of shalll'li charg":,; to (~lIIks: 

hi.:;toric al data, tn III illal hallisl ic fir i ngs at 
tanks, and bux I('sts. !~ach of tlll'Sl' thrl'(' 
methods has it::; importancl'. 

2-145. Historical Data. TIll' prillcipalhbtorical 
data cumpiled on the d:ll11age dferlivl'lll':';s of 
shaped charges wer<' obtailwd by thl' Military 
Op<'ratiolw Ht's('arch Ullit in Grl'at Britain. 
Tht' data availal1lc are l'ntirdy iDr German 
infantry hand-fil'l'd weapons, such as the Pan­
zerfaust and Ilw Haketl'npanzL'rbllchse, against 
U. S. and British tanks. This information is 
valuable in (hat it gives some idea of thL' points 
of impact, the ran[,:('s of l'ngagl'ment, and the 
erew casualty experil'nc('s in World War ll. 
Table 2-16 shows till' proportion of Slwrman 
and ~tuart tanks that burned complPtl'ly and the 
proportion that were repairable, as a result of 
shaped charge attack, 

Table 2-16 

Per('<'nt 
Total no. No. Percl'nt casllaltit's 

.considered burned burnpd )'ep:lirabl<, 
.. 

G-I 27 ,1:2 5,1 

- -

This tahk Slll,I~"sts that I!lust ul till' lanks 
that \ITI'l' flot !Jurnt W"l'l' I'l'pail'alll". Taill,' 
2-17 S\lI~I':I'sts th:lt th,' I \II" oj l!Jlllnh th,ll ()ill' 
Illan kilkd and (JIl,' WIllllld,'d luI' a j,,'rllll'alllll: 
I'Llllnd is a f',lllld on,' IlIl' s\t:llll'd ,'lIal'l'," l'U\lillb, 

No. l~~~~'I~-j 
l'xposl'd 
-----

~a~ 

1',')'('(,111 
killl'd 

. -- ---l 
P"I'l'I'1I1 
\)lIl'llI'<1 ! 
----1 

t> I 

TIll'S(' an' short-rang" W":\P"l'S, KilJ:; 1':II,,'ly 
()('('lll'l't'd al r:tlll~l's grl'at,'r than l~U Y:ll'lb, 
TIll' Illl'an rani'," 01 2~7 :t1lkd c:lsu,llt It'" (all 
th,' l'olitot'll'd data :\"ail:I\J],o '"I :;hal'l'd "h:II'I~I'S 
frolll World War II) is '13,:1 Y:lrd:;, Till' :IIII',lJl:lI' 
oistrilmtion of casualty producing attack dato\ 
availahlto for th"St' shlJrt-r:lIli~" \\,(':ll'llll:; is 
showll ill tabll' 2-ltl, 

No. of 
pt'rforations 

10(1 

Ta/Ji.' :.'-18 --_._---, 
Nu, on ! 

-.--~'-r 

No, lin , No. Oil 

iron! 

;lO 

sld" I 

._~_;;l---,I·--.---l 
J'l':1l' ! 

2- 146. Terminal Ballistic I' il~~ TIll' ',l'conn 
and tlw Illost ddiniti\',' suurcl' of damaf!,l' in' 
formation is till' p!'ovin['; grullnd firing :It :1 

tank. ~uch firin;>;s h:1\'(' bl'l'n '.'anil'd out by th,' 
British, !lIP Ballist ic Hl'sl'a!'ch Laboratoril's, 
ann olh,,!' organizatiolls frOIIl tilll" tll tlllH'. 

Thl' largest and most systl'lllatie program h:l"; 
b"l'n :ll till' Ballistic H(,Sl':lJ'ch Laboratul'l"s, 
'I'll(> nlt'thod o[ llbtaining tll('s" nat:l has h",'n 
as follows. A fully l'quipJll'd tank (usually a 
T26E4 01' T26E!.l) is hladl'd with wuodl'll ('n'w 
membl'rs in ('aeh f'rt'W position :lnd st,lll','d 
with illl'rt ammunition. A slllall allwl\!1! llf fll,'1 
is plaC'('d in till' fla'l tanks to op,'r;]'" th.' l'Jl­

gi 11l' , so that it can 11l' nlnIllng wh,'n til,' t:lllk 
is firl'n on. A round IS tll,'n 111'l'd un a sl'l"I'It'd 
surian' of till' lank, TIlt' :In[':It's of fir,' u:;ually 
('ollsid,'rl·d an' Ih)l'm;lI I,) front and shi,' and ·15" 
azimuth to fl'ol:: and sldl', Ari.otill'l' allg'" nf 
atiack is at 4;)" I'll',':III,)n angle" Till' lang" nl 
firing varil':;, d"lll'l1dlll~~ on tIll' I'ollnd t,) Ill' 
tl'stl'd, For in:;t:1I\('I', tilt' !lU-Ill111 TWB l'lllllld 
was fil'"d at SOD yards ann til(' 3.5-in. J'ockl'l 
was fire'(; at !!lll yards, Fl)!- th" first firings 
th(' all"lllpt is lIIa(it' t,) C,)\','I' th,' tank with 
hits in a lairly lIllllnrm nLIIIIll'l', !low,'\,,'I', 
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aftcr the nature uf the dalllat~(' of a P:lI'(lcular 
round is p'llerally undl'I-:;tood, thl' ruunds art' 
firl'd at thust' surfa(','s of ,I tank where tlien' i:; 
thl' t~I'Cat_l'st douut auout till' damage, 

As soun as a hit IS ootailll'd on the tank, two 
rumoat -l'xpl'riellccd assessors go to till' tank 
and l'xamilll' the dal1Jagl'. Su 10Jlf~ as tilt' tank 
is operable, opl'l'ablc ('OIJlPllJ\('lIts arl' dlel'kt'd 
(sucI! as tUI'ITt tI"avt'I'sc, gllll elevatlOlI, radio 
Intt'rCoIIIIllUnil'ation, :lIld so lln). Th:- dalllaf',l' 
is thclI assessed wilh a dese' IptlOn of {'vl'ry itl'lll 
of dall1agl' to the tank. These dCSCl'lpltH' 
aliSl'SSIJIl'lIts an' thell tram;lall'd Illto lIulllcI.cal 
a.ssessnwllts, WblC'h have beC'1I deter milled by 
thp :lSSl'sson; to Of' st:lncl:lrd. A list of stand­
ard assessments of COlJlptlllent.s is givcn in 
table 2-19. M, F, and K daillagc aJ"l'defilled 
III paragraph 2-143. 

Table 2-19 i5 representative and is not in'­
elusive of ;111 the damage that cuuld happl'n to 
such eumpollents ,IS the electrieal circuit, and 
su on. 

The detf'rlllinatioll of a persllllnel kill is mao!' 
from examination of the WOodt"1 dUllllllil's. 
Assesliment of thl' possiull' damage that could 
havl' oc('urred from fuel or ammunition fi J"l'S 

is mad(' by obsf'rving when' tilt' hits occul"l'l'd 
and rorrf'iating this with ;trtual expf'rinll'nts 
carried out against th('se compollf'nts sf'paratf'ly. 
Fuel and alllmLnition are rellloved (rolll th(' 
tank prior to firing, for practiral reasons. 

Th(' d('srriptiv(' :1l1d numerical ass('ssments are 
the basic data for the analysis of tank vulnera­
bllity. The information is contained ill this 
(orm in the firing reco!"ds, British data ar!' 
pres!'llt('d in a liolllewhat differl'nt (orm in 
that only the des'l" ripti v(' part of the dalllag(' is 
given. 

2-147. Box T('sts. A box is placl'd behind Ihe 
armor plate. III this box are instrtlnwntli to 
measure pressure and telllp('raturc. Usually 
therf' are witness plates to give all indication 
of scatter, The OOX apPf'ars to b(' all adlllir;}ole 
way to obtain dev('lopmenbl data on shaped 
charge deliign. Its val u(' will prooably inC'reali€' 
as correlation ran 01' l'stauli::;hed between box 
measurem!'nts and tank dan:age. 

2 -148. Qualitative Description of Shapf'd Charg" 
Damage.: Fin-litabllized shaped chargp roundli 

'1',,11/(, 2-1~1 
Lis/ 0/ ~1(/l/(llJnl (l.~sn;s/ll('llls 

I'l'ouautlity of 
overall dalllal~l' to 

:\lllllHJltit hIll 

('a ..... t'.s - 1l1;Utl glIJI 

liE pn'l",'tJl,' 
~Jn,all :II"IllH Hlo\H'd ill 

tlll,!",'t 1om,lil' 

t :Ii;~ Whl:.,,~,k.r~~,:od 
1,00 

:)111;11l aI"lH~; .shn\'t',J in 
dri\'in)', l'1)JlIJlartlll('nt 

Snl:111 anll~ :-;t\)\"l~d 

Ill'at' l\~.lIlt'l· 

.~O .10 

.15 
.:10 .15 

------.-------- ---.--
11cl':-<, 1I11ll'1 

t\lllllll."tllt..il'l' 

( ~urll1~'l' 

1 ,t)~ld(.'r 
1l1'1\"'I' 

Uuw glllllll'r 

l~un 

J\1:lln gun allt! bn'l'l'h 
Equlllhrator 

.au 

.10 

.10 
:l! : ~' 

-------

.~O 

Eh''':lting ami traV':rH-
illg IlH'chanlHIll 

Ht1Cl)i) nlt'Chanl$lll 

(\)a.xial 111,H'hilll' gl.lll 

Bow 111:lchilll' gun 

Eng'll1l' ('onlp:l.rtnH'nl 
Eng-iru', lr:uU'lllli:-lsinll 
Oil :lnn ('nn~~ult l'onlt.-'l's 
Fut'! t:U1k~ 
ilat\('l'Y 

-1.00 
1.00 

.,\0 

.so 

.110 

.~O 

.10 

.10 

I ,40 

~·------------t---_+---
Fi~htillg l"llllJpartmC'nl 

Rl<licl and illlt'l'L'llm­
n~~Il)('ati()n 

Flr,' ('ontl'"l - (kpend-
,50 

ent on systPlll 

Dl'ivinf~ l'lllltrtll:< I ~.O'O 
lIpatl'!" (using liquid j l'.·O() _ 

('nhiIH' l"JOl'Ult) 

~,-----------

Exteri()l' ('llllll)l)J1t.'ntH 

Front idler hub .50 I 
Tr:ll'k 1.00 
Driving ~pl'tl('k()t 1.00 
Final clriv(' 1.00 
'l'r:l<'k h'1lid"" .10 

.10 

1.UO 

----
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wilh copper liners, such as tlw 3.G-in. rocket, 
90-111111 T108, 2.75-in. FFAH, and B-em AH, 
will usually do dallla~e (prov ided ",;uffif'icnt 
residual pl'ndration" is available) in a narrow 
cone along the path of tIlL' jPt. Fragmpnts can 
be expected to do damagl' to soft targets, such 
as personnel and cOllllllunications equipllH'lIt. 
The fragnll'nts arE' not likdy to ignite ammuni­
tion. The let will ignite the projectile pru­
pellant. The let abo will ignite gasoline by :1 
perforation into the fuel tanks, either above or 
be low the fue I lcv e l. 

Diesel fuel is not Ill'arly so easily ignitablt, as 
gasolint'. Rounds with a larw' residual pendra­
tion have an appreciably better chanct~ of ig­
niting diesel iuel. Another dfN:t in the diesl'l 
fuel firings is produced by container size. In 
the firings of the 3.5-in. rockets, small con­
tainers containing five gallons of diesel fuel 
were not ignited in 13 attempts. 

Exactly what constitutes "suffic ient residual 
penetration" calUlo! yet be specified. The 
amount of damaging power left in a shap"d 
charge jet after a target perforation that is 
necessary to do damage will vary, depl'nding 
on the point of entry into the tank. If "rm;idual 
penetration" is acccptable as an index, .the 
range of values that can be selected is probably 
greater than 1 in. and less than 3 ill., to do the 
type of damage that is confined to a nnrrow path 
behi:ld the perforation. A figure frequently used 
is 2.5-in. residual penetration. 

The damage from shaped charges llsing liner 
materials other than copper is somewhat dif­
ferent. Materials such as steel or aluminum 
tend to cause more fragments to flj off the 
rear face of the arlllor, and thus fragment dam­
age is more widespread than damage from 
cOPlier cones. However, neither steel nor 
aluminum lined cones have as great a penetra­
tion as copppr cones of the S;Jmf> diameter. 
Both steel and aluminum cone-shaped charges 
produce considerable pressure effects inside a 
tank upon perforation. The pressure from 
aluminum cones is apparently somewhat greater 
than from steel. Tests on animals placed in a 
tank fired on by a 5-in. shaped charge showed 
them to be t!nharmed unless hit by fragments. 
The approximate pressure measurpd by paper 
blast gages was of the order .)f 50 psi. This 
pressurc did, however, tear off hatch doors 
and bend bulkheads within the tank. 

Although :ihaped charges do nut in general wreck 
a tank by their own t~ll"l'gil's, tfwy are nearly 
equally as effie ient as the kinetic elH~I'!:Y rounds 
in igniting fuel and ammuniti,)!l in tlin tank. 
Sh;llwd charges are equally as good as kinetic 
('nergy l'oullds at kllockillg out the engim' or 
transmission. Th.~y do not, however, as:iUl'e a 
kill, when a pel lration of the tank's armor 
occurs, any more tdan do kinetic enerl-G' rounds 
of tllP sallle calilJel'. 

2-149. Targd Characteristics. Tables 2·-20, 
2 -21, 31ld 2 -22 contain infor mation l'egardin~ 
the armor of various tanks and til,' effective­
ness of several HEAT proj"ctiles inpenetrating 
this ar III or . 

Table 2-20 giv('s the probability of encountering 
an obliquity of t· or less for various b "s, av­
eraged over the expected angles of attack, if 
the attacking projectile strikes thl' presented 
surface of the tank in a random manner. In 
averaging, the distribution of an~les of attack 
was considl,red to bc either circular or in 
the form of a cardioid, as noted in the table. 
The circular distribution is approximately what 
would be expeded in tlll' case of attack by 
handlldd AT weapons, and the cardiuid distri­
but ion is what would be expectl'd from mounted 
AT guns. 

Table 2 -21 shows the probability of HEAT pro­
jectiles encountering an equivalent armor thick­
ness te or less, averaged over the expected 
angles of attack fe'r variou:i tanks, assuming 
that the projectiles strike the presentt'd area 
of the tank in a random manner. An equivalent 
armor thickness is a thickness at Ou obliquity 
that gives the same prutection as some other 
combination of thickness and obliquity. The 
distributions of attack aJl~les are the same as 
used in table 2-20. Shielding by external com­
ponents was not considered in the preparation 
of tables 2 -20 and 2 -21. Howcver, the net 
elf tad of external compuuents is to lower th.-) 
values in table 2-21 by about 10 percent. 

T "ble 2 ··22 gives the portion lIf thl' presented 
area of the armured parts of v:triom; tanks 
which can be pL'!wtl'atec\ from various an~les of 
attack. Shielding by extl'rnal compo!wnts wa:i 
not considcrl'd in the preparation of this table. 

2 -1~)0. Ml'tllUds~lta!--nalysis. Thl' l'l'du('­
tion tpchniqul's of damagl' data for tanks have 
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Table 2-20 

DistriblltioN of all'; I,.." of olJ/iqllity (g101111r! attack) 
Probahility oj "" 'ul/llie rilll;" oiJliquity "or less 

1'.148 T43 T43 JSU152 SUIOO T34/85 JS III I I' 
I(degrees) (c ircular)· (cardioid )' (circular)" (cardioid)' (cardioid)' (cardioid) ! (cardioid)' (cardioid)! 
f-

I 0 

10 

20 

:30 

,10 

50 

GO 

70 

~O 

90 

--~-~- .~ --~ 

0,0:) 0,0:1 (J,U;; O,UG .. , ... 
O,OJ 0,05 O,OG O.OG 0,09 0,08 

O,OG u,on 0,07 0,0'1 o.:a 0,11 

0,17 U,W O,lli 0,16 O,:Hl o,:n 
O,2~ 0,21 0"-,~ I O,2,j 0.:':3 a ,,1;l 

O,l:l 0,·[0 O,l!i 0,.13 O,fl9 0.56 

0,'>9 U,5H 

0,77 0.77 

U,UC> 0,% 

1.00 1,00 

0.01 O,GG O,H\1 1:::: O,b·1 O,ll2 0,9:") 

J 
O,U'i O.DS 0,99 0,99 

1,00 1,00 1,00 1,00 

*Circuiar (uniform) di>;tl'lhutlOn of :mJ,';lc·s of "tLICk considered, 
, Cardioid distriiJution of :m"lc" of attack cons;dc'l'eo f(Y) ~ 1_(1 + cos y), 

2", 

Table 2-21 

.. , , .. 
O,Ol) ", 

0,1:3 0,08 

0,23 0,27 

0,88 0,:32 

0,·19 0,41 

0,71 0,68 

O,8G 0,88 

0.95 0,98 

1.00 1,00 

Distributiun uj equiI'aient armor thickness 1A.'illi respect to HEAT Younds (ground attack) 
Prubability oj encoulltering te * OY less 

Ite 
I (in,) 

)-
I 0 

, 
I 
I 
I 

I 
I 

6 

8 

10 

12 

M48 
(circular)' 

O.lH 

0,·18 

O,G3 

0.72 

0,7·1 

0.76 

1G 0.77 

M48 
(c ardioid)' 

0,07 

0,37 

0,57 

O,G8 

0.72 

0.76 

0,77 

0,77 I
, 11 0,77 J 
L~_~~_ ~. _0,_"1_7_---1_ 

T43 
(circular)' 

. " 
0,06 

0,41 

0,59 

O,6e 

0,72 

0.74 

0.75 

0,75 

O,7f, 

T43 T34/85 JS III 
(cardioid)' (cardioid)' (cardioid) , 

.. , ." ... 
O,W 0,22 ... 
0,31 0.62 0,16 

0,48 0,72 0,23 

0,62 0,76 0,46 

0.66 0.78 

L
61 

0,71 0,78 0,72 

0,72 0,78 0.74 

0,73 0.78 0,74 

0.73 0,78 0.74 

• te ~ equivalcnt thickness at 0" for IIEAT rowllis (~thickness of armor x secant of the angle of 
obliquity) of armor m('asurcu from the norm"l plane. 

t Circul:u· distribution of attack Wlgle. 
, Cardioid distribution of attack ,mglc, 
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TaM" :3-22 

l'ol'iio'/ of presented area of Illdl {/lId turrel that is po/l'iralJ//' 
(ground attack) * 

!------------~-------------------------, 

Angle of attack 
(degrees) 

2.36-in. HEAT, M6A6 ---------, ----- -----

[

_______ M48 ~!34/~_~ 

o 0.0(; 0.22 I 0.72 O.OH 

:!'J O.~9 O.ltl I 0.70 0.00 

a.flG O.OD 0.00 

90 0.74 0.73 0.75 O.Gl 

120 o.r,:; 0.70 0.77 D.t,:.! 

1')0 o.(;·j 0.01 

180 O.if> 

0.5H II 

0.74 
~-__ --------~-----~-----L-----J-----

3.5-in. HEAT, M28Al 
f------I __ ---- --- -- ----

M4U T4:J T34!85 JS III 

o O.GO 0.75 0.7;) 

30 0.G7 0.79 0.70 

60 0.72 0.75 0.77 0.70 

90 0.84 0.76 0.73 

120 0.71 0.79 O. i9 O.B 

150 O. (.I 0.7G 0.79 0.73 

180 0.75 0.78 

6.5-in. ATAR 
r---,-----.-----~---- -

M48 T43 T34/85 JS IIi 
---t------=----+-------~ 

! 0.72 0.77 0.79 0.7GG 

'I' :: : ::: :::: I ::: :::: I 
90 0.H7 0.85 0.7ll 0.768 

I "" o. no.", 0.", 0,'" 

,. ______ ~:_: ____ ~ ___ :_:~_':_~ ___ :_::_:_L ___ o:~l o.:~o 

o 

• Hemember that a ",ml'lralioll does !lot insure a kill. 

o 

30 

(iQ 

90 

120 

150 

1~0 

o 

:30 

60 

90 

120 

150 

180 

0 

:30 

60 

90 

120 

150 

180 
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gO-mm HEAT, TI08 

-·~1-;~J--M48 T43 T34/8~ JS III 
-~- .--- ----

O.GO ().~.J o. :~' O. ~o: 
0.(\7 0.,,2 O. ,9 O.b,l' 

0.72 0.7·' O.7G 0.02:; 

O,flO 0.>;·\ 0.7(i O,71:l 

0.71 0,78 0.79 0.7:17 

O. ~.! L 0.7:, 1 0,{j~9·1 
O. ,H ... ... 

---- -_.- ----

_~75.-n~n~lHE~~-M66 __ I 
M48 T43 T34./8~ JS III -- --- -1-----::-1 -.-
O.O:l 0.05 0.5:1 I 0 

0.07 0,06 0,3:3 0 

0.74 

0.75 

0.29 o.n (J.G) 0 

0,44 0,56 0,7<1 O.G04 

O.:H 0.50 I 0;60 0.171 

0.35 ~~L o·"l~ 0.6,' O.G7 _'_" '" J 
105-mm HEAT, M67 

M48 T43 T34/85 JS III 

O.OG 0.10 0,60 0.06:; I 
0.20 0.15 O,G~ 0 

0.55 0.5:3 0.61 0.099 

0.65 0.6:; 0,75 0.596 

0.(;3 0.()2 0.6:l O.5'iG 

O.G:l 0.51 0.53 0 

0.72 .. ~._'''J ... 
-------

2-87 



CONFIDENTIAL 
not yet provided simple indices (01' thl~ measure 
of the probability of a given round killin~ a tank. 
Such firings assemble basic data from firinl~ OIl 

obsolete vehicles to provide an a~curatf' H~ti­
mate of vulnerability of new or propll!wd tanks 
that have not yet been fired upon. The pr<Jb\(~m 
here is how to use a small number of actual 
firings to give reliable overall damage proba­
bility estimates. 

The technique of data reduction is influenced 
by the use to which the data are to be put. One 
use is the comparisOll of the effectiveness of 
specific weapons. A second is estimating the 
number of weapons needed to counter an enemy 
force. Assembly of data on relative kill proba­
bility on the particular target tanks used in 
experiments provides a reservoir of knowledge 
which the analyst must assimilate prior to 
making an estimate of a weapon's effectiveness 
or computing a kill probability against any 
tar get type. 

Two prinCipal methods are used for data re­
duction. These are called the "vulnerable area 
method" and the "distributed area method." 
The vulnerable area method is used when the 
target if> small compared to the dispersion of 
hits on the target. The distributed area method 
is used when the dispersion of the hits is small 
compared to the size of the target. These 
methods and some approximations that have been 
made are discussed below. 

2-151. The Distributed Area Method. The dis­
tributed area method will be described first, 
since the vulnerable area method is essentially 
a simplification of it. Consider the case when 
the probability of a hit being a kill by a pro­
Jectile of high velocity and low dispersion is 
desired (such as the gO-mm T10a round against 
the JS lll). Terminal ballistic damage data of 
this round on the T26E4 tank are assembled 
first. These data include looth the numerical 
and descriptive assessments. Examination is 
made of the damage resulting from hits on 
components where damage is obtained only a 
part of the time, such as the suspension, the 
turret ring, the hull ill front of driver's con­
trols, and so on. For many other areas kill 
probability will depend only upon probability of 
perforating. Numerical assessments of damage 
for various types of rounds are compared to 
see if terminal ballistic damage after per­
foration is comparable (as are the 90-mm T10a 

and the 3.5-in. rocket). An examination of 
perforating and nonperforating hits is made to 
determine the reliability 01 fuze action of 
chemical t~nergy rounds. 

Vulnerability drawings of the target tank are 
prepared showing the arrangement of the in­
terior componellt.:; to the line of fire (see fig­
ure 67). Using an overlay grid, the probability 
of a hit, the chance of perforating, and proba­
bihty of a perforation being a kill are entered 
into each square for a given point of aim. 

The probability of a perforation being a kill is 
determined by l'stilllating the fragment pattern 
and the expected damage from the jet. Refer­
ence to the qualitative description of damage 
from each round is used here. Numerical 
damage is computed by combining the damage 
from components lying in the path of the jet 
and fragments by the formula 

where l'M is the probability of M damage oc­
curing, P a is the percent of M damage resulting 
from a hit on component "a," and so on. 

This calculation is carried out for M, F, and K 
damage for several views about the tank, and 
hit probability figures are varied for each range. 
By summation, the probability of an aimed round 
killing as a function of range I' and azimuth e 
is obtained. These data can be combined with 
the expected angular and range frequency of 
attack to give an overall figure of the vulnera­
bility of one tank to an antitank gun firing a 
certain round. Such values have been com­
puted in the following table. 

Table 2-23 

Probability of killing JS l/l tank 

Kill category 

PrOjectile M F K 
m HEAT TIOB 0.50 0.47 0.44 

coppe,- liner He (as-
med same dispersion 
gO-mm T108) 0.66 0.66 0.60 

... 

All shots are aimed fire, without rangetinder, at 
center of the largest concentration of target 
vulnerable area. 
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Another calculation (taule 2-24) made for the 
front of the JS III compares the gO-mm TI0S 
HEAT round and the 10S-mm BAT HEAT round 
fired at :he JS III tank. The TW8 round is 
fired under the conditions of table 2-23 above, 
and the BAT guns were fired in a salvo of two, 
using a spotting rifle for aim. No mismatch in 
the spottiug rifle and the 105-mm rifles W:lS 

assumed. (At present the mismatch is sudl that 
the values for the BAT rounds beyond 1,<100 
yards will not be appreciably higher than that 
for the TI08 round.) 

Table 2-24 

CompaYisml of effecl of /u'o lOS -111m HAT nmnlis 
with effect of 90-111 111 T lOS rOlmd 

Range 
(yard1:') 

-

500 

2-152. The Vulnerable Area Method. The vul­
nerable area, which is the product of the hit 
probability on the presented area and the proba" 
bility of a random hit on this area being a kill, 
is computed from the overlay of figure 2 -67 
merely by assuming a uniform hit probability 
in each square. It is assumed that the point of 
aim may be anywhere on the tanle There is no 
range effect to be considered for shaped charge 
ammunition. Many of the present day shaped 
charge rounds have sufficient dispersion for 
hits to be considered in this manner. Several 
calculations have been carried out on tank 
vulnerability using this method, and are in­
cluded in table 2-25. Probabilities are given 
in terms either of vulnerable area or the proba­
bility of a random hit being a kill, the vulner­
able area being the latter probability multiplied 
by the presented arpa of the tank. 

To convert from vulnerable area to probability 
of a kill, the total presented area (table 2. -26) 
is needed. 

TaMe 2-25 

VI/Ille rub!.> area vf ..,'S III hmk to I-: I ()1!;ld attack 
by sliatJcri C/zII rgl' I"OlIlIds (fl") 

Angle 
of 

attark 

Table 2-/6 
') 

Prcsf'III"ri ar('(/ u( JS III fwil .. (fl") 

r ~~~~tl~~£r~,·_ jI::~~£~~:l 
Front I 3,1 I ,;~~ I 

()O· WI; ll~ 

s~~~ __ :: ____ J _____ ~:_: J 
The probability of a random hit causIng a)ull 
averaged over the exppctpd angles of attack, 
f (Y) ; +n (1 + cos», is given HI thp folloWlllg 
table and may be campa red with table 2 -23, 
which gives the same ilgUl t· for ainwd fire 
averaged over the e,peeled ranges of engage-
ment. / 

Table 2-2, 

Probability of random hi/ falling on tolal 
presented a,'ea of JS III, causing kill 

Kill category 
------

Projectile M F K 
----

90-mm T108 0.18 0.12 0.05 

5-in, He (copper lined) 0.49 0.30 0.17 

6.5-in. ATAR {steel lined) 0.55 0,41 0.26 
--------

Comparison of tables 2-23 and 2-27 shows the 
requirempnt for larger shaped charge rounds 
when inaccurate fire is to be used. 

Table 2 -28 gives a summary of vulnerable areas 
on the T34/85 Russian tank to the 2,36-in. and 
3.5-in. rockets. 
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r--- ~l' Ground attac'k 
An~~ll' ui --;~''''Ilt~'d---' 2,36-1Il. H~~i-;;,1{j 

.ltt.H'k ,Il't'a (ft") M F K 
-------- ------ ----

Front ·lJ ;) 

3.~-1Il. HEAT M2B 
M 

(j 

,I;, !I;-) I~ 11 ;)0 I:! ~I 

Sid" ;)7 ;~ II 17 I" :n :!1 I.: 

1:1;, " H;") :1:1 1-1 11 ,IU 17 1-1 

n.'ar ,I;. :2:1 ;, ;, I 
_---.1_ 

:2:) .; f, 
----------~ 

:10 .\i I att;lck 
- -- ----- - -- - - --- r-----------

Frunt H7 I~ 

-1S' 1 :~;I :10 

Sid" 1-10 :IH 

1:3fi l:~ ;) 43 

I\t>ar 87 ,II 

Table 2 -2 9 givl's the vulnerable area of the 
M26 to the 3.5-.n. rocket. 

Some calculations using an approximation of 
the vulnerable area tE'chnique h:lVe bf'cn made 
uSing the product of the probabllity of a per­
foration averaged over the expected angles of 
attack and the probability of a kill in tllP Ull­

armored components of the tank aVl'raged over 
the expected angles of attack. Calculations 

Table 2-29 

Vulllerable area of M26 to 3.5-ill. )'ockcl ([/2) 

Angle of Kill category 
attack 

M F K 

FrDnt 7 7 2 

:!O' I~ 11 6 

60 29 16 11 

Sid" 36 2:3 17 

120 :J:1 IG 11 

150 27 H ;:) 

I~O 22 2 1 

17 Li 

I ,,;, ;: :~ It. H 

IH Hi 1:, ;2,1 19 

17 14 ~I 20 17 

7 (i " , ,J 
-------

wert' madp for the aVl'ragl' of till' front alld 
sides of thp tanks only. Thl'sP calrulatiom; 
approximate the probability of a random hit 
\wing a klll on till' ultimate ppnptrable arpa, 
which is thp ppndrable area a tank pn'sents 
to a round of in1initl' penetration. 

A rough (' ht'c k of thp consistency of thpsp ap­
prOXlnlatlOn~ can be made by ('omparin~ tables 
2-26 and 2-27. This check showsthatthevalut's 
for the gO-mm TIDll versus tllP IS 1lll!;lvt'n ill 
tablE.' 2-27 should bE.' approximately hall oftllose 
shown in table 2 -30 which is approximately so. 

2-153. Evaluatllln of Present Methods of Anal­
ysis. TIl(' present methods of analysis are not 
completely satisfactory. Fairly reliable esti­
mate;; of thr probability of a hit causing a kill 
can be madE.' but thp method is tedious. Addi­
tional data arc npeded to reduce the subjective 
elements of damagl' assl'ssnwnt. Further re­
duction of l'xisting damage data should help. 

Thl' computation ,)f vulnerabdity by conslderinh" 
thl' ('halJ(~e of a kill after perforation on each 
small arpa is cumbl'rsome. Howpver, it is 
H'asonably rPliable, and until a booy of this 
reliabl" informatIOn IS asspmbled, :lllprJXll1la­
Lons must be vipwl'd with suspicion. 
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Table 2-30 

AP!' roximatt' prohahility of a ralldom hit ("I 
ullimatt' pt'l/t'/mhle area of sCI'I'ral Sodd 

armor(,d l't'hiclel. ;;il'lI/g (l kill 

Tank 
---r--------

Hound JS III T34/1l5 JSU 152 SU 100 

7ll-nun II ~;:\ T 

1\1 0.2(1 O.Hi O.H (lA,1 
F 0.1t: O.J~ 0.:11 O.:l-l 
K O.O~ 0.22 0.1 U O.lll 

-----
90-mm IIE,\T I 

M 0.:17 0.47 O.,!!! 0.,\:; 
F 0.:11 0.39 0,40 0.,10 
K O.IH 0.2:1 0.24 O.l:1 

----
10C,-rnrn IlL\T 

M 0.,,0 0.,,:1 n."a 0.:.,1 
F n.-II 0.42 O.4:! O.H 
K 0.24 0.2f, O.~ti (l ,'-• ~ I 

-- ---
Eneq:::! l'lfl" 

grt'nadt, 

M O.O!) 

I 
0.38 ... ... 

F O.OH 0.31 .. , ... 
K 0.04 0.17 ... ... 

-:..-

Th£' nJ£'thod of analysis does not yet accurately 
account for the tl':lnsitJoll point betw('('n inaccu­
rate fire, wh('r(' vulnerable areas can be used, 
and accurate fill', where the distributed area 
tl'chnique call be used. Wh('n~ the l;ullIler starts 
a'iming at ::;pots on a tank rather than till' whole 
tank as a targpt is /lot known, and probably will 
depelld 10 ::;ollle extpllt 011 the Irallling 01 thl' 
gunner. 

Futurt' analysis will UP 1H'lpl'd uy witm'ss platl' 
data, such as lilt' Brihsh have b"(,llulJtainingfoc 
Illany years. Howt'ver, tht're appears to bt' 
liltle likclihood that till' vulnerability of a tank 
call bp computpd frolll synth('st's of many tests 
made' only with simulations of tanks. Theanalyst 
of vulnerability must IlI'VCr 1Jl' 1l1lS",llictpct into 
tht' assumpt Ion that all l'xad me'asur'.'Illt'nt made 
01 an assumed ('onditlOn (slleh as the box t('l'.ts 
r"jll'l'sent) can bc uspct to thp {'xclusioll of till' 
inexact Illeasurement of the real condition (vul­
ller'" '.ity firings at vehicles) . 
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FHAGMENTATION 

INTRODUC r'lON 

2-154. Ql'nprai. The jlurpos(' oj any ar'tlitpl'Y 
PI'Ojl'Ctitp is till' d('[l'at (It its intpndl'd tal'~l'!. 

Thl' pl'ooabillty 01 :1l'compllslling tlli:-, 111lSsiol1 
d!'pt'nds on thl' chara('\!'r'istics 01 til!' w!'apon 
systel11, till' dalllagl' potent!at 01 till' Pl'ojt'('tlil'. 
and tilL' l'l'Slstanct' of tlll' tarf!;l·!. Not only must 
tlll' pruJl'dIll' IJl' aCTuratl' in its flIght. but 1t 
must abo IJe dl'StJ'uctIVl' <'nough Ie) ddt'al tilt' 
targpt. Orcilllarily, to oolain till' optImullI df'­
sij!;n o!, a wt'apon, a C(1l1lprOlllISl' IIIUSt b(' mach' 
bptwepn accuracy anci dam;!f!;l' potl'lItla!. In thl' 
process of dC'sip;ninf!;, tll(' IPlhality IS first d('­
tE'rl11lned, and thpn utiliZt'd 11\ ronjunctlOl1 with 
other fartors to ootain thl' uptimum paramd,'rs, 

In tilt' succl'C'cilng paraf!;raphs, SUlllC' of tilt' 
lethallty rntena will Ill' discussed, in additi,)I1 
to IC'tllal an'a, fraf!;ll1entat iun pattC'rns, and shape 
of shell. Also, wound oallist Irs and thl' da mag!' 
rritl'ria of pcrsonnPl tarp;('ts, along with th .. ir 
optimum paramt'tt'r's, will oe l'xplained. Cal­
iocr, number anci siz(' of irag!1H'nb, initial 
fragment vC'locity, target typ(' and toughness, 
angle of fall, remaining shell velocity, d!'p;l'et' 
of protertion offered by the ground, location of 
burst, and similar ronsiderations are all in­
volved in dl'lerminations of the ov('rall effect­
iveness of a weapon. 

2-155. Nature of Fragmentation: A conv('ntional 
artillery shell C'onsists of a case, filler (high 
explosive), fuze, and ddonator. When the shell 
detonates, the case first expands, and then 
breaks into fragments. 

2-156. Fragmentation Proc('ss. Fragmentation 
and blast are the n:sults of dl'lonalion of f'X­

plosive missiles. The energy of the high­
explOSive gases is expended in prOjecting the 
fragments, expanding the gases, the shock 
wave, heating and deforming the fragments, and 
so on. The fragments are propelled at high 
velocity and, within a very short distance from 
thE' center of explosion, pass through the shock 
wave, which is 1 etarded by the air to a greater 
extent than are the fragments. In effect, the 
fragments, which are hurled outward at high 
velocities, are projectiles with the capacity 

to inflict runSldel'abk dalllag" to adjacent 00-
jl'(,ts. Capacity for damaf!;" cit'jlt'nds upon Irag­
men! Size, vdoci~y, and ciistributlon, 

2-157. Mt'{'b.,!nis.z1l_~)f Fra~ll!.!ltH)l1. Flash 
radiographs 01 t'xplodln~ shl'll show that th,' 
usual slll'll sl,'pls will expand to abuut 1 1/2 
tilllt's ti1l'ir ori~inal diallit'lpr iJl'lUl'l' IragllH'nta­
tlOn takL's plact'. Failurl' "I 1IIt'lal Orl'urs III 
:;h('ar In a dil'l'ellon of 45° from thl' norma!. 
Photolnl('I'ographs of slll'll f!'al~nH'llts Indlcat .. 
lhat SOIll(' d,'formation IS also C:lu!-;('d by shock 
or impact. 

2-15H. NUI~I~~i_Frag~l1!'nts and tht' rr;~~~ 
W,'~~-'p~st!}butinn for a proplls('d prllj('rtik 
dl'SI~1l Illay OP l'strmail'd hy !1l(';lIlS 01 formulas 
proj)osl'd by Weiss,15 Cook,17 Mot!, 1,16 or 
GUJ'lll'y and Sarlllousakis. 8 Each of thl's" mL'th­
ods 1(,3\'l'8 much to Ol' dl'sir('d in tl'rms of ac­
curacy (If prl'diction, but any of thelll will ~Ive 
n'sult s '1rcurate ('nough for the prclll1\llnry 
design of proj,'rtiles Ihat do not differ too much 
frum current types, The work of Molt has 
gained thl' widest usage, lwnee it has bpen 
chosen for detailed presentation in this hand­
book. 

2-159. Pararn0-prs _ Needed to Evaluat(' Frag­
mentation Effectivpness. Such parameters in­
clude fragment weight distribution, fragment 
spatial distrioution, and impact velocity. In 
order to determine the impact velocity, it is 
necessary to compute from initial fragment 
velority and rate of velocity loss. The latter 
if; often expressed in terms of a remaininf!; 
velocity curve. In addition to these, it is 
nerl'ssary to have sonll' lethality criterion 
upon which to base effectiveness. At the pres­
ent time, a reliable criterion for personnel 
casualties is available. It is expressed as the 
conditional probability that a single fragment 
will disable the target, and is a function of the 
mass, area, and velocity of the fragment. 
Some effort has been made to obtain criteria 
for damage to airrraft and hght armor plate; 
surh criteria, howevfT, are not very reliable. 
The subject of lethality crit eria is given detailed 
treatment in paragraphs 2-181 through 2-185. 
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DF1'ERMINATION OF FRAGMENTATION 
CHAHACTERISTICS 

2-160. Methoct~. TIl(' fra~II1('ntation cliaracter­
istic~ of dt'v('lopm('ntal model ~h('lls may be 
dt'tt'r minl'd by means of fra~n1('ntalion tests. 
Analytical !lIC'thods ar(' u~ed to predict frag­
mcntation ('haracteri~tics during the initial 
sta~('s of dl'si~n. 

2-161. Frapl1('ntation Tt'sts. Fra~mentation 

IPst I1wthocts, as desc ribt'difi Ordnance Proof 
Manual 40-23 (March 1947), include: 

1. ~1..2st'd-pit test, for deterl111natl(Jn of num­
bpI' and size of fra~n1Pnt~. 

2. Paul'! test, for detl'rmination of ira~ment 
distribution. 

3. V doc ity measUrenH'llt trst, u~ing vdotity 
scr(,l'n and Abprdpl'n chrono~raph. 
Thl?sl' tt'st nll't1wds are substantially obsoles .. 
cent and have largely bt'en supplanted. The 
mdhod pr('spntly employed by the Ballistic 
Hesearch Laboratories makE?::> uSP of Celotex­
filled recovery boxes to sample the fragment 
spray and Fastax hi~h-spel'd cameras to de­
termine fragment velocity. The recovery boxe~ 
are arran~ed around a test shell which i::> sus­
pended with its axis parallel to the ground. 
Dural sheets are plaCt'd in front of several of 
the boxrs and the F;t~tax cameras are so ar­
ranged that they photograph both the shell and 
the dural sheet. Thus the detonation and the 
flash at the sheet, when the fragment passes 
through, are both recorded. Elapsed time may 
be determined by counting the num1'''r of frames 
between the two events on the filmstrip. 

Other sys~ems in use are the water pit and 
sawdust pit. All of the later methods permit 
only partial recovery of the fragments but re­
sult in less fragment breakage than the earlier 
sand pit method. 

2-162. Two-Dimensional Breakup of Shell. Mott 
and Linfoot proposed that fragmentation of a 
thm-walled shell is the result of tWo-dimen­
sional, rather than three-dimensional, break­
up.l8 Under thi~ assumption, the mass distri­
bution of fragment::> may be described by the 
equation 

_ (Ql.) 1 /2 
N(m) = Ae II (7) 

where N(m) is the total number of fragment~ of 
ma~s greater than m, I" is related to the aver-

agp fragment mass (in mass units), and A i:; a 
constallt. If it is a~sumed thal twu-dimen­
sional breakup holds c:own tu the fine~t frag­
I1le !ll , then 

(8) 

when' M (in the sal1'(' units as /,) i:; the total 
malOs of the IOhell and 2/1 is thc arithmetic 
average fragment ma'ss. Notill~ that M/~ I' 
rcpres('nts the total number of fragment~ No, 
equation (8) may also be written 

Ul\1/2 
N(m) -- N e -( jT1 (9) - 0 

2 -163. Thrpe-Dimensional Breakup of Shell. IS 
For ('xtremely thi<'k-walkd shell, the wall 
thicknl's~ will have less effed on the ::>ize of 
the fragmcnt, and three-dimensional breakup, 
rather than two-dimensional breakup, will be 
the rule. The mass distribution of fragments 
for this case will, according to Mott and Lin­
foot, be dl'scribed by 

m 1/3 
(-) 

N(m) = A'e- 1"' (10) 

where A' i~ a constant, ,/ (in ma~s units) is 
related to the average fragment mas~, and N(m) 
is the numb('r of fragments of mass greater 
than m (in the same units as fL). For fr;,g­
mentation shell, equation (9) is more repre­
sentative of the ronditions found than equa­
tion (10). 

2-164. Significance of Quantity 1'. The quan­
tity I" in the Mott equation is, for any given 
shell, dependent upon the characteristics of 
tllC explosive and of the metal case. It is, 
a~~uming the Mott equation to hold, a measure 
of the fragmentation efficiency of a prOJectile. 
To quote Gurney and Sarmousakis:8 

"The significance of the quantity I' ... may be 
made clearer by stating that ... the number of 
fragments greater than I' grams ... i~ equal to 
the number of fragments having masses lying 
between 1"/11 and I" grams. Thus if, for in­
stance, I" = 5.5 grams, we have the result that 
the number of fragments with masse~ lying be­
tween 1/2 gram and 5 1/2 grams is equal to 
the number with mass greater than 5 1/2 
grams; (this is a.%uming that [the Matt equa­
tion] continues to hold down to fragments as 
small a~ 1/2 gram). W(' can say further, that, 
if [the Mott equation] were to hold for all the 
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fragnll'lIl!-i, thl'lI tilt' 1I111Jl1.Jl'r of fraf:IlIL'IlI!-i gn'all'l" 
than I' wuuld ('0 Il1p!'i::;l' ;l7'X, ()f Ihe tolal." 

ThL' valul' uf ", In addition to IJl'JIlI: dt'jll'mit'nt 
UPOIl lhl' eharal'll'ri!-itic!-i of Ih., ,'xl'lo!-iiv(' ano 
thl' lIlt'tal, j" :11:-;0 dl'pl'llcil'nt UpOIl ttl,' phY:-;J('al 
ciinJl'n!-iioll!-i of tilt' ~';hl'!J. To .w\'ounl for Ill;::; 
variability, !-il,.dillt-: fOI'llIl1l;{!-i haYI' lJl'l'll !In''' 
pO::;L'd by Mutt,l :\lld lly GUI'lIt'Y and SaI'IIIOU­
::;aki::;,lJ 

2 -lG5. lh'h:ll'-dil~' of Ihl' Moll /';(1\1al iOIl. Gurlll'Y 
alld Sa rll;lu::;,lkl::; llla'k;;--t Iwj~)-llo\\;;;'II:sI;11 (,lIIl'nl 
in regard to Ihl' j'('I)1'odlll'ibilit y of dala:U 

"A :-;t'I'iou::; dll1il'ulty ill analyzing th~' dala i!-i 
thl' nUllulllforllJ bl'h:1Vl()r ,l[ Ih., prlJ)I'I'tilL'::;, 
TII(,I'(' IS u!-iually a 1'01l&idl'ralJlt' \' ari:11 lOll III 
Ihl' JlUmbl'l'S of fragnlt'llts produced by din,'n'nt 
lllL'mber::; of a lot of ;;11(')1. ... Thu:-; ... Olll' l11u:-;t 
1I0t l'XPl'ct llI()re (han a rough agrp.'mt'nt lll'­
tWl'l'n thl' ml'aA"L'r E'xpl'rinll'ntal d:tla and Ihl' 
sl'llli -tlll'ordil' al fo I' lllulal'." 

Chi-::;quar£' tl'sls of some fUl'l'J~n ammunition 
havl' shown 110 si~nifil'ant ~llfpl'('lH'l' in rnunci­
to-round L-a~lllpntation rpsu\ts. Anll'ri('an data 
tend to ('ontradict thi;;. 11 i<; fpIl, hOWPVl'l', that 
up to this time the amount uf AnwrJ('an data 
examined ha& nol bf't'n :-;ufiici('nt tn pl'rmit con­
clusions to be drnwn. 

Solem, Shapiro, and Sin!-:lpton, at the U. S. Naval 
Ordnan('e LalJoratory, !irE'd a sE'ries of experi­
mental steE'1 slwll filled with l'xplosives 01 
ciiCferent charad<'risti('s.6 This Wa" dOlW in 
order to obtain values of thl' parameter I', as 
well as to ::;erYl' SPYl'I'al othE'r purposl's, Till' 
plot::; of the log of the cumulative number of 
fragments versus tlll' square root of the fraA"­
ment ma::;s that were obtairlPd providt' an inter­
esting comment on the Mot! E'quations. SevE'ral 
representat ive plots are shown in figure 2 -68. 
Since the Mott equation predicts that this plot 
should be a straight line, straight line::; have 
b.'en drawn in by the method of maximum likeli­
h()od, and from these hiles the valul'::; of I' have 
been determined. It can readily bl' sl'en, how­
ever, that the experimantal points in every rase 
form a curve of inl'rl'asing negativE' slope 
rather than a straight linl'. A~SUffiinA" that the 
experiment wa~ a('('ul'atl', thi~ would Set'ffi to 
indicate a fundamental cil'fret in thE' Molt re­
lation~hip. 

2-1GG. rvtotL_~~~_l"ol'mula. Till' f()lJuwiI11~ 
formula, n.'laljni~ tI\(' valu(' of I' to thl' in!-iidL' 
dianwtl'r tii and Ihl' tlllcklless t, 1I:ls hl'l'll pro­
pOKl't1 by Molt) 

,,1/2 = 1.31!l/Gd 1/3 (1 It) 
I tl

J 
(11) 

whl'rl' 13 is ;t l'llilstant dl'l'l'nd Ing on Ihl' l'xplusJve 
alld thl' phYSical Ch,lI'actl'l'istl'-'S of till' 111('\;)1 of 
thl' casillr" 1<\)1' :-;m;tll valul's of elM, (hl' 
l'haq:l'- I() lllt'tal-Illass rat Ill, this IlJl'lllUla 
agrr'l':-; Wl'lJ with thaI PI'l)pllsL'd by Gurnl'Y :1nt! 
Sarlllllusakis (:-;l'I' thl' folJowing paragraph). 

2 -1 G7. GUl~!_t'.L-Sar l\lt)l!.:~ kii:!._Sc alil!E . .!:iJ!:!!.!.l!..!.'!: 
Thl' flllltl\\'inf~ J'onllula h~s Ut'VII prllll<.lsl'd by 
GUI'Ill'y and Sarmo\lGakJs:H 

1/2 ((di + t)3/2~ : (C 
I' = D -d' . -- 1 + 1/ 2 M) 

I 

( 12) 

wht,J'(' t and di an' Ih,' thickness and lJlside 
dianwtl'r (lll til(' sanll' units). 

2-16tJ. llffp('\ of Ex.l)l~1:'I.v.t'>5----'2l1J.'.: Sl,klll, Sh:l­
plro, and Singlf'lon, of thl' U. S. Naval Ordll;tl\l'L' 
Laboratory, ('ondueted a ::;cries of iinnt-:!-i'to 
comparL' thE' fragmentation "ffirie'IIl'), of a group 
of explosivl's.!) ThE' t('!-it 8hl'1I wert' ('ylindl'l'to 
madl' of AISI 104;; cold-draw;], sl'amll'KS-!-itl'l'! 
tubing, Stl'('SS relief annl':lll'd, with a hal'dl1l'sto 
of about 100 Rockwdl B, Tht' numlllal dinll'n­
~ions of the shE'll Wl'rp 2.0 in. In l. D., and 
0.25 in. in thirkness. Exact diml'I1sillI1S an' gi\'l'll 
in t:1bll' 2-31. ThL' pn':-;sl'ci L'xplosiYPS weH' 
formed into 2-ill. ciiamcll'l' pPlll'ts of 1-in.llt'ig11t 
at a pressul'l' of 16,000 psi. 

Table 2-31 lists flIP l'xplo:-;ives (""kd, the di­
mensions of tht' eylinders, thl' valut's of thE' 
C/M (chal'ge- to metal-mas:,;) ratio, anci thE' 
computed values of" 1/2. ThE' Molt and Gurnpy­
Sarmousaklto scali!lA" constants are inC'ludl'd to 
permit calculation of I' 1/2 for olher tohell ::;izl':-;. 

Note 

Calculation::; will bl' appli('ablc only to 
sllPll madE' from a Illl'tal with fra~lI1PIlta­
tion ('harartE'risl'cs similar to tho:,;p of 
AISI 1045. Set' tIlt' f()llowiIl~ paragraph 
fnr information on tllP pffl'ct o( Tlwtal 
characteristil'S on the valul' of I" 

CONFIDENTIAL 2-95 



I 
I" 

CONFIDENTIAL 
I 
._--

~-----, --
1000 1000 
800 COMPOSITION B 600 ( 75 125) CYCLOTOL 
600 600 

III No ·3700 lfI No • 4260 
>- ~OO <- 40O z ,,'/~ 

z 
,,'/2.0493 w • 0.532 w 

::!; ::l 
200 " ('00 L') .. <l 

a: " "- 10O " 100 
"- 80 • u. 80 0 0 

60 • a: 60 n: 
w 

40 
\>.1 

40 m ID , ::l 
=> ::> 
z 20 ~ 

z ;:0 

~ '" > 
i= 10 ,C- 10 .. 8 .. B .J -' 
::> G ::J t> 
:l: 

: I 
~ 

:J :J 4 
u u 

2 

0 2 4 :; 0 2 :5 4 5 

[rRAGMENT MASS I~msl J '/2 [FRAGMENT MASS (gmll]'/ Z 

FRAGMENT MASS DISTRIBUTION FOR COMPOSITION B FRAGMENT MASS DISTRIBUTION FOR (75/25 CYCLOTOLI 

1000 
800 

'" 
600 ~ 

.... 400 ~ z 
w 
l' 

" 200 <l 

E 
100 

"- co 
0 80 
n: 60 -
UJ 
ro , 40 

=> z 20 
w 
> 
;:: .. 
--' 
::J 
l' 
::J 
u 

2 

a 

2-96 

H-6 J 
No '2279 ~ 
,,'/2 '0.666 

~ • • • • •• 
••• 
• • • 

• 
I 2 4 

[FRAGMENT MN;S (oml)] '/2 

5 

FRAGMENT MASS DISTRIBUTION FOR H-6 

lfI 
<-z 
'" ~ 
L') 
<l 
Cl 
"-
u. 
0 
n: 
w ro 
:li 
::J 
Z 

w 
> ;:: 
q 
-' => 
::l 
::J 
u 

1000 
800 
600 

400 

200 

lOa -
80 

60 

40 

20 

10 
8 .:. 

T 
4 ~ 

2 

0 

• • 
• 
• 

liBX-1 

No ·2785 

;<'/Z '0.615 

• • • • • 
• • 

I I 

I 2 3 4 

[FRAGMENT MASSIgml)] '/2 

FRAGMENT MASS DISTRIBUTION FOR HBX-I 

Fif.,'?!r/' 2-68. Fmgm('n/ mass dis/ribu/iOlIS 

CONFIDENTIAL 



CONFIDENTIAL 
2-16\:. Effect of I?roperties of Metal on I". The 
Ballistics Research Laboratories have under 
way, at this time, a program of basic research 
into the fr;>gmentation characteristics of a wide 
variety of m::.terials, including steels and non­
ferrous castings. Reports thus f;lr issued are 
listed in the bibiiography following paragraph 
2-207. 

The results of the program indicate that there 
is some correlation among the density, tensile 
strength, and static reductioll of area of the 
metal and the mean fragment mass. 22 Semi­
empirical relatic;):; for the Iliean fragment 
mass of ring-type experimental ~hell have been 
obtained in terms of these quantities, the phys­
ical dimensions of the shell, and the iIlltial 
fragment velocity. These results ar(', however, 
applicable to shell design only on a qualitativ{' 
basis. 

2 -170. Fragmentation CharacterIstics of Duc­
tile Cast lr();:;~U Experimental ring and cylin­
der type shell, made up from threc grades of 
ductile cast iroll - nodular ferritic, nodular 
pearlitic, cupola malleable - showed on detona­
tion the following fragmentation characteristics: 

a. The three grades of ductile cast iron 
showed little or no difference in frar;mentatlOn, 
notwithstanding the substantial difference in 
strength and ductility. 

b. The fragments from the ring-type shell 
were ('oarser than those from the eylinder­
type I'hell, which is a reversal of til!' behavior 
of steel s:!ell under the same conditions of 
firing. 

c. The ductility of these three grades when 
subjected to hir;h rates of strain - as measured 
by the reduction in cross sectional area of the 
ring-type, and wall thickness of the cylinder 
type after detonation - was practically identical 

Table 2-31 

Moll and Gunze),-Sarmollsakis scaling cons/ants 
r-------------r---------,-
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t 
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di 
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I 
;, 

Mott 
scaling 
constant 

(B) 

Gurney­
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constant 

(D) 
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Haratol 
Comp B 
Cyclotol 
(75/25) 
II-G 
HHX-I 

O.2G·± 
0.25:1 
0.253 

0.254 
0.255 

f'<'ntolitc 0.25·j I 

2.000 
1.999 
1999 

1. ~1~Hl 
l.9~J9 

1. U9n 
l. 99~j 

0.:'G2 
0.:,7', 
O.:I!lO 

0.:,9;' 
().:'~·1 
0.·10:; 
O.:H;ti 

IIBX-3 1 0.255 " 

I'TX-l 0.25-1 UJU8 0.:;1)7 
(50/50) I 

I PTX-' 0.'" '-"" 0."'" 
Tl\T 0.2"~ 2.000 ______ 0.:15', __ 

_. _____ . ____________ . ___ I),l~~'SSP(~_(~x!!l{)SiV('S 

III :-;E0:/W'LX 0.2;)1 2.UOB O.:l7V ---'1 
(gu/IO) 
BTNEU/WClX 0.251 2.012 0.:;1i" 
(;JO/I0) 
Com!, ..\-:l U.2;,~ 2.D!:! U,:Hi7 
MOX-211 0.2·1H 2.008 D.·lti 1 
Pentolitf' 0,:2:)2 2.011 O.:Hi:] 
(50/50) 
HDX/W;LX 0.2.,:] '''OJ 0.370 
(9;'/,,) 

0.251 ! RDX/Wax 2.0J.l 0.:;;,0 
(85/1:,) 
Tdryl o.;J 2.011 0.:;71 

~T 'J -. ~.Ul:.! O.;l-l~ ~~~"., -------_. 

1.2:\7 ~. 7:~ 2.55 
o. !l:~2 1. 1.) 2.14 
O.-I7! 1.0;; 1.01 

U.(;{i() 1.-17 1.:J.l 
O.liL' 1.:Hi 1.:10 
0.7s1 1. 7~ l.li:) 
0.;,86 1 "oJ 

.,)~ 
1 .,-.- , 

0.":1·1 
0.,-,·11; 
0.7:) 1 j .-----

- --------r--- -----,-------_. - ---, 

O.·!~" I . ~') 

I 

I 

I o.;,QU 1.I:l 1.O~) 

-.. I 'J' .,. 0.<>,,1> , 1.~l> ! 1.~.l 

0.·17·1 1. 17 
2. 'j~) 

1.10 

1.11 l.: .. n 

O.liliOJ 1 .. 1:, I' 1.·11 
O.~17~ 2.1;, 2.10 

..- ----- .,._----- -_ .. -------
CONFIDENTIAL 2··9'1 



CONFIDENTIAL 
and showed no relationship to the static duc­
tility. 

d. The half -weif;ht - the particular weight 
of a fragment which divides the individual 
fragments into two groups, each containing 
half the total weight of fragments - appears to 
be of the order of 1/4 that of steel shell stock 
for the ring-type and 1/16 for the cylinder­
type. 

e. Although the ductile cast irons used in the 
test were cenhifugally cast, the physical prop­
erties, after heat treatment, of tile tubes from 
which the shell were fabricated are comparable 
to those obtained from salld casting. It is 
therefore reasonable to assume that the results 
of this test are representative of what would be 
obtained from conventional sand castings given 
the proper heat treatment. 

L The use of ductile cast irons in ammuni­
tion seems to be attractive in those cases 
where steel gives too coarse a fragmentation, 
and where strength requirements are com­
parable with t/1e properties of the ductile cast 
irons. Making mortar shell from ductile cast 
iron is one application that shows promise. 

A later report, BRL Techmcal Note No. 894, 
gives a comparison of the wounding effective­
ness of a series of cast casings. In this study, 
the general rallk of families of casing material 
in order of increasing effectiveness against 
pf'rsonnel is gray cast iron; cast, and forged 
steel; and the ductile and malleable cast irons, 
which have about equal rallk. 

2 -1 71. Application of Metal Fragmentation 
Characteristics Data to Design of Shell. If the 
properties of metal, as shown by one of the 
BRL reports on fragmentation characteristics 
(paragraph 2 -170), seem promising, the resl'lts 
of the report usually can be used to predict, by 
means of the Mott equation, the probable mass 
distribution for a proposed projectile design. 

In order to apply the Mott equation, one must 
be certain that. it is applicable. That is, the 
experimental data must be based upon natural 
fragmentation rather than controlled fragmen­
tation (for example, data on ring-type shell are 
not usable), and the plot of the square root of 
fragment mass versus the log of the cumulative 
number of fragments must be a straight line. 

If the above condit ;on8 are met, the value of 1 

for the proposed design can be computed as 
follows. 

1. Determine the value of the constant in lht! 
Mott or Gurney-Sarmousakis scaling formula 
(paragraphs 2 -166 and 2-167) by substituting 
into the scaling formula the necessary physical 
dJnlPnsions and CIM ratio (Gurney~Sarmou­
:;a.'tis only), as well as the value of ,,2 (square 
;\',Y of 1/2 the average fragment mass) for the 
I.~:{P· dmental shell. 

". Substitute the physiC;t1 measurements aDd 
elM ratio (if required) for the proposed design 
•• 1l0 1 he sealing formula and, using the computed 
constant, determine the lJew value of / .. 

~" Using the obtained value of ", compute 
the mass distribution from tllR Mott equation 
(paragraph 2 -166). 

Note 

In the event that the explosive to be used 
in the proposed design is different from 
that used in the experimental shell, it 
will be necessary to correct the value of 
I' to apply to the chosen explosive. See 
paragraph 2-168. 

2 -172. Prediction_ of Initial Fragment Velocity. 
The initial velocity of fragments i.s quite ac­
curately predicted by the Gurney formulas: 19 

for cylinders 

V 0 =v'2E~ + O~:(~/M) (13) 

for spheres 

where 

M 

Vo =YiE~-~~(C7~i (14) 

initial fragment velocity (fps) 
a constant (fps) for each type of ex­
plosive 
weight of explosive charge (unit:; the 
same as M) 
weight of fragmenting metal (un. ;.; the 
same as C). 

2-173. Gurney Constant. Table 2-32 gives the 
value of \f2'E" for most 01 the commonly used 
high explosives. For information on the exact 
composition of these explosives, see table 2-3. 

2-174. Graphical Calculation of V Q' The graphs 
in figures 2-69a and 2-69b simtlliiy the calcula­
tion for Vo in terms of the outside diameter 
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(do) and thickness (t) of the shell, the ratio of 
the density of the explosive to that of the metal 
case (Pc/p m), and the Gurney constant (..[2E) of 
the explosive. Knowing the value of tjdo, figure 

2 -69a solves for pff~m' C/M may be found by 

multiplying by pc/Pm' This value of C/M may 
be used to find Vo/..J2E from figure 2-69b. 

Table 2-32 

Explosive 

Compo~ition C-3 

Composition B 

Torpex 2 

Composition 11-6 

I'entolite 

Mino! 2 

HEX 

TNT 

Tritona! 

!'icrato! 

Baratol 

1.0 

I~ 
~ 
~ 

.8 

,6 

.4 1----- -- --

.2 

LL o 
o _05 

Gurney Constant, -J2E 
(fps) 

8,800 

8,800 

8,800 

8,400 

8,400 

8,300 

8,100 

7,600 

7,600 

7,GOO 

6,KOO 

"" " t'--. 
~ - --- -- ~ 

'-.., 

.10 ,15 .20 

~ 

Multiplying by the appropriate value of -{2E 
from table 2-32 will give Vo' 

2-175. Remaining Velocity of Fragments. The 
remaining velocity (V) of a fragment, at a dis­
tance x from the pOlf.t of burst, is expressed by 

CnAp __ -x 
V = Vue m 

where 

x = distance from point of burst in ft 
V = velocity of fragment at x feet from 

pOint of burst in fps 
V 0 = initial velocity of fragment in fps 

A = average presented area of fragment in 
ft2 

m = mass of fragment in lb 
P = density of air in lb per ft3 

CD = average drag coefficient (dimension­
less) 

2 -176. Relation Between Mass and Presented 
Area of a Fragment. For any homologous class 
of regularly shaped fragments, the mass and 
average presented area are related by the 
equation 

-- - ---- --- ----

j - - - - -

+1 -- -- -- --- - -

---,-

~-l ---i ---t-
! ; 

-- ~ --1--
"-.. I 

I'----
1--- ---- -1 - --

.............. I --I--- -- ~- t--
l--- i 

,~o _40 ,50 

Figure 2-69a. Graph for computation of Va 
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where K is a constant for the class. It has been 
found experimentally that the value of K is 
roughly constant for the fragments projected for 
a particular shell. Values of K are given in 
BRL Reports 501, 536, and M915 for a variety 
of shell and bomb fragments. 

2-177. Measurement of the Presented Area oCa 
Fragment. The method in use at present in­
volves the measurement of the presented area 
of the fragment for each of 16 positions corres­
ponding to the orientations of 10 of the 20 
faces of an icosahedron plus 6 orientations 
corresponding to the 12 vertices of the ico­
sahedron - the remaining 10 faces and 6 ver­
tices are symmetrical to these - and the use of 
the arithmetical average of these values for 
A.28 The instrument used to obtain the pre­
sented area is known as an icosahedron gage. 

2-178. piscussion of Fragmentation Patterns. 
When a projectile or warhead bursts, il'agments 
are prOjected in many directions. Ii the pro­
jectile were spherical, and stationary when 
detonated, the density of fragment" would be 

substantially constant, regardless of the di­
rection. Ii the projectile were entirely cylin­
drical, the greatest density of fragments would 
be close to the equatorial plane, with prac­
tically all fragments contained in a narrow 
sidespray of the order of 20° width. For an 
ordinary artillery projectile, the curve of dis­
tribution with angle is peaked, and resembles 
the "normal error curve." An example is 
shown in figure 2-70. 

Projectiles and warheads almost always have 
circular symmetry about their longitudinal axis. 
Hence, we may describe the distribution of 
fragment mass and velocity as functions of 
the angle e measured from the noso of the 
shell. Let p (8 ) be the fragment density in 
fragments per unit solid angle. Then No, the 
total number of fragments of the given shell 
is given by 

No = 217.["p(8) sin 8de 
o 
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Figure 2-70 7)'picul angular fragment distribution 

2-179. Fragment Emission. 1£ a small target 
of vulnerable area Av is exposed to the spray of 
a distance r from the burst point, the expected 
number of strikes E on the vulnerable area oC 
the target is 

E = p (e)Av 
r2 

and the probability of at least one stnke on 
the vulnerable area is 

0 .. 

{) (e)Av 
p(r,e)=l-e-~ 

-E p(r, f) = 1 - e 

Here, it is assumed that the fragments travel 
in straight lines (usually an acceptable simpli­
fication) . 

When tile shell bursts in flight, each fragment has 
added to its velocity the forward velocity of the 

projectile at the instant of burst. This throws 
the principal fragment spray forward, and also 
increases '>'he density of fragments in the for­
ward he mi&phere, at the expense. of the rear. 

2-180. Influence of Surface Contour on Frag­
ment Distribution. The most important factor 
in determining the spatial distribution of the 
fragments is the shape of the metal casing. 
The shape of an artillery shell is limited by 
the requirements of exterior ballistics and 
manufacturing. For discussion of the effect 
of contour, see references 2, 15, a.ud 39. 

LETHALITY 

2-181. Lethality Criterion. To evaluate the 
effectiveness of fragmenting antipersonnel wea­
pons, a quantitative casualty criterion is neces­
sary. OnC' criterion of wounding power is the: 
58 foot -pound rulc, which statcs that missiles 
that hit with less than 58 foot-poun'::::; of kinetic 
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ener~ do not kill, and that those that hit with 
more than 58 foot-pounds do kill. However, 
this criterion was never intended to be mure 
than a rule of thumb. In 1944, Gurney su~­
gesled that my3 was a more suitable criteriun 
than the kinetic ener~ of the ability of pro­
jectiles to wound human targets (m is the 
fragment mass, and Y is the fragment velocity). 

2 -182. FV'leriments to Determine Penetration 
Data. The volume of a temporary cavity is a 
structural, rather than a functional, concept. 
It may be regarded as a measure, :>imple and 
physical in nature, of structural damage, but it 
is not real incapacitation. Becausl: of the un'" 
reliability of the cavity studies for the evalua­
tion of casualty crit.eria, M~Millen and Grcgg54 

concentrated on wounds which they considered to 
be "fatal" or "severe." These ('ould be caused, 
they assumed, by the projectiles' reaching 
certain vulnerable regions inside the body after 
penetrating protective layers of skin, soft tis­
sue, and bone, provided that the prOjectiles 
reached the vulnerable regions with velocities 
in excess of 7,500 cm per sec. A constant 
thickness of skin was adopted, and the thick­
nesses of soft tissues and bones were deter­
mined from anatomical charts depicting cross 
sections of the human body at approximately 
one-inch intervals from head to foot. The 
velocities necessary to penetrate the variol's 
t.hicknesses of skin, soft tissue, and bone were 
based on experiments with steel balls, and in 
some cases involved living animals. 

Although the work of McMillen and Gregg was 
an improvement, their rtsults cannot be ex­
tended reliably to actual practice, because 
weapons do not have spherical projectiles. 
However, the same basic experimental data 
of penetration through skin, tissue, and bone 
are still used. The requirement that all pro­
jectiles emerge from the protecting layers with 
more than 7,500 em per sec of velocity, re­
gardless of mass, is no longer used. The new 
requirement is that all projectiles emerge from 
the protecting layer with 2.5 X 107 ergs of 
kinetic energy in order that they may cause 
comparable damage, regardless of their mass, 
when they enter the vulnerable regions. The 
vulnerable regions are defined by McMillen and 
Gregg in their report. 

2-183. Types of Incapacitation. There are three 
types of incapacitation considered. The first is 

type K, which is incapacit:J.tion within five 
seconds. Type A is incapacitation within five 
minutes. Thl' d',gree of incapacitation con·· 
sidered is that adequate to prevent an enemy 
either from firing a gun or ofiering resistance 
of any sort. Type B incapacitation is fatal or 
seve-re wounding, in an indefinite period of time. 

Type K incapacitation was considered in the 
design of IH'W type hand grenades, since the 
infantryman throwing the grenade should be 
very cluse to his targets, and would be subject 
to retaliatory action if incapantation were not 
instantalll'OUS (within five seconds) or com­
pIete. The experiments were conducted in 1951 
at the Army Biophysics Laboratory in Edge­
wood, Maryland. The statistical data were 
interpreted by T. E. St8rne, and outlined in 
reference 24. 

2-184. Probability of Immediate Incapacitation. 
Jo'rom the experiments, Sterne derived the prob­
ability Phk that a random hit on a man by a 
single fragment would cause his complete in­
capacitation within five seconds. Sterne's cri­
terion is reproduced, in altered units, in fig­
ure 2-71. The abscissa is the quantity 
(MY/A)IO-G, where M is the mass of the frag­
ment in grains, Y is its striking velocity in 
feet per second, and A is its prOjected area in 
square inches, averaged over all directions of 
projection. 

The vulnerability of a man to five-second in­
capacitation comes almost entirely from severe 
injury to the spinal cord above the second or 
third thoracic vertebra, or to parts of the 
brain. Five -second incapacitation can also be 
caused by multiple severe wounds to other 
anatomical regions. This latter type of in­
capacitation is not conSidered, however, as it 
i::; only at very close distances that a sufficient 
number of severe wounds are at all likely, and 
at such distances, five-second incapacitation by 
separate hits is probable. The probability of 
multiple severe wounding decreases with in­
creasing distance like a large negative power 
of the distance, and hence far more rapidly 
than the probability of five-second incapacita­
tion from single wounds, whir::h decreases only 
somewhat more rapidly than the inverse square 
of the distance. 

2 -185. Status of Wound Bal!istics. All of the 
information on lethality criteria and wound 
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Figure 2- 71. Casualty crite rion for rapid incapacitation (within 5 seconds) 

ballistics is still of a provisional nature. The 
bone penetration data that have been employed 
have introduced considerable uncertainty, as 
they were penetration data ratller than data on 
the loss of veloc ity by perforating missiles. 
Other deficiencies are caused by the scaling of 
the bones, and the method of suspension and 
support. Then, a difficulty arises when the 
results with spheres are extended to random 
fragments from shell or grenades. AI')o, a 
criL.::al evaluation has not yet been made of 
the amount of energy required on the emergence 
of a fragment from the protective layers in 
order that the fragment may cause fatal or 
severe wounds whm it hits the vulnerable 
regions underlyin:' the layers. 

LETHAL AREA COMPUTATION 

2-186. Introduction. The task of lethal area 
evaluation of antipersonnel fragmentation weap­
ons is obviously important, as these weapons 
(that is, 11' lrtars, howitzers, guns, artillery 
rockets, ~J , so on) accounted for the over­
whelming. ';'J 'rity of casualties in the Korean 
and Indochillesi' conflicts. It should further­
more be noted that the percentage of antiper­
sonnel fragmentatiun rounds employed by ar­
mor during World War II ranged from an av­
erage value .Jf 16 percent to a maximum value 
of 24 percent, depending on the theater. Let us 
now formulate the problem in broad outline, 
leaving the details until later. Evaluating the 
lethal or deadly area of a pr ojectile means ar­
riving at a figure of merit which permits one to 
predict how many casualties a shell will pro­
duce upon detonation under specified conditions. 

2-187. Lethality. The basic concept used in 
arriving at a suitable lethality index is that of 
the "expected number of occurrences of a rare 
event," that is, the expected number of in­
capacitations of personnel targets. Consider a 
shell detonated above the ground (figure 2 -72) 
at point S (x, 0, z). 

The expected number I of incapac itation:s is 
then given by 

z 

o 

/ 
/ 

/ 

y 

s 

Fzgure 2-72. Shell de/Dilated abo!'e the grOlmd 
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1 =~r 7 (X, y) P (X, y) <Ix . dy (15) 

where 7 is the density of the tar{;ets and P b 
the probability of a target's being incapacitated 
within the area dx • dy. Assuming constant tar­
get density, the above expression becomes 

1 = T fAi P dx . dy (16) 

1/7 , which has the dimensions of area, is then 
defined as the lethal area L and is seen to be 
the number which upon multiplication by the 
target density yields the expectEd number of 
casualties. Since not every hit l.Jy a fragment 
causes incapacitation, it is desirable to de­
compose the probability P into a function of 
three probabilities: the probability of the target 
being exposed, the probability of the target 
being hit if exposed, and the probability of the 
target being incapacitated if hit. Thus equation 
(16) may be written 

L =~r Pi/hie dx . dy (17) 

It now remains to insert the appropriate input 
data into the function Pi/hie' The intrinsic 
parameters are the following: 

1. Shell Descent Angle 
2. Shell Residual Velocity 
3. Shell External Geometry 
4. Shell Internal Geometry 
5. Shell Casing Composition 
6. Shell Filler Composition 
7. Target Presented Area, which depends 

on (see figure:, 2 -73 through 2 -77) 
a. target attitude 
b. cover, natural or artificial 
c. fragment aspect angle 

8. Target Incapacitation Criterion. 

Static fragmentation input data of the kind de­
picted in figures 2-78 through 2-80 are used 
invariably. 

The incapacitation criterion in use at the 
present time is given in BRL TN 370. 

Upon insertion of the input data the expression 
for the lethal area becomes 

L = 9 G(8, i) . {I - exp [Tl(e,f) . (' S1(8) • 

S2(m,8)' T2(rn, 8, ¢) dnJ}'1(8, <f)dO. M (18) 

STATIC DETONATION 

Figure 2-73. Slatic detonation 

AIR BURST 

flAT GROUND o Q ___ ._ 
l KNEELING···J I ~STANOING j 
---·~~N~-.l 

TARGETS 

Figure 2-74. Air hurst -- flat ground 
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Figure 2-75. Air burst - average ground 
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Figure 2-76. Gruund burst - flat grolilld 

with 

p 

G(O,f) indicative of g"nmetric proper­
ties of the ground 

TICt', ,f,) indicative of geometric proper­
ties of target 

S1(I') indicative of physko-chemical 
properties of shell 

S2(m, t') indicative of physico-chemical 
properties of shell 

T 2(m, iJ, f) indh:ativf> of physiological prop­
erties of target 

J(8, <1» indicative of transformation of 
coordinate system. 

AVERAGE 
s 

K p GROUND 

Figure 2-77. Ground burst - average ground 

Figure 2-78. FrCl(; mel(1 density 

2Mo 

Figure 2-79, AI'('ra';L·.!rUKme1l1 mass 

The complicated nature of equation (18) l't'nders 
numerical integration v in high -spppd computing 
lllachinf>ry ilH'!;capaule. 

2-188. SimplificatlOlJs. The lethality determi­
nation method discussed !;o far is unquestion­
ably the Illost C'olll))/'dwnsivp and accurate one 
but is - it goes without saying - no more a('­
curatp than the fragmentation data that pnter 
into it. Certain reasonable simplifieations that 
may be effected in the computation procedure 
will now be discussed, the prine ipal one of which 
is the assumpti'on that all fragments depart from 
the shell within a side spray of speCified an­
gular Width, say of the order of 20°, and that 
the angular position of the centerline of this 
side spray may be fixed by inspection of the 
fragmentation test data. It turns out that in 
this case the double integral of equation (16). 
will reduce to the single integral 

L ~ 211sin e ~Pc (1', U) 1'2 sec";" d" (19) 

This integral is clearly attackable by standard 
numerical methods. The lethal areas and single-

o e 7r 

Figure 2-80. Inilial I'dodt}' 
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shot probauillty an', in fact, nllW oiJtainable 
wIthin thrpp to four minutes via high-sp(~l'd 

computing machinery procedures. Moreover, 
the ground-iJurst IPihal an'a under tht'sP con­
ditiolls is tlH'n also easily obtainable by a 
procedure not involving lIunwrieal integration 
at all. 

2-189. L~tl!''!!~!.Y~.£Qthctical 8h('l1. So far, 
lethality det(,l'llJi nation has becn ba::;ed on frag­
mentation te::;t data. It remains to discu::ls thl' 
prol't'dure applicable to those rases where such 
data do not exist, such as the casp wherp one 
wishes to dpterllline in what dirpction to move 
when a choice of prOjectile dt'sigm; It; COIl­

sidered in the course of the investigatIOn of a 
seriet; 01 hypothetical shell. Ben' one may 
considt'I' a series of ::lhell which differ, say, in 
caliber, external geometry, fillp!' fraction, filler 
composition, and wall thickness. In ordpr to 
obtain the lethal are:1 and - for that matter 
the sinf';J.e shot probability and ground-burst 
lethal area as well - it secllls reasonabll' to 
ast;ume again that all fragments depart within 
a side spray of sppcified angular width, as 
the prinCipal object of this a::;sessment is a COh1-

parison of the members of a series of hypo­
thetical shell to one another rather than to 
existing prOjectiles. 

One then proceeds to assume that these frag­
ments are distributed with respect to mass 
according to equation 

(m/mo)l/K + In(n/llo) = 0 (20) 

Where 

n is the number of fragments of mass 
greater than m 

no is the total number of fragments 
rna is a constant, characteristic of the shell 
K is a constant, indicative of break -up 

cti mens iona~ity. 

Equation (20) was devispd by Professor N. F. 
Mott. It is known to occur ill particle' size 
;:malysis of crunching processes. Making the 
assumption of two-dimensional fragnlPnt break­
up, the constants no and mo in equation (20) are 
related to the total mass of the fragmentwg 

.' metal by the following equation: 

(21) 

Whl'rl' W is the Wl'lght of till' fragn1f'nting metal. 
It follow::;, thcrt'fore, that one,' ('ither no or mo 
bpCOIIH'S fixl'd, til<' othcI' constant is deter' 
millL'd. TIl(' two pl'llll'lpal aVl'IllH'S of attack are 
as follows: OIl(' may calculate 110 uy tlll'following 
l'quatioll 

W/WH' 

length in calilwrs 
do ouhiidl' diaIllt'ler 
t wall thickness. 

This equation is due tl) K. C. Cook. An alter­
nat Ive i~ to (,Ol1lllutp mo from 

- t 5/ 3d 2 / 3 (1 t/d")2 1110 - c 1 + I (23) 

where d i is thl' inside diamder. Bprl' mo de­
lWllds Oil thl' shell caliber and wall thicklless, 
with tIlt' ('onstant being a function of filler and 
metal t'lllllpositioIlS. 

The fraglllPnl density is then assullH'd to be 
uniform over the elltil'l~ side spray and the 
initial fragmcnt veloe ity will also be deter­
mined thpOl"etically, namely by the following 
equation ::;uggested by Gurney: 

(24) 

Here a is the ratio of explosive charge and 
mass of fragmenting metal. 

2-190. Weapon Effectiveness. The lethality in­
dict's obtained via equation (18) as function of 
Z (see figure 2-81) - with the values of all the 
other parameters temporarily held constant -
are the cornerstone upon which the assess­
ment of ar.hpersonnel fragmf!ntation weapons 
restt;. So far, there has been secured an index 
significant only if the prOjectile arrives at its 
scheduled destination. Hllwevpr, a satisfactory 
measure of effectivpness cannot be obtained un­
less one accounts for the vario~s types of 
dispert;ion involved. These problems are again 
handl('d more effiCIently, by several l'rders of 
magllitude, with the use of high-speed comput­
ing maehlllery. 

While thl' lethal area constitutes the' appropriate 
figure of merit in the case of large targets, 
such as men uniformly and randomly distributt'd 
over a large st'ctor, a different situation exists 
when fire against a small taq~et, such as a 
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Figure 2-81, L vcrsus Z 

gun !'mplacCIJ1Pnt, is required. Hl't'(' one wishcs 
to ,~ompute tlw ::;in~I('-shol probabIlity, til!' dl'­
termination of which requit't's knowledge of 
weapon accuracy, that is, of range dlsper~illn 

and of deflection disp!'rsion, 

Another typ!' of dispersion, namely fuzl' dis­
persion, needs to be intJ'odu('cct in ol'dl'l' to ob­
tain what might be called the exp<'cted I"Ulal 
area. TillS is the ait'-I.JUrst ldllal an'a 1',,­

ducl'd to some new value by virtuE' of the fact 
that, firstly, a certain fraction of the fuzE'S WIll 
fail to function altogdher, and secondly, that 
when the fuzes do fUllction the burst height::; will 
be distributed in some mallIll'r about Ow moan 
burst height. It is obsE'rved that till' optimal 
air-burst height is not tlll' aIit' rl'ad from figurc 
2 -81 but a value somewhat larger - by the v('ry 
nature of figure 2-81, which applies qualitivply 
to practically all shell - which is obtaind by 
combining the L versus Z curve with the afore­
mentioned fuze data. 

A further most important use is ma,k of thl' 
lethality index in the analysis of area fire d­
fectivf'ness. For example, to find the answer to 
the question of how many shell of spf'rified typt' 
need be fired into a rectangle of dimensions 
a x b in order to rause a prescribed fraction of 
incapacitations, one wisheb to dctermilll' the 
probability that a target is incapac itated by at 
least one fragment within n rounds, that is to 
say, evaluate 

P n ='-13 {~(x, y) [1 - ;A; ! (x*. y*) , 

p(x - x*, y - y*)dx*dy*] n dx dy (25) 

whl'!'!' P(x· x', Y - Y*J i~ thl' pru1JalJlllt y of 
the taq,l't T(x, y) ul'ing illl':lI':l('Jfatl.'d by a 
lJur~t at S(x', y', ~) and thl' dbtl'ilJutionlunl'­
t!(ln f is indicativl' of :llllllllg :1Ild dlSI'('rS10Il; 
then, with simplifying assullliltiom:, Olll' lllay 
approximatl' 

~ l'(x - x*, Y - y') dx'dy' ;, L (2G) 

E[f('(~tjV(' tn'atllll'nt of thl' aL~lVl' l'xpr",c;,c;wIIS 
lIlahl's Ih" U:Ol' of high sl'",'d COlJ1jlUtlllg lIIa­
chilH'l'Y al;alll iJllp,'rahvl·. 

2-191. Weapon SYS«'lllS Analysis. H"bulls ob­
tailled by-thl' llIZ't1loci;;--'-l(-'tflo-fwn pn"'l'ding 
spetiolls an' lll'l')'('ljuisltl'S for tWll type'.,; of 
furlll<' l' 1I1vL'sti f::tI iOIl, th(' [i rst of which is 
:lnlipl'rsolltld wl'apon ~yst"lIls :ltl:llysi.c;. Iil're 
varillus rl'it('ria, rl'latl'd to dft,(·tIV"/H'SS, cost, 
;Illd so on, Illay LJ(' chos,'11 to l'ffl'd :;y~t('m 

optimizatilln f{)r typi,'al t:ll'tll'al SitU:1ti'1l1t'. The 
:Ol'eond typt' of iIlVl'shf::~fllln i~ ('Dllll):\! analysts. 

2-192. Combat AnalYSIS, In cOlltra~;t to thl' 
first tYI;;;--;-l[ jJ;'v0s-tlg;)Ti;)II, which dc'als \·,ith 
a (ill a cl'rLlln sense') static ('a~l', Dnl' now 
consioPl's the dynamiC ca~(' of hYl'oUlt'tlcal 
l'ngagl'ments on ~pl'rifil'd tl'ITain with eitiH'l' 
actual or expl'rillll'dal wl'apon systl'ms. The 
Ilwthods of ('ngag"llH'nt outC'onH' predictHln will, 
(JIH'I' lllOI'C, n~qll in' intq;rating into thrm pf­
fectivL-'ness data on the weapon ~ystl'ms choscn, 
and in particular, the antipcrsonnel weapon 
systems. 

Here, once more, the ust' of high-sppcd COIll­

puting machirlPry comes to the [(Ire since the 
assp,'isI1l('nt, by stochastic metlh1ds, of ClHllbat 
models dpt'med satisfactorily realistic froIll 
thc military point of view, pl'Psents problt'ms 
of such complt'xity that attempts to solv(' them 
ha.ve, in fact, llOt been undprtaken until t't.'­

(,(,lilly. 

CONTROLLED FRAGMENTATION 

2-193. PurpoSl' of COlltrollt'd :Fragmcntation 
~1l!'11. In unrontroll('{ff~agml;;Lit ioil,-tlle ra.llgp 
of Il1a~sps and vt'locitil's is vpry great. To 
S('CUl'l' BlOn' pfl,'ctivl' fragIlll'n!::;, it is desired 
to solve for thl' optimum mass (dpppnding on the 
lpthality l'ritt'l'ia), and to dl'sign a slll'JI th:'t 
would PIllit all fragllH'nts with this mass. Re­
fer to rt'i('n'll[,(' 15 f l );' :1 discussion of llwth­
ods for dl·tl'rlllining the optimuIll tllass. III 
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thi!' way, the probability of dalJl.q~" is greatly 
inl'I'l'af't'd, and the I'l'sults ('an be l'stimatt'd 
mOl'l' !'Ol'!'('ctly, 

2 - J ~H, Msthod,:"-__ ::lLfontJ:!,llli i!b" FI'aL~ Illl'~~~t iOB, 

Thl' llH'thods for controlling fra!:ml'ntall!ln :Il'I': 

1. l'rl'fol'lI1l'd fragllH'ntS (with or without 
mat I IX) 

2. Noll'lH'd or gl'oov!'d I'ings 
3, Npteilcd or p'opved wire 
4. N,)tehl'd l'aSlllgs 
5, Multipil' walls 
G. Flutt'd 111ll'1'. 

AltllllUgh ;til of thl'St' methods can bl' USl'd pn 
(lXI)('l'lllll'ntal shell with static firing, thl'i"lutl'd­
Ii Ill' r mdhod and mull ipl!' -wall ml'lhod art' 
most pr;tctil'al fOl' artilkry lilll'll, o<.'('aus(' 01 
IlIt' jlI't'SI'IlCl' of setback forct's. All till' Illl'thods 
will Ol' dl'scribl'd in till' pal'agl':lphs that fullow. 

2-195, DeSCrIption of till' PI'l'fornll'ri }o'raglllent 
Method. In this mdhod thl' fragments are madt, 
of thl' desircd 15izl" and art' Ih!'n inl'orporated 
intu till' shell wall. This call bl' done' by placing 
them within'" a plastiC' matrix, which forms thl' 
shell wall, or by ellC'losing them l>l'twl'!'n two 
l'llllC'enlric, thin-walled stppi shdls. Nl'itJwr 
of thc15e' llIl'tllods can bt~ utili,,('d for artillpry 
stll'll at the present time, as there is not enough 
strength to overcome setbark. 

2-196. Description of the Notched-Ring Method. 
In this meUlOd, notched rings are fittpd over a 
liner, which can be' plastic or thin metal. Fig­
ure 2-82 shows a typiC'~l ,sembly of a grooved­
ring shell. It is assumed that in the fragmen­
tation control the liner has no lll)tl'worthy frag­
ments. The factors that have to be considered 
in shell of tillS sort are; 

1. Quality of steel in rings 
2, Spac ing of the grOOVl'S 
3. Groove depth 
4. WIdth of rings 
5. Lin!'r 
6. Length-to-diameter ratio 
7. Hing finish. 

A medium -carbon low-sulfur steel, heat treated 
to a hardness of 95RB, is thought to be desir­
able. However, no tests have been conducted 
to show !lIe effect of carbon content, sulfur 
content, or hardness in thl' uniformity of frag­
mpnt weight. The steel SllOUld be Ruffiriently 
hot -worked to break up segregated inclusions, 
and assure theil" uniform distribution. 

ASSEMBLY OF GROOVED RING 
CONTROLLED FRAGMENT.6.TION 
SHELL 

~ 
/LiNER 

TOP FILLEM :"'" t'i \~ /.. I I'-l 
.--RETAINER 

.... I l-
I- I l-

I- ~-
l- I-
e- l-
I- l-
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I I 11 
I I I 1 I I 

I I I 
I I 

~\ I 

PLUG----

I I I 
II II 

BOTTOM 
-FILLER IV 

FiRurc 2-82. Assembly oj controllcd 
jmRmenlalion shell 

The groov(' sparing can be determined from the 
following formula. 
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where 

G number of p;roo?c~; per rint-; 
H outside radju~ of cal>c, in illche~ 
t thiekness of ease, in inches 
W" mean width betWl'Pll groove~, ill inches 
II till (dimens;onless) 
Ii = Wit (di mcnsionless). 

The depth of the groove I>hould be from 5 to 10 
percent of thl' ring thickness. Excessive groovc 
depth causeIJ the fl'agmentiJ to break up. P::ef­
erably the grooves ~hould have sharp bottoms, 
although groovel> with rounded bottoms pro­
duced satisfaetory [raetures in some cases. 

The rings should hav (' a ground or smooth lathe 
fiaish. Sharp scratches in the ~urface should 
be avoided. 

The liner should be made of a material that 
will produce no impor'ant fragments; It should 
be kept as thin 'IS is com;istent with practical 
manufacture' and considerations of ~tr?-ngth. A 
thickness of 5 percent of its radius has been 
found satlsfactory for laminated phenOlic plastiC. 
tubing. 

In general, the width of the ring should be made 
equal to the thickness; more details are not 
known. The length to diameter ratiu of the case 
should not be less than 1 1/4 to 1. The desir­
able length is betweel' 2 1/2 and 5 calibers. 

It has been shown that better fragmentation re­
suits can be obtained by inserting a soft porous 
liner between the explosive and , .. ings. This 
liner prevents the fragments iromformlllgsliv­
ers. 

For more detailed information on controlled 
fragmentation by grooved rings, refer to ref­
erences 51, 44, and 49. The gr-.loved-ring 
method has been used in static firing tests only. 
At the present time, this shell Gues not have 
enough strength to overcome setback forres. 

2 -197. Desc rip!i0ll_.of Notched-Wire Method. 
In general, this method is similar to the 
notched (grouved) rings, except that notched 
wires, spiral-wrapped about the liner or war­
head, are used. Notched wires an· used when 
~he rin~ thickness would be too thin for econom­
ic<'.1 manufacture. A detailed description of 
notched wires can be found in reference 46. 

2 -198. De::;c ription of Notched CaSings. Four 
types of notched casings, listed uelow, have 
been tested for applicability to controlled frag­
mentation. 

1. Cylinder, 4-in. O. D., 1/4-in. wall, with 
1/S-in. holes in diamond pattern, punched and 
plugged; hules, 1/2 in. apart in row, rows 
1/2 in. apart. 

2. Cylinder, 3 1/2-in. 1. D., with linearly 
tapered steps cut on outside, steps 1/2 in. long. 

3. Cylinder, 4-in. O. D., 1/4-in. wall, with 
ldt-hand and right-hano helical grooves cut at 
~5° to axis, and spaced 1/2 in. apart. Groove 
profile V-shaped, with included angle of 60°. 

4. Cylinder, 4··in. O. D., 1/4-in. wall, WIth 
hexagonal pattern impressed by ~hearillg. 

Each cylinder was approximately 12 inches 
long, and each was provided Witll brass end­
plates to increase the confinement of the ex­
plosion. 

Both the tapered cylinder and the one with 
groove,s gave a great percentage of very sma] 1 
fragments. The cylinder with punched and 
plugged holes gave slight indie ation of control, 
and only the hexagonal sheared pattern showed 
an excellent degree of control. 

For more details, refer to reference 50. At 
the present time the r"sults rnentioned in this 
paragraph have not been applied further to any 
speCific shell. Also, at present this method of 
control is not applicable to artillery shell, be­
cause of setback. 

2-199. Multiple Walls. The multiple-wall shell 
are made by using close-fitted cylinders, each 
with thickness tin, where t is the thickness of a 
one-wall shell and n is the number of walls. 
The multiple-wall shell do not give complete 
fragmentation control, however, for only the 
thickness of the fragments is uniform. The 
number of fragments is approxlmately n times 
the number of fragments of a single -wall shell, 
where n is the number of walls. The parthl 
contlol achieved, however, is an improvement, 
because the average of fragment mass is re­
du~ed and the number of fragments emitted is 
increased. However, the inn·ease in lethality 
is much less than expected. See paragraph 
2-159. 

2-200. F'lutec' Liners. ",ith th:5 method con­
trol of fragment mam,· is achieved by shaping 
that part of the high··explosive charge which is 
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adjacent to the metal casing. A thin n1etal, 
paper, or pla~]tie lirlf'r inserted within t.he eas­
ing forms the pattern on the explosive surface 
during filling. Projections on the liner are 
frequently long and t~'iangular in section, (arm 
grooves in the explosive, and Ilave been e~llQd 
flutes. The method is an application o( the 
Munroe effect in multiple since, on detonatioll, 
jets corresponding to each groove cut the cas­
ing. 

Successful application of the shaped charge de­
pends OIl several factors. The proper dppth of 
groove must be determin',(i, so that the op­
timum depth of cut may be achieved. II the cut 
is too deep, 2xcessive erosion and chipping of 
the t>dges of the fragment will result. If tlw 
groove 1::; not deep enough, then the jet::; will not 
cu.t deeply enough into the steel shell, and poor 
L'agmentation control will result. 

The spaCing and overall pattern of the fluted 
liner must be adjusted to the most ::;uitable 
combination for each size and type of shell. 
A V-snaped groove with an apex angle of about 
75 0 gave the !Jest results with the British 3-inch 
V. P. shell. The height of the groove b usually 
nnde f~qual to the wall thickness of the c'lsing. 
Flutpd liners also have been used with the ring 
methoc1 of controlling fragmentation. This 
method gave a very good shape factor, but the 
efficiency of control was not too Illgh. 

AIRCRAFT DAMAGE 

2-201. Aircr,llt Damagy Evaluation. In order 
to interpret the results of experimental firings 
against aircraft the following standards have 
bepn set up:3B \ 

a. "Damage" is divided into four categories 
and assessed as follows: 

1. "A Damage" is damage such that the 
aircraft will fall out of control within five 
minutes after Gamage occurs. "K Dar:1;1e;r"~ 
denotes an aircraft that will fall out of con­
trol immediately. "KK Damage" denotes an 
aircraft that will disintegrateT:nmediately 
in the air (damage Ulat would render a 
kamikaze attack ineffective). 

2. "B Damage" is damage such that the 
aircraft will fail to return to its base as a 
result of the described damage. The distance 
of the base will be fixed for the particular 
type of mission being assumed. This proba­
bility will include the fiVe-minute period 

immediately aiter tlLP aircraft is hit, as 
well as the time rpC(uired to return to base 
aJter til(' five minutes have elapsed. Thus, 
tIl(> "B Damage" assessments will always be 
equal tu or larger than "A Damage," but will 
never excepd 100. The sum of "A Damage" 
and "B Damage" may exceed 100. 

3. '~Damabe" is damage such that the 
particular <lttack will not be successfully 
completed. It is possible to have "C Dam­
age" even tnough 110 "A Damage" or "B 
D'unage" exists. ThUS, damage to the homb 
release system, to controls that would affect 
the prosecution of the attack, and tv per­
sonnol involved in the attack would be classed 
a,e; "C Damage." Th", assumption that the 
attack is 2 1/2 minutes away when the dam­
age is incurred is an important one when 
('val.uating "C Damage." 

NOTE 

The word "Kill" is sometimef; used in 
discussions and memoranda to denote an 
assessment of 100 under any of. the three 
categones of damage. 

b. When assessing any calegory of dam~e, 
it is assumed that the crew would remain with 
the aircraft and attemp~ to complete the entire 
111i8sion, even though"bailing out" wOH~d be 
the most likely procedure in actual waria.:e. 

c. It will be noted that the numbers used to 
evaluate the various categori",s of damage are 
described as probabilities and written as per­
centages. However, strictly speaking, this is 
not currect, since the damage suffered by the 
aircraft (or engine) either will or will not 
cause it to go out of control, assuming a set 
of standard conditions under which the air'· 
craft (or engine) is operating. The assess­
ments between 0 and 100 therefore represent 
the uncertainty of the assessor as to whether 
the damage would result in a kill, or not. But 
if assessments are not biased, the expected 
value uf many sllch assessments on various 
parts of the aircraft would be the correct value 
"in the long run" that one should arrive at for 
the vulnerability of the aircruL The para­
meters of the error distribution can be esti­
mated if one has a large number of cases in 
which the same damage has been assessed by 
different assessors. 
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2. -202. Types of Damage Assessed. Tv fac ili­
tate the determination of the vulner~lbility of 
different compOllPnts of the aircrait, damage is 
assessed under three gpneraltypes: "ElIgil~~~' 

"Struc~~psl~ and "FueL Syste!l~ 
1. "Engilles~' will be that portion of a tractor­

tyP(~ reciproC'ating power plant, accessories, 
controls, engine muunt and fairing forward of 
thp firewall; and that portion of a Wt unit from 
the air -intake tp the tailpipe, inclusiviC. Damage 
to oil cells/tanks, oil coolers/lines, propell(!l' 
anti-iCinG equipment, and engine control link­
ages will bp assl's"ed under "Engines," even 
though the dama!':., may occur in the "Stl'l'C­
tures" arcil. Damage to that portion ot: the 
"f'uel System" in the pngine ;lrea will bl' 
assessed under "Engines," and also under "Fuel 
System. " 

2. "Structures" w;ll be all parts of the air­
craft except the engine(s) and controls, engine 
accpssories and controls, and the "Fuel Sys-' 
tpm"; and will include the aircraft structure, 
surfacp control cables, armor, armamC'llt, land­
ing gear and actuating linkage, pyrotechnics, 
oxygen equipment, pleelronic equipment, and 
dummy personnel. On ai rc:raft where the land­
ing gear has been extended, all projectilcs and 
fragments that pass through that part of the 
aircraft where Ole whePis and actuating linkage 
would have been shall be assumed to have 
struck that component. An approximation shall 
be given for probable damage (based on velOCity 
of the missile and extent of damage actually 
done), Naturally, if a missilp has been assumed 
to have punctured a tire, or othpf'wise damaged 
a landing gear that was not retracted, no dEc>s­
cription or assessment for the damage that 
actually occurred can be given. 

3. "Fuel System" will be all fuel cells/tanks, 
selector valves, transfer and booster pumps, 
strainers, hoses, lines, and fittings. Damage to 
any portion of the "Fuel System" that would 
cause damage to an engine shall bC' a,;s(':;sed 
under "Fuel System," and also under "Engi nes." 

2-203. Aircraft Vulnerability. Aircrait may be 
Ilept from accomplishing their mission by dam­
age to any of the following: 

1. Fuel 
2. Engines 
3. Structures 
4. Personnel. 

The probability of obtaining a kill on an air­
craft as a whole is the prodl' ,t ofthe probability 
of obtaining a kill on any,,: the components. 

Firings have been conducted in an effort to 
establish lethality criteria for each of these. 
(See references 37, 14, 13, 9, and 5.) These 
firings are still under way at the time of 
writing. 

2 -204. Aircraft Vulnerability Studie~. Knowl­
edge of the vulnerability of aircraft to various 
types of shell would obviously be of great value 
to the shell designer. Of still more value would 
be lethality criteria by means of which this 
vulnerability could be computed. Studies of the 
vulnerability of speclfic aircraft to specific shell 
have been carried out. 37 The re:-iults of these 
firings can logically be applied to otber air­
craft of similar construction, but there is no 
way to apply them tu shell which differ from 
those that were tested in tht: original firings. 
Controlled fragmentation firings have been con­
dueled against B-25 aircraft in order to obtain 
data from which criteria for the lethality of 
fragments from airburst shell could be de­
Jermined. (See references 5, 9, 13, and 14,) 
Curves for the probabilities of damage to en­
gine,; and to fuel were developed, These curves 
are of the form P " 1 - (a t bx) -1 where x " 

(MV2)I/C; P is the probability of A damage; 
a, b, and c are constants; Mis iragment mass; 
anJ V is fragment velocity, Using these curves, 
the damage probabilities for two ~;ervi('c shell 
were computed. The results WE're compared 
to results obtained from actual !irings of these 
sllf'll against B-25 aircraft. The results indi­
cated that data from controlled fragmentation 
firing::; can be used to determine the lethality 
of service shell. The data thus far obtained 
have limited appliC' ability, since they were 
condue!ed undE'r the following conditions: 

1. B-25 aircraft only 
2. Sea level conditions only 
3. Fuel and engine damage only 
4. Damage fUllctions obtained for "forward," 

"fore above, '. and "aft above" directions 
only. 

Investigations along these lines are still under 
way, and useful results may be expected. 

2-205. Fuel Damage. A steel fragment, when 
it pierces the skin or other structural com­
ponent::; of an aircraft, usually will cause a 
flash hot enough to ignite fuel. When the 
fragment penetIatps a fuel cell at a point below 
the fuel level, it may cause one or more 
spurts of gasoline to issue from th£c ar in 
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the tank. Depending upon the self-sealing qual­
ities of the tank and the size of the rip made 
by the fragment, the flow of fuel may be con­
tinued after the initial spurts, If the following 
conditions are satisfied, a fire may be started 
and sustained. 

a. Cond~tions for starting fuel fire. 
1. Fragment must cause flash when pen­

etrating metal structure. 
2. Fragment m.tst cause spurt when fuel 

cell is penetrated. 
3. The flash and spurt musL meet, that is, 

the distance between the structure and the 
fuel cell must not be excessive. 

4. The spurt must not be "heavy" enough 
to smother the flash. 

5. Sufficient air for combustion must be 
present. 
b. Conditions for sustaining fuel fire. 

1. A sufficient air flow must take place. 
2. The air must be dense enough to sup­

port combustion (at extremely high altitudes 
a fire cannot be sustained). 

3. The rip in the fuel cell must be large 
enough to prevent self -sealing. 

4. The fire must be internal; external 
fires will be blown out by the slipstream. 

2-206. Fuel Tank Vulnerability. 

a. Self-sealing tanks. At sea level, self­
sealing tanks are, in general, vulnerable (that 
is, fires may be caused) either to fragments 
with a minimum mass of 100 grains or a 
minimum velocity of 3,000 fps. At the minimum 
mass, the fragment velocity must be well above 
the minimum in order to cause a fire. The 
converse of this is also true. 

b. Nonsealing tanks. At sea level, the mini­
mum fragment mass required to cause a fuel 
fire is limited only by the ability to penetrate 
both structure and fuel tank - probably less 
than 30 grains. The minimum fragment vel­
ocity is 2,000 fps. 

2 -207. Defenses Again::>' Fuel Fires. The fol­
lowing passive defenses may be taken against 
fires, and should be considered in design of 
ammunition. 

a. The use of self -sealing fuel cells. 
b. Using plastic foam or other inert material 

to fill the space between structure and cell. 
c. Filling the space between structure and 

cell with an inert gas. 
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KINETIC ENERGY AMMUNITION FOR THE DEJ:o'EAT 01:0' ARMon 

DESCRIPTION 

2-208. !ypes of Projectiles. Figures 2-83 and 
2-84 illustrate the various types of kinetic 
energy ammunition used for the defeat of armor. 

2-209. Armor-Piercing (AP). The simplest 
type of projectile is the solid shot illustrated 
in figure 2 -83a. This type of projectile consists 
merely of a decrementaUy hardened solid piece 
of high-carbon through-hardening alloy with an 
ogival nose. Truncated-nosed shot, with and 
without tips, have been made ('xperimentally but 
are not in tactical usc. A die-cast aluminum 
wmdshield (false ogive, ballistic cap) is cpoxy­
resin bonded to the nose of the shot in order to 
obtain the necessary exterior ballistic charac­
teristics. (Welding and crimping have also been 
used to bond the windshield to the projectile.) 
This type of projectile is known as an armor­
piercing shot or monobloe shot. The nO:3e of 
the prOjectile must have sufficient strength (0 

withstand the stresses developed on impact 
and duri'lg penetration. It must be hard enough 
to resist deformation, yet be tough enough to 
prevent cracking or shattering. The body must 
be of f'lfficient strength to withstand bending 
stresses. 

2-210. Armor-Piercing, Capped (APC). This 
type of prOjectile (figure 2-83b) was designed 
to prevent premature breakup of the prOjectile 
when used against face -hardeneo and homo­
geneous armor at low and intermediate obliqui­
ties. An armor-piercing cap, made of forged 
alloy steel decrementally hardened to give a 
very hard face with a tough and relatively soft 
core in contact with the projcctile, was soldered 
or crimped to the nose of the projedile. This 
cap was intended to break up Wfcl)1l the pro­
jectile struck the plate, thereby absorbing the 
initial shock of impact. 

2-211. Hyper-Velocity Armor-Piercing (HVAP). 
In an effort to obtain higher veloe ities from ex­
isting artillery, the hyper-velocity armor­
pierCing or composite rigid prOjectile (figure 
2-83c) was develo~)ed. This type consists of a 
core of an extremely hard high-density ma­
terial, usually tungsten carbide (materials other 

E~ 
ARMOR PIERCING SHOT (A P) 

FUSE ARMOR PIERCING CAP 

CAPPED ARMOR PIERCING PROJECTILE WINDSHIELD 

(APC) 

HYPER'VELOCITY ARMOR PIERCING PROJECTILE 
(HVAP) 

SQUEEZE BORE PROJECTILE 

Figure 2-83. Kinetic: ellergy projectiles 
(AP, APe, HVAP, squeeze-bore) 

than tungsten carbide have been tested,17 but 
none has beE'n found sUliatle), within a light­
weight carrier, usually aluminum. An armor­
piercing cap similar to that used on APC am­
munition may be lJlaced OIl the core. Th.: use 
of this lightcr prOjectile enables velocities 
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abuvt, :l,500 fps (hY(lt'rvelocitil'S) to bt' llbtailll'ct 
without eXl'l'l'dillg the allowault' pressurl's of 
artillery deslgI1l'd for low!'r muzzll' VPiOCitll'S 
and heavil'r Pl'Ojl'Ctiies, The carriL'r dOl'S not 
assist mall'ri:dly in pelll'lratilll" the targd 
plate, sine!' it un'aks up ('olllpll'tl'ly or vapor­
i7.l'S WIH'Il It hils, leaving the cOrt' to do tile 
cbllla~(' to the taq;et. lkcallst' of lht' compara­
tively low ratIo of lllass to cross-st'{"tiullal ar('a 
01 this typt' of prPjt'dile, tilt' ratl' ot loss ut 
vduc ity (slope 01 the remaining vl'loCity ('urv,') 
is rather hi[!h, Cl),-;t is froIII 7 to 10 tiIlll'S that 
of AI' shot of thl' saUl(' calil)(')". lIt'l'ause of tht, 
dt'veitlpII.,'nt uf II V APDS shot, IIV AP shot is 
ousuIL'Sl'l.'nt at presL'nt. 

2-212. Slurtl'd Projl'dIll's" Tilt' (apL'red-bore 
~un, (iring a ~,klI"h'd projectill' (figure 2-ll3d), 
offt'rs a Illl'ans fur thl' altai Illllt'nt of hypt'r­
velucity wtlhuut eXl"l'ediIlg l'UI"I'l'ntly eXisting 
limits on !"'Wdl'l'-gas pncssurvs and tempera­
'tun's. It product's this hypl'rvl'lul'ity by driving 
:1, lIght PI'OJI'dlll' of 10 III all dianwt,'r with thl' 
saml' lurcl' as that apphl'd by tlw powder gas 
to the l ' ,ISl' ul a ~tanliard PI'llJl'l'tilt'. TIl\' COlll­
ulllat ion ot taperl'd -bon' gUll and skirt,'d PI'O­
l"ctiit' PUSS!';';Sl'S an appreciable advantage ovel' 
thl' COllll)(lsik ngld :1I'rang!'IIlL'nt in thrtt the 
Cl'OSS-S"('! ional an'a of the proJl'C'tiIL' b dimin­
lsllL'd (with till' sallll' pl'nPlrator) and thl'dra[; 
col'ffiClcnt is (J;,I'l'l'by n'duC'l'd. 

Th,' original l'XIWriml'ntatioll was C()l1l','rrll'd 
with tIll' dl'vL'lopllll'nt of a t;un witn a tapel'l'd 
uon'. Howev,'I', thl' IJI'ucluc-tilJn I)f thes,' was 
impractical, and a standard bal'l'l'i gun, with a 
ta~)l'I'l'd adapll'r attachl'd by a screw thn'ad to 
thl' l'lId 01 the ll1uzzil', was uSI'd. This addi­
tlUnal length of tubl' also rt'suitl'd ill an in­
ereasl' in IllUZL',ll' vl'iocity, 

n"l'aus,' of tilt' us,, of thE' tapl'red bol'l' or 
adapter, standard III-: slll'll C~IUlOt bL' fil'l,d 
from a gun madl' to l:Sl' a skirted prnj<'ctih', at 
h'ast not without !"l'I\loving til!' ;]ctiptpr, a dls­
agreeabl" procedure undl'j' combat conditIOns. 
As a l'l'sult till' skirted PI'Oll'ctJk has not I'L'­
el'iv"Li sl'rious CllllSidl'l'alioll of latl'. 

2-213. HYPl'rvt'loclty Arnwl'-Pil'ITing Discard­
ing Sab~Aml\lllniti-un(iiVApi:5sj , V doc itics in 
nle~OOfps r,lIlgl' havl' bl'l'n outailll'd with 
hypl'rv,'l,lclty :lrmor-pif'I'Cing ctiscardin~ sal~.1t 
alllllluIlltion. In this typP of pruJc('(iit' (figure 
2-ll4) a carbidl' core, eIther capPl'd ur UIl­

capped, is plan'd inside a stl,!'l cr light-alloy 
shl'~tth to give' good I'xterlllI' ballistiC l'harac-

teristics, and tlli:s :subealibl'l' assembLy is 
plal'l'd insidL' a full-caliul'r carrier. This car­
ril'!' iii so d,'sigllt'd that it will illlJl~rt velocity 
and :-;Plll to thl' :-;ubralibL'r projeetile but will 
ue discardl'ci :1:-; it leaves the gun, thus allow­
ing th., suuealibl'r proll'etile to continue toward 
thl' targd uniml)('dcd by tIl\' eanil'r, ur Habut. 
Th,' sabot, tlHually made of aluminum, Illag­
nl'siu III -zi!'coni um alloy, or plastic, Illay be 
rl'iea:-;l'd frulIl tl[(' sub!l!'oJl,l'lil,' by a dl'vice 
arluatl'd by sdback, prupcllant-gas jll'l'ssure, 
OJ' cl'ntrifugal [orc,', The actual Heparati JlI of 
the sabot from 1I1l' suLJpl'oll'ctilp is al'ClllII­
plished mainly by centrifugal fOl.TL" air rI'Sil;­
tallce, 01" both. Thl' sabot, becausl' of its poor 
ballistiC shap" and itii low mass, lusL's velocity 
rapidly and kavl's thl' subprojectile free shortly 
aikl' it Il':wes the gUll. 

/,\ 

VjI\ 

. SABOT 

ALL PLAS11C TYPE / 

HYPeR- VELOCITY ARMOR PIERCING FIN SlA81L1lfD 
1l1~l"AHOI'lli SABOT, WITH CARTRIDGf CASE (HYAI'FSDSI 

Fi/illl"e ;!-84, Kindic cllt'I"/-:Y projectiles 
(11 VAl 'DS) 
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a. ~lt'thoc.Lc!Llnu)a!:!l!.llL Hotat io!!.: Ba~ieally, 

rotation i~ illlpart!'d to tht' SUbjJrOjl'd\lc by the 
frictional forcc bl'lwcl'n Iht' c-ubprOjl'ct ill' and 
carnl'r durinG Ihe 'l(·Cf.'I,'ratiun in th,' ~un. 

Furth,'r imiul'ancp of pl'OIll'r J'otati0n lllay be 
obtainl'd by uHinv; kllurlH at till' rl'ar of th,' ~ub­
proJl'ctile which, upon sctbaek, l'ngrav(' into thl' 
l'ardl'r; or by pinH which transmit the ruta­
tion from the carrieI' to thc Hubpl'Ojl'ctill'. Fn'­
qUl'ntly the subpJ'ujl'('\ill' is seat,'d on a tapl'rl'd 
surfal'l' in tl1l' crtrril'l'. ThiH dews not llIat,'I'l­
ally assist in 1I11parting rotation but dl)l'H Sl'rvt.' 
to distribute the sdlJack ~trl'S~l'S Illore ulli­
formly throughout thp l'~rri"r. (ScC' hgul'l' 
2-84b.) 

b. Method of Hl'IP!!.ti!!.l.b_ and_ Dis~:!r,~\Ilg ~'l!..: 
riel'. Three gl'lll'ral forms of rl'lpasl' Ill"cha­
niSlllS hav(' b"l'll u~('d to cnsun' adequate and 
intad handling bdore firing, and propl'r func­
I ioning afll'r firing. Thpse Illethods are the 
frollt-n'lease, rear-release, and saiJot frag­
Illl'ntation Illt'rhanisllls. Front-release mecha­
nlSlllS art' l'.las~ifil'd into two type's, the 1'('" 

ta lll\.'d -petal and the discardi'lg-petal typps. 
Til,' fonner rtcts much like a sprin~ colld in a 
!atilt'; Ihl' lIldividuai p('tab, WlllCh hinge at th(' 
1'001, uend at the hll1g-e undl'r til(' action of 
centrIfugal lorcl'':; and release the suuprojpe­
II!P. (S"l' 1l!-:1ll"l' 2 -tl4c.) The diSC arding-petal 
IYl'l' opl'ratt's by til,' action uf sl'luark-inctucl'd 
shl'ar forcl's on a narrow slll'al surface attach-
1Il~ Iht.' pl'lab tu Ihe sabut nnt' assl'muly (fig­
ure 2-!l4b). 

TIll' rt'ar-n'll'as, lllt'cllanISm" are onlInanly 
dl'\l,'ndl'nl upon It\o' trac.'r attacheci to the ,;uu­
pn)Jl'clIle tor rt'I,'ntlOn In Ih,' sahol bl'ft.)!'e 
finnp-. Tilli' tl'ac!'r i" usurtlly prnvidpd with 
sOllle form of IIp to willell !lIt' mo\,al>l • .' parts of 
thl' r('leas,' Illl'ch;)lllsm arl' attached. During 
hrlll!-:, some 01 the forcl' avallaull', in th(' form 
of srtuack, gas pressure, llr centnfugal forr", 
detachE's thE'se movabll' parIs (Quarter Hhops, 
diaphragms, spidE'rs, etc.), rtnc! I~avl's the s\.lb~ 
projectile freE' in the sabot. In thl' E'xample 
givE'n in figure 2-84a, thE' IracE'r, fast('ned 
to the subprojE'ctile rear sheath, butt~ c C:;1inst 
the fingers of the steel spider; thE' assembly is 
made tigl.t by screwing down the tracer against 
the spidel'. During firing the spider fingers are 
thrown outward, both by the setbark ring and by 
centrifu!;al lorcl', leaving the subprojpctilefree. 

In the plastir sabot design (figure 2 -84d), the 
relea~e of the sabot fruIll the subproJectilL-, 

and its dilScard, are achicvl'd by the fra~lIll'n­
tation d the plaslic ('arrier. ThIS fragllle'lta­
tion is (' aused by thc strei->iSl'S result illg fl'olll 
~'l'ntl'il11l~;11 forces. 

In tIll' front -rl'll'as(~ tYlll's and r('ar -rdeasl' 
tYPl'S dl's(l'ihl'd abovl', actual di~card of the 
carri,']' frulll the subproJl'l'tilt.- is caused by 
air dr:w;, wllir~h slows down the sabol faster 
than the subp)'oJcctill'. 

c. Exterior Ballistics of Sauot. }'rolll a 
. ------, 

Hardy viewpoint it i:,; n,'cl'ssary that the lethal-
ity of the sabot or its fragments ue minimiZl.'d. 
This I;; dunl' in two ways: dthl'r ~s::;uring that 
the Hawt will ureak up into Illal',y small, low­
l'lll'rgy fragmentl:>, whirh rapidly loose vl'locity, 
or by deiSigning to III illi mille thl' Ilulllbl'r of 
s('l'ondary fragments detaching- tlH'llwclves from 
the sabot. The first is a(,(,olllpli~ll('d uy the 
aU-plastie sabot, and the second by thL' re­
tained-pdal type. The disearding-pdal typP 
is dangerolls Ul'CallSl' of the high kinetir ellcrb"Y 
of the detal'hed petals; this type i;; 11{) longer 
udng eons ide red. 

2-214. Arlllor-Pil'l'l'!E1L..Qise~!~.!..!.!!i~~~FiJl­
Stabiliz('d Shot (HVA'?FSDS)J In order tu reach 
vl'lorities in thc5-;000-6,OOO fp::; range, a dis­
carding salJot, fill-stabiliz,'d projccti Il' of the 
AP vandy has been developl'd. TillS HVAP­
FSDS shot consists of a solid steel shaft, ap­
proxllllately 7 to 10 ('rtlibers in lC'ngth, with 
eonvl'ntional oglVe; till' borp to subca' 'lH'r ratio 
is about 2.2~), The projeetile employs a four­
se!-:l11l'nt steel disrarding sabot, four-blaoed 
aluminulll tail, "Ilel aiuminlllll, Ill'edlp-nosl'd 
windshield. Launching is accomplislH'd from a 
sl)looth-uore b:u'rel. B,'CaUSl' of th,' l'xtrellll'ly 
high muzzlE' velocities involvpd, thl' BV APFSDS 
can outperform AP, BVAP, and HVAPDS am­
munition of cOlJlparrtble caliber. Cost is ap­
proximrttt'ly double that for cOIlvl'ntional AP 
shot, but only olle-filth that for an BV Al'DS 
!'ound. lJespite its excpedingly long length, the 
projl'ctile is relatively eifil'it'nt. At prest'nt 
it is still in t~!e dcvl'Lopml'ntal stagp. 

ARMOR PLATb FAILURE 

2-215. Armor ClassifiratiOIl. The following 
c:aHsifirationH are thosp llloSt eommonly uSl'd 
bJ the ordnance departllH'nts oi the United 
Statps and GI'eat Britain. In gl'lll, .. :,l, the COIll­

mon cla,;sifirations H'fl'r to th,' hardness of 
plat>'s, and distinguish Ul'tW('l'n fal','-harLipned 
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and homogeneous tYIlt's. Plates lIIay lJe wrou~ht 
or cast, with pn:ference usually given the first 
typt' unless complicated shapes are required. 

2-:.l1(i. Face-Hardened Armor. This elass ill'­
cludes all armor which ha.<; a hard fact' COIll­

lJilll'd with a soft,,,· back. The U. S. Navy 
designates fact' -hardened platl' as "Class A" 
armor, but tlus term is usually l'l'stril'led to 
plate mure than 1 1/4 inchel; thick. J.'OI" light 
plate, the tt'rlll "face-hardellL'd build proof 
(FHDI?)" is sometimes used. 

Mcthod of. Production. The hard face may 
be produced lJy carlJllrizing, in which case it is 
called celllentf'd arnwr (British CTA, Ct'lIlented 
Tank Arlllor), or by dl'crl'IlH:nlal hardening, 
indicat('d lJy the term "nOlll'Clllcnll'd arlllor. ,. 
Armor which has ul'en both carhurized and 
decl"ementally hardened is sonlt'timcs desig­
nated as Krupp armor. 

Function. The function of the hard face is to 
break up the attacking missile, while tlil'softer, 
tougher back is designed to prl'vent the plate 
from c racking or spalling. If il performs this 
function, this type of armor is gl'nerally su­
perior to other types of armor in its resist­
ance 10 perforation. It is the most diffiC'ult 
to manufacture and consequently the most ex­
pensive. 

2-217. HOIl~~neous Armor. As the na'ne im­
plie'i, this class of armor has the ::;ame hard­
ness and composit iOIl throughout. This type is 
designated by the U. S. Navy 'Ul "Class U" 
armor but, as in the case of Class A armor, 
the term is usually applied only to plate more 
than 1 1/4 inchl's thick. Clat1s B armor, speci­
fied by the U. S. Navy Bureau of Ships for ship 
structures, is known as "SpeC'ial Treatment 
Steel (STS)," The Br:tish pquival(,llt of Class D 
armor is designated "NC," meaning non­
cemented. 

Types of Homogeneous Armor, At times a 
distinction is made, p2rtiC'tllarly lJy the Brit­
ish, between hOlllogcneous hard plate and homo­
geneous soft platl'. Homogeneous hard plate 
usually has a BHN (Brine II hardness numlJer) 
between 400 and 475 and, like face-hardened 
armor, can be m:1.Chined only with specialt001s. 
As a rule it is used only for light armor and 
may then be palled "Bullet Proof (HP)." Homo­
geneous soft armor commonly ha:i a BHN be­
tween 200 ar.d 350 and usually decreases in 
hardnest: with increase in the thicklll'ss of the 
plate. This type is referred to lJy the British 

a::; "Machinable Quality (MQ)," Thl' u. S. Army 
usps hard hUIllOr,l'hl'UUS plate for SUlIll' apph­
('::ttions. At pH'sent it is used primarily for 
aircraft. 

2-218. TYPl'S of Armor Plate Failure. Whl'n a 
Ilonddormmp: prlljedi Ie Ill'rfur.tles -armor plate 
at normal II1cidl'nce, the plate matel"l~l must be 
!"l'moved in either of two ways: (1) by plastic 
flow, in wIndt thl' :11('tal is dIsplaced axially 
(parallel to the din'diun 01 mutiun uf the: pru­
jl'ctiil», anri radially (perppndicular to the di­
l'eclion of motion of tllC' projcctIlc), most of the 
lIIatl'rial remaining ill one pil'ce alld with only 
minor armor fragments bl'lIlg broken off; or 
(2) by drivll1[: or sl\('aring out a C'olllparatively 
undistort.;d pi.;ce of the plate. A plate failure 
wlmh is primarily of type (1) 1S lermed duc­
tile, while those of type (2) are referred to as 
plugging. 

2-219. Ductile Failure - Petail!E.l:;., (See figure 
2 -85.) When a hard armor-piercing prOjectile 
otrik,'s a relatively soft plate whose thickness 
io equal to or slightly greater than the caJiber 
of the projectile, the first effect is a plastic 
deformation of tlle plate surface in both axial 
and radial directions. The material, flowing 
tangentially away from the projectile, gives 
rise to front petalling. The axial flow causes a 
bul~e, on the front surface of 'hl' plate, sur­
rounding the point of impact. The material in 
this bulge is under con'pression radially but 
unuer tellsion tangentially. If the tangential 
tension exceeds lhe t€'nsile strength of the 
plate material, radial cracks develop in the 
bulge, the portion of tht:' plate in contact with 
the prOjectile is bent away from the axis of the 
prOjectile, and front petalling results. !I the 
plate is hard and not suffiCiently ductile, these 
petals may break off, while on a more ductile 
plate they remain attached to the edge. As the 
prOjectile continues to penetrate the plate a 
bulge develops on the back surface, followed by 
the development of star cracks. As the pro­
jl'dil€' passes through the back of the plate, 
petals are formed. In perfectly ductile pene­
tration, the petals remain attached. The "wip­
ing off" of the petals is the first indication of a 
tendency to brittle failure. The energy :-e­
qui red for ductile penetration varies approxi­
mately as d2t, where d is projectile diameter 
and t is pLat€' thickn,~ss. 

2-120 CONFIDENTIAL 



l. 

CONFIDENTIAL 

BEGINNING OF FORMATION OF FACE PETALS 

------........ 
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FACE PETALS FULLY FORMED, BEGINNING OF BACK BULGE 

FORMATiON OF BACK PETALS, COMMENCING WITH 
A STAR CRACK AROUND POINT OF SHOT 

Figure 2-85, Attack at normal - from 
"Armour for Fighting Vehicles" 

2 -220. Spalling. In general, spalling (figure 
2 -86) refers to the removal of plate material 
from the front or the back face, leaving a hole 
somewhat larger than the diameter of the pro­
jectile. It may consist of anyone of the follow­
ing types, or a combination of them, such as 
(1) the detachment of petals, (2) the removal of 
a thin circular disk, or flake, from the back 
face, or (3) the ejection of a roughly conical 
section causing a gradual increase in the size 
of the hole toward the rear (usually called 
plugging). Spalling is apparently initiated by 
shearing stresses, which cause slipping be­
tween adjacent layers of the plate material. 

A( tlnleS a eUlTlpll'll' C Irrular disk, or hutton, 
having a dlamf:lpr !<l'l'aler than thHI of tlw pro­
jectile, is thrown off as a unit from the back of 
the plate. More often, huwever, st;lr-sh;lped 
cracks an' developed and pptals formed before 
the disk is ~·cnlUved. It should be noted that 
this type of failure may also retiult from lami­
nated armor platt', that is, armor pial!' which 
hat; built -in plalH~s of weakness parallel to the 
direction of rolling. It is important when I'val­
u;lting a project ilt' to be sure that any spalling 
failure that results is not calisI'd by a defective 
target plat,!. 

SEPARATION 
INTO LAYER 

INITIAL STAGE OF SPALLlNG, SHOWING BEGINNING 
OF SEPARATION OF LAYERS 

INTERMEDIATE STAGE OF SPALLlNG: SPALL FULLY 
SEPARATED FROM PLATE EXCEPT AT EXTREME EDGE 

ROUGH 
PORTION 
FAILED IN TENSION 

SMOOTH PORTION C 
FAILED IN SHEAR ONCAVE 

EDGE 

FINAI_ STAGE OF SPALLlNG: SPALL THROWN FREE OF 
PLATE, INTERNAL PETALS NEARLY COMPLETED 

Figure 2-8Ii, stages;lI the forma/iOt! of back 
sf>ai/s - from "Armour for Fighting Vehicles" 
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2 -221. J~~gll1f:. In thi~' tYIl" (11 [:\lIIH'" (figuJ'{' 
2-87), a plUI; (11 OlI'Pfll}(illl;1t,'ly "ylindl'ic:ll s,,~­
tinn is pUIII'ht'd out nl the platl' ahl'ad llf till' 
atLIC'kinl,:' lllissll,'. It I.'; thH'kt'r tl1:lll a disk alld 
has :l ctiamdpr whic'h varips from abollt UII('­

third the diallu't,'r of ttl<' l1l\ssilt' to its full 
diamPlpr. l,i\\L' dlskin"" till' lik,'llh()od of plUI~ 
fC'rmatio[l ine/'{':1;;('S with til(' h:li'dnt'ss of tI\l' 
platp, As tilL' hOlrdnl'ss is inC'l'("I:wcl, th" pro­
jpdile has morC' and I1lm'(' rlif;IClllty In p\I:c.h i Iii', 
till' platt' matenal asick anri th,'r .. is I;r('at,'r 
t<'ndt'lll'y tn push it fl>!'W.Jld, This ('j" at(':c. 
siwaring stn'ssl's in fl'ont of (Ill' prOj,'dlll', 
Hnd,'l' tllp i!lOut'nee of tht'sP'itl't'ss','s, tl1<' dl"­
formation slIddt'nly chanl;' , Il'llill 011<' III t.h .. 
plastic type, UVlT a C'un",<il'rabll' \'"llinH', to 
onl' that is confllwd to a \'('1':; Harrow )'l'I;IUIi 
surrtlulldmg a sur(a('(' of m:l:<.II1lUlll slH.'ar 
stn~ss. llllllally, slwarin,: IS nut ('onfilwd tu 
thi~ surface, .but is Ilwrl'ly greatf','it at tlw; 
surfacl'. TIl!' ddorll1ation, howevl'l', lakl';; plan' 
at such a rapid rat,' that Ilttll' heat cllnciucilOn 
can tOlk" place. A~; a l't'sult a conslcil'ralJll' 
tt'mperaturp risc oC'curt; at the surfacp, wh"1 p 
shear stress ami the r(,Hulting strain 18 al a 
maximum. It iH (,Htimateci that for a IllP:tn 
sh('aring stn'ss of 100,000 psi, tlll'n' i::; a tPIll­
peratun' l'iH<' of 200°C pl'r unit of sht'ar strain. 
This inCl'e<lHed telllp<,raturp reciucl's till' strl'SH 
requlrE'd for dE'formatit)n and thus f;lcilitall's 
further deformation. Once .,tarled, tin' proce~s 
is unstabll', :';0 that the plu!,: llH'rt'iy slips out 
of the plate. With pIa\(' 01 Ilwd!'rat" hu'dnpss 
then' is usually some ductiit- Iwnetration be­
fore the statE' of slwar instability is I'l'achl'd; 
III fact, the first Indication 01 Huch 1!IHtability 
is usually a "wiping off" of tl)(' pl'lals from tht' 
back face. As the hardnc<;s is inr rp:tsed, the 
unstablE' conditIOn iH l'f'aclwd at an ('arlier 
stagp and le:';H dUdil" pt'nf'tration occurs. Even 
though the imtial resisting force iH larger for 
the harder plate, thIS may be mOrl' than offset 
by the lihor!f'r time required tf, l'","'h the con­
dition of unlitable shear. The energy required 
fur a shparing type of pE'nptralion is approxi­
mately proportional to dt2, where d is pro­
jectile diameter and t is plate thlcknp,.;,.;. 

2-222, tId Ratio. 15 An important ('ollsidpra­
lion in ei"eterIllimng the typt' (If pt'IlPtratlOll is 
the ratio uf thl' armor 1I1lcknpss til til., pro­
jectile dianwter (th!' !/d or ",d r,ltlO), WIlt'1l 
the t/d ratio is g,'pater t/lan om' (arTllolr 111"'('­

matches tlw Prt'j,'ctilf'), th" [H'nl'tr';\tlOll ("II,h 
to be effpctf'd by :\ dud d.' !JU~;llIll,~-asld,' IIll'I'h-
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Fi~1I (' :!-H7. Plate i(iilun' ill shellY 

ani SIll, if the Pl't)jt'cti It' is rl'lattvdy ;;hal'p­
l10seri and remains int;H't. II It shatters, plul,:'­
glllg m:ly abo take plan'. He!al.vely sharp­
Ilo::;ed shot :trl' 1II0St effective, and the rpsist­
alice D( thl' arIllor inc reo.sct' as its harrine:;s 
increases, up tu a point where bl itlle iailures 
,.;0t in. When til(' tid ratio is Il'HS than one 
(armor uncternutch€'s proj€'ctil€'), the penetra­
tion ll'nds to be effected by the pune hing or 
sheaflng out of a plug of armor in front of the 
shot. Relatively blunt-nosed shot are llIost ef­
f€'ctive under this condition of attack. Plugging 
is more likely to occur lor very hard arlllor 
than fflr armor uf conventional hardnpsH. Thin 
plate failure, huw€'ver l i:-; not restrided tu 
plugging, sinC'e :,;harp-nosed projediles may 
produce the ductile type, The effert of the t/d 
ratio can be explained as follows. The energy 
required for ttudtie penetration (ED) iH pro-

3 t portional to ri (d) whilf' the ellf'rgy for a pl\]g-

ging type uf pl'netratiun (Ep) is proi-'ortional 

to d3(a)2. The ratio of ED to Ep is rTd' and 

Ep = t ED 

11 w(' HOW aSHullW that penetratIOn will occur 
hy th" lllod" requirinl,:' tIl(' \,':1s1 ('nerb,)" it may 
t)(' S(','II that for ~ less than U!ll' a plugging type 

2-122 CONFIDENTIAL 



CONFIDENTIAL 
of penC'iration would bp ('xjJl'eil'd, whilt, fur val­
ues of Vd gr"atpr than OIH', til(' penetration 
would tend to be ductih'. 

2 -223. rracking, In general, a platt' fails 
locally at tlH' point of impad and is jJprma­
nently de[orl,ll'd only ovpr a limited rl'gion. 
Occasionally, howI'vl'r, brittle fracture eamWH 
damagl' to thl' "ntlrl' platl'; cracks urigillut£' on 
the inner face opposite till' point ()f impact and 
propagate to ,he pdgps of till' plate, thus Hl'P:l­
rating it into sevcr:ll largp pil'ccH. This is u 
result of illlproper heat treatment of the armor 
plate. 

2-224. ~l!lte YitJrations. Theories on platl' 
Vibrations cJ.aim that immediately upon impart 
a pressure pulse originates at the nose of the 
projectile and is proi'lgated through th .. armor, 
in the form of a cOnlvressillll wave, with a 
velocity exceeding that of the projectile. Bl'­
Cause of the multiplt' reflections of this wave 
from tilL' faces of the vlate, the region near the 
projectile is assumed to be in a state of steady 
plastic flow. As the force of thE' prOjectile on 
the plate is maintained, the platp tpnds to move 
forward as a whole. If it were perfectly rigid, 
the entire plate would move forward as a whole. 
Actually, the portions of the plate near the pro­
jectile will be displaced more than those fur­
ther away. The result is a transverse wave 
which travels radially outward from thE' point 
of impact. In the region beyond the plastic 
flow, this waVe consists mainly of an elastic 
distortion. Thus the motion of the projectile 
may be considered to take place in two ways: 
first, by penetration into the plate; and second, 
by displacement, together wilh adjacent plate 
material, due to elastic distortion. The effeel 
of the elastic distortion is to absorb part of 
the kinetic energy of the projectile. This leads 
to an inert'ase in the total energy required for 
perforation. 

FAIL.:URE TO PENETRATE 

2-225. Reasons for Failure to Penetrate. Fail­
ure of AP shot to penetrate, when fired at a 
plate, is usually caused either by lack of suf­
ficient hardness, insufficient killf~tic energy, by 
ricocheting, or by shatter. If the shot has in­
sufficient velocity it will achieve some inter­
mediate degree of penetration and then may 
rebound from the plate. If the shot shatters it 
mayor may not succeed in perforating ~he 

plat", and at the won;t ttl!' solt' d;l'lJ:\~" lIlay h., 
a Iw~~lIgibll' slwllow <,ratl'I'. A sh;]ltt'!'l'd 1'1'1)­
jel'tilt, will requir!' c'ollsld"ralJly IIlI'r!' .'IIII'IW 
to pPllPtl'ate, at loW and 1I1it'l'l1ll'di:lt" ubllqUI­
tit'S, th:ln 0111' wlli<'ll rt'lI1ains int;ll't, ,'xl't'pl 
against Ulldl'rrnatching plait, OIl high IlbI1'llilty. 

2 -226. ~1~,tt'I'-' The shatt,'!' 01 a silo! uHIlally 
bl'gins with ('ollapsl' of tht' Ill'~'" and til\' Int':lk-, 
ing up of thl' sllllt into small pll'I'l'H. If tht' "hot 
shatters whl'tl tI\l' P"lIl'tl'utlOll is allJlost rOIl1-

plptt', thp fragnH'nts nwy IJrt'ak itlrougli and 
complete \l\l' perforali.m, This i~; l'olilltpd a1-; ~l 

succcss, sincl' thl' shower ()[ fr;l!(IlH'l1ts may UI' 
mure damat'in~ than :l singl!' silO!. l! til{' shot, 
particulady the tungHtf'n ('admit' ('urt's Ilsl'd in 
hypcrvelocit~ prOJectiit's, ('an be Sl) d.'si!(llPd 
that thc nose will hold togdhel' wlH'1I tI)(' burty 
shatters, the chanc{'s of sUC'Ct'ss[ul pl'dol'ation 
are p;reatly improved. The usp of all ar mur­
plcrcing cap rpducps tlll' lJl'ah ilH'rttal (Sl't­
forward) prcbsures on tht' nose of the shot in 
the early stagps of pClIl'tratioll, and thus helps 
prevent the shatter of th(' ogive s!'ction of the 
projPciilc. The pli f'J\ol1lo,'JTl of bhalter IS not 
yet fully understood and it produces difficult 
problems for thf' designer. 

2-227. Effect of Velocity~ The behaviur of a 
given type of shot can be usefully represented 
by a pha::,e diagram which relates thl' sucC'ess 
or failure of the shot at a constant angle of 
attack with the variables striking veloc ity and 
plate thiekncss. Figure 2 -88 shows a hypo­
thetical phase diagram which may blc' used to 
illustrate the possible modes pf behav ior of a 
shot. It is used merely for iUustratton; many 
variations of it are possible ill practice. It 
shows that for a given thickness, marked by the 
line XY, it is possible, as !:I'll' velocity is in­
creased, to pass succt'ssively through phases 
of (1) failure due to low velOCity, (2) success 
with the prOjectile rt'mailllng intact, (3) suc­
cess with shattAr, (4) failun' with t;hattf'r, (5) 
high velocity sUCces<; with shatter. It may be 
seen that increase of striking vl'locity does 
not necessarily increase the chaneI' of suc­
cess, and lilat opti mum values of striking 
velocity may"exist. 

2-228. Effect of Obliquity. The obliquity of a 
plate or the angle of attack of a projectilt' is 
defined as the angle between the tangent to till' 
line of flight of the projectile and the normal 
to the plate at tht' point of impact. As the 
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Figure 2-88. Phase diagmm for repn:sClItatil'l' AP shot (F =failure, S ., success, 
H. V.S . ., high-velocity success) 

obliquity increases from 0° to 20° little change 
in the mode of penetration is noticed. Up to 
20° plugs or disks and other fractures occur 
as for normal attack, though it is observ'c',1 that 
the axis of the hole makes an angle with the 
nOl'mal o.t about one-half the angle of attack. 
At 30° marked differences in the mode of pene­
tration are noticed. These have an important 
bearing on shot design. Only the normal com­
ponent of the kinetic energy appears to be op­
erative, so that the striking energy is effec­
tively reduced by the factor cosine 1'. Plugs 
that are detached are approximately elliptical 
in shape with the minor axis equal to the di­
ameter of the projectile and the major axis 
equal to this diameter times the secant of the 
angle of attack. 

2-229. Bending Stresses Due to Obli~ At 
oblique angle of attack the projectile is sub­
jected to severe bending stresses which are of 
great importance to the designer. At impact 
the plate reaction tends to turn the shot away 
from. the normal; as the plug begins to shear, 
the plate reaction weakens, and the thrust on 
the opposite side of the nose increases. The 
shot begins to rotate toward the normal, anti 

continues to do so until the body of the projec­
tile, now partly through the plate, impinges 
abruptly against the wall of the cavity. At this 
!lOint the shot may fracture as a result of the 
tensile bending stresses. 

2 -230. Ricochet. At still higher angles of at­
tack there is an increased tendency for the shot 
to ricochet, leaving behind it, on thick plate, 
a groove called a scoop. The behavior at high 
obliquity depends greatly upon tne nose shape; 
shot with pointed noses are more easily de­
flected than blunt headed shot. A truncated 
ogival nose for AP shot is being considered 
and a double-angle nose for thp tungsten car­
bide cores used in hypervelocity projectiles is 
in use. 

PREDICTION OF EFFECT (PENETRATION 
FORMULAS) 

2-231. ~~c:ific Limit. Energy.16 It is often 
cOllvenient to discuss the perforation of armor 
plate in terms of the "specific limit energy," 

which is nefllled by the expression WV 12 /d3 

where W is the weight of the prOJectile; d is 
the diameter of the proJectilp., that is, the 
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caliber; and V 1 i~ thl' balli~tic limit. ExpPri­
nH'ntal J'('t;ult~ may bl' dl'~criued vy formulas 
('xprl'~sinl~ WV 12 !d3 as a function of ('/el and " 
wlll'n' I' is plate thickness, e/d is plate thick­
ness in calibers, and (I is obliquity. 

WIll'n WV12/d3 i~ plotted a!!;aillHt I'/d, the re­
sults for a parlicul;lf combination of projectile 
and plate maknal and a particular a II!!; 1(' (I will 
be found to lit' alon!!; a ('urve or band, tht' wiclth 
of thl' band I'l'prl'~('nting the scattpr of the rp­
suits. )<'or a diffl'l'!'nt an~ll' ., a different band 
will be found. TI\(' advantagp of ~Ul'11 a clmin' 
of variablt':,; is that it rl'duces till' r('suits ob­
taincd with all sizes of projcctileH to a common 
basis. TIl{' fact that this pr.ocedure is possible 
without much error nwans that then'. is little 
"scale f'fleet" in armor pprforation. Howevl'r, 
the scale effect, while small, is real and iH in 
the direction of decreasing WV 12 I d3 with in­
creasing d. 

2-232. The General Penetratioll Formula. Ex­
cept for minor c'orrections, all ('urrent per­
foration formulas have the following general 
form: 

WVl~ = f(~ ;t<; "1; ~~; '" 0.0 ' .:J.l""'i) 
d3 d,' 2 d 

whC're 
W projectile mass 

limit velocity 
maximum projectile diameter 
plate thickness 
angle of incidence ((.vliquity) 
density of piaU> nuterial 
density of projectile matprial 
dimensions specifying prOjectile 
shape 
measures of strength of plate ma­
terial 
general function of the quantities 
on which limit energy may de­
pend. 

This equation is based upon conformity to the 
pnnciple of 8imilitude, and expreS8es the limit 
velocity as a function of all the ballistic par­
ameters necessary to fully specify the impact. 
Th!> simpler equations are derived from the 
basic one by making assumptions as to the be­
havior of several ()[ the paramptprs, or hy 
limiting the conditions in order to eliminate 
dependence on spvpral llf the parameters. 

2- 233. PI'net ration Formula i2Y DI' Ma rrt' and 
hy Thol1\-I-)~tllJ-.1/j --It -ti:ls-b(:("j1 founel Ihat 'l1Iosl 

obs~rv'ationson armor pprforatiol\ in which the 
prC'JPr.till's an' not sl'vl'rl'ly dl'lornll'd can be 
reprps('nted fairly well at obliquities Ileal' the 
normal by a relation of the form: 

WV 12 = n(tf 
d 3 dl 

where R is dell'rmilll'd chil'fly by the ~tl'l'ngth 
of thl' plat!' matprial and n has a valul' betweell 
1 and 2. If II is !!;ivl'lI thl'valul' 1.5 tllP DeMarre 
formula, in usp by Il\(' Army Ordnancl' Ot>part­
mellt, is the r£'sult. The value n = 1 gives ('s­
sentially the Tholllp,.;()n formula lI~wd I'xtl'n­
sivl'ly by the Navy Burl'au of Ordnrtncl'. N('itlll'r 
of thl'sl' forms fit!' thp ovsl'rvations OVI'r a 
vl'ry widl' rang!' without l'hanl~inl-\ R. In fact, 
for a given projectile and plate matl'rial, tlll' 
vehavior cannot bp reprl'sented OVl'r l'xtrl'nw 
rangl's o[ V J and tid by anyone sl't of values 
of Rand n. 

R may sometimes VI' exprl'ssed as a functIOn 
of the tid ratio by the following ('"uation: 

log10 R = a + V ~ 

where a and v are cOllstant for a given projec­
tile at a spec ified obliquity. 

2-234. Ballistic Limit. The ballisti(' limit is 
used to C'valuate the performance of armor 
plate or armor-piercing prOjectiles. Ballistic 
limit is loosely defined as "that velocity at 
which a given type of projectile will perforate 
a given thickness and type of armor plate at 
a speeified obliquity." In actual hrings it is 
found (1) that it is notfC'asible to control pro­
jectile velocity extremely closely, and (2) that 
for a serh,s of projl'e\ijes fired at an appro­
priate constant velocity some of the projectiles 
will completely penetrate (ppr{,)rate) the plate 
and the remainder will not. This gIves rise to 
a zone of mixed results, which may bp df'fined 
as "that range of velocit:es in which oath com­
plete penetrations and partial pl'netrations an' 
obtained." 

2 -235. Definition of Pl'rforation. Thrpe defi-
nition8 of complete pcnetration are commonly 
used in thi8 country. In order for a tallistil' 
limit to have meanin~, it is necl'ssary thllt till' 
definihon used be spec ified. Thes.' definit ions 
art': 
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, 1. ~r~~ A rOll1l'll'Il' Pt'lll'! raliun 11' :lIIy 
pl'nptralillll throut!,h wlllrh at It,"tit a 11IlIhull' 11\ 

li~ht or thl' prnil'rtiit' Illay bl' tiPt'll from till' 
rpar of thl' platt'. 

2, ~:IV}' - A pumplt-k jll'lll'tration is uIJ­
tainl'ct wlll'll till' jI)'oJl't·tiie or a major pllrtioll 
of the projl'l·tih' pas,-;I'S thl'ou~h the plat 1'. 

3. '!~rol(,l'JioJl - A (,tllllpit'lt' pl'lldratiol1 n; 
obtain,·-ct whl'llt'vl'r a fragllll'nt or fra",lll!'nt~; o[ 

either' tilt' illlpacting projl'('lih' nr thl' piait' an' 
l'jl'clt-d from till' I'ear of till' platl' with suf­
hril'nt t'1ll'I'gy to pl'rforatl' a thin mild-st!'l'l 
plait' (about 0.020 inch) or I'quivall'lIt sc 1'\'('11, 

plarl'd (at ttl(' diserl'iion of till' prot]f uffi('t'r) 
paralld to and appr,)ximakly 6 inches rear­
ward ol the platt'. 

2-2311, CritH'al Velt1('it}" Thl' nri!i~;!12l {'val­
uat,' the' prl'[lIrmaI1Ce of <lI'IllLlr-pie'reing prll­
Jl'rtiles III terms of a ('ritical velocity, whIch 
cnrrpsponds tLl our ballistl(' lilllit but dilf"rs III 

lllrthud of cOlllputatlOn, The rrilil'al velocity is 
ddlllC'd a:-; that velonty at which till' pro]l'ctih' 
will Just pal's thl'llllgh thl' piatp. It is l'omput('d 
by firing S('v(,l'al proJl'ctilps at veloritips :-;uf­
fici('nt to pl'rfuratl' with somE' residual vl'lol'ity 
after perforation. The ('ritieal vpjocity, V, the 
striklllt!, v('loclty, Vo, and thl' I't'sidual vclority, 
V 1, Will be related by the following equatiun: 

V2 = V 0 2 - s V 12 

where s is some empirieally deter milled ('on­
stant. 

If V 0 2 is plottt'd against V 12 for two or more 
firing re~;ults, the points will lie on a straight 
line. V2 ean be found as thl' value of Va 2 when 
V12 equals z.ero. This method is applicable 
only to projectiles which nmain intact during 
perforation. 

2 -237. Analysis by Statidical Method. If a 
curve of percent complete penetrations versus 
velocity is plotted, it will usually be found to 
follow closely a normal probabilIty curve, thus 
making possible the analysis of the data by the 
usual statistical methods; that is, a mean value 
and a standard deviation can be found. Ideally, 
a probability curve could be plotted and the 
necessary data be obtained from this curve. 
Practically, however, this is not feasible for 
the following reasons: (1) in up-and-down test­
ing the size of the step (interval) cannot be 
accurately controlled; (2) the number of ob­
servations that may be made is generally small 
In number, because of the projlibitive cost of 

lal,~,' lIumb,')'s of ol>sl'l'\'atWJls or IlI'caUSt' o[ 

tilt' I1l1l1lt,d an'a ut a slnf~I,' Llrgt'l piait-. 

2-23H. Approximatlun uf lIallislll' Limit. AI" a 
\'(':-;1111 (;r till' illlpractll':lhlltty 01 Illakillf: a larl:I' 
numllt,l' Ilf ubs('rval iOIlS, It ha:-; 1)(,,'11 [lllllld 
Ill'l"'Ssary to dl'vdop ml'llH)(is IIf apprllxllllalillf~ 

tltt· balllstir 111111\. Sl'v('l'al of till'st' ml'lhoti:-; 
fullllW. It will Ill' Ilot,'d that all of til,' mt'lh()dI' 
PJ'('st'lllL'd an' tiSI'd III appflJxilllatL' thl' Ilwdi:lI' 
or V -flO Plllllt (thl' VI' I(),' ity at which tlll'n' is 
('qual pl'()\Jahility of CLllllph't,' IIl'lH'tl'atllJll 01' of 
1I1l'()lllpldt' pt'Ilt'fl'atlOn). Oth('1' ballisti\' 111l1l\s, 
used prlmartly fur till' t'valuatlUlI of :U"llIu!' 
plat", arc ill \!!;l'. Tlw};(' approach tilt' V-U 
point (maxllllum vL'loeity at whirll IW ('lJlllplL'll' 
Jll'nl'lration can bl' l'xpl,t'tt'd) 01' till' V-lOU P()lIlt 
(1111llimulll vdority at Wllll'il lUU perl'l'nt P('r­

f()l'a\1nll is ubtaincd) l'alht'r than the V-50 point. 
Thl':-;l' llIethods, as wdl as sl'vl'!'al others 
wtlldl are not of primary inten'st to tlll' am­
munition dpsi~ner, are presL'llted in "Mpthods 
of CUlIlputin", l3allbtir LImits From r'irlll~ 

\)ata," availablp from th(' Dl'Vl'lopllll'llt and 
Prool Spn'irl'!;, Abprueen Prllving Grounct, 

2 -239. Rt'prodll('lbiltty of Results. In conduct­
il1~ firing tests-for tti;ctl>i~rminafion of bal11s­
tic linllt it b just as important to u!;p targl'l 
plate of uniform charartl'ristics as it is to use 
prOjectiles of uniform charartpristics. Results 
will be reproducible only when characteristics 
of both armor and projectile are recorded and 
reproduced as carefully as possible, It should 
also be borne in mind that, due to projectilp 
shaltpr, curves of percentage of complete pen­
etrations versus veiocity may show two or 
three peaks or even regions of disrontinuity. 

2-240. Computation of Ballistic Lirnit.l 3 

SymlJols and Abbreviations 
BL ..•. l3alli~"tic limit 
PP .... Partial penetrations 
CP .. ,. COlllplete penetrations 
V A •••• Avprage of all velocities in 

zon(' of mixed results 
VHP .... Velocity of the hiGhcst PP 
VLC .•.• Velocity of the lowest CP 
:i V •••• The sum of the velocities of all 

rounds in the zone of mixed 
results 

Np ..•. Number of PP in zone of Inixed 
results 

NC .... Number of CP in zone of mixed 
results 
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a, :l Cl' and :11'1' Wltliin 1 ~)() fl's, 

1. t'lrillg nll,lhlld, »;Illplp~ III' and-down 
II rllIg 1111'1 hod unt i\ ~I I; I' ,I lid :1 P Part' 
obtalllt'tI Witlllll il ~pr";ll! pf lr,O fl''''. 

~~. ~l£l!l~!cl "of_(,~)~ll'l1t;t!~l)II, A\','J';l",' of 
til!' v clo('i I Il'S of Ihl' 3 IIIw,,:-;1 C P and 
tl1l' 3 highcst PI', 

3. U~es. MClst armor d,'v"'oplIl\'nt Pl'll­
l:raIllS; :lisa pnl)"!'!il., I.'st pl'llgrallls. 

4. NUlllbeJ' of I'oullds invllh.'(l. II to 10, 
-------~---~- ~~ . 

5, ~(lIllI1\l'I.l.t'_'~ P t' I' III I S s, lJ I,' - VdlH·ity 

sprl'ad Illay U(' l1H1cilill'd tll, for I'xalll­
pll', 100 Ips, 

U. 3,~Y an~ a I'll, Wghl.!l..l0\L!.I2<;~lll'lJ'LaJlk-= 
ford Ar~l'nat. 
~ .. - ---
I. FInng m\'lh,'d. EllIplllY up-;lnd-lioIVII 

;li"tfi',ld-ulilll :f CP alld :1 PI' art' \lb­
lainl'tI w,thin a sjlJ'(';i(1 of 100 fpc:. If 
7.0Ilt' nf rnixl'd result" it; greatl'!' thall 
100 fps, fin' addit!(lnal rounds III nb­
laill a minimum of ~I CP and :1 I'P 11\ 

Ihp mix,'d ;',(>l1l'. 

2. Ml'Illlld of ClllllJHILltiol1, 
a.-il ll;);lll-X-Pct -"'OIl\' -I~ llllta I nhi ;1\'1' r­
agp Ihl' "t'l()l'itil's of tl1l' lol\'t'st CI' and 
Ill(' 11Igi>I'st PI'. 
b. If thO' 7,0 Ill' of mil\l'd results is ks.'i 
th,ll! 100 fl':-, a\'l'I'a~,(' tilt' \'l'llll'ilil'~ of 
till' a low,'sl C P alld tIlt' 3 hi 1~1lL':-;1 PI'. 
(', If th .. mixed 7,U11l' i::- bdwl'\'11 IOn 
fpt; alld 250 fps: 

(1) If till' numbpr of P P ill till' 
mixl'd zonE' ('x(,ppds thl' numbpl' of 
CP, 

(N'p - NC) 
ElL =' VA • (Np-"tN

C
) (VHP - VA) 

(2) If the numbe!' of CP in till' 
mixpd ZOI1l' pXC'Pl'ds tIll' I1UIllIIPI' of 

PP, 

BL = V A - (_~-~J~ (V A - "'Lt.:) 
(NC + Np) 

3, !:l?ps. Tests of projpl'lill's. 
4, Number of round,; ;nvolvell. 7 to 14. 

r. ~~fjiocI~)fM~-0':-G:ii~~likdilio~!l,I~I' I3HL 
Technical Notl' No. 151. 
-~--.- ---_ .. - - - -----

1. t'iri~_~~th~~. Employ up-and-down 
method. 

2. ML'thl>.cLEl _('(!.!!11JUtation. Mdhod of 
maxilllllm likl'lihood dl'scriul'd in "On 
Estimatil1f!,' Ballistic Limit and its 
P!'('C'i:-;ioll," BallIslic Hl's('arch Lallo­
ratul'll'!;, Technical Notl' No. 151, 
Marrh 1950. 

3. lJS1'~. SUltaIJ!t' Illl' ;ill daLI. prlll'll/t'Li 
a Zlllll' of Illix,'d ""~;lIlt~ IS olJlall1l'd, 
At jll'!'Sl'nt, liSl'lI PI'l.ll'lp .. lly ;1;, ;1l'llt'I'k 

Oil otlwI' lI)('thuds :llId wllO'n' 1110' 1II():,1 
al'I'UI'atl' dl'l"l'l1l1l1atltlll pu:;slbll' I." til" 
Sll'l'd. 

4, NUlJllJl'I' of l'llulldc. iIlV,'lv'_'d, ~i 1'1 20 . ... --- -
5. COllllJll'lItS. Thi~i i." tlit' mil\' "Iatlsli-

(-';illy-:~u~~d Illl'llwd ,1":\ ilalJi" fllr liS" 

wlll'1I a ~lIIali OJ' !lltlllt'!'alt' 1Il111lhl'i' 01 
l'O\llld~ hil\'t' IH'('II (I!'l'd, 1'I'lll'Hks:t 
slandal'd dt'vi.lllvn a:-; wl'il as a !J;i1II;';­
ti[' llll]lt, thuu,",h Ihl' st:tndard dl'I'!;I­
linll Illay lIot hI' I','ry al'l'ural\, as far 
as tlh' parll('ular pial,' "I))'U)(','I Ill' ('(lll!­

uination is 1'(1l1l'l'I'I)('d, Hl'll"il'l's 2 tll 
4 hour:-; d l'ompulati"11 tt) oht;1I11 bal­
il;.;lll' lillul and :-;t;lHd;ll'd dt'l"li\tillll. btll 
a spl'l'i:!lly dl'Slf~lll'd llIaClil'It' t;illlilid 

l.lL' abk to supply aIlSw(')'s III ;111 111-

sl~II!1 ieant amllullt (\f tillll'. WIII'1l 11(\ 
Z\lIH' of I1llxI'd I'I'SIIII" is oillailll'd in 
fiJ'lIl~, nu sLlndal't! dt'vialill'l can tll' 

llhlalt1l'd alld Ih,' ballislll' lllllit I'all 
llilly lJ\' I'stilllaled, B:Jlli~tl(, linllls Ilil­
l:lIl11'd by thiS Ill.'thor! lil!"f.'!' v','ry 
S!JI~htl:. (0 10 10 fps) fJ'tlll1 baill"t\(' 
limits olJtailll'd by I Ill' 3 alld 3 ml'lh"d, 

d. 1~l"lll>,1iJillly I:.:~.~~'~ 
1. ~~I.£!.IlI!.. I11dhu~ Empl"y Ull-;lIId-dllWn 

Ilwthod 01' 7. OIl!' Ilwt hod. 
2. Ml'thod of computatiol\, PI, t '.~UI'I'\' 

;1;;;-w111r: fI'l'l1u"Ill'ynf Cll al 1':li'IllUS 

velocily illtl'l'vals 01\ I'it/wr lilll':tl' 01' 
pl'obailliity ~raph papPI'. Pick "f[ V-50 
pOint frOll! l·urVt'. 

3. U.'~'s. Tl1 set up ~;pl'l'ifl('alllln::; for 
uody arrnor rnalL'rial:-;, and [or nllwr 
spl"'ial tl'StS. 

4. Number oj roullds ill\'ol\','d. 150 lll' 

JIIore. 
5. Cllll!!lll'lIts, Suitable lInly whl'1l a larf!,'" 

numb('l' \)f rounds ('an llt' fil'.'d at thl' 
~am(' tan~l'I. May also fUl'nif;b rl'­
liabh' ~bndard dl'\'ialion, Mot't at'­
l'uI'at.' of all Illt'thtl(b. 

I'. ~~:I!I,l;l'~_':!.~2cit_iyt' in,~()1!1' Dr MLxpd 
Hl's~!!!,!:;,dlt:!: Navy: 
1. .firi!1g, llwthod. Emplo)' up-and-dowlJ 

1l1l'lhod, 

2. Ml'Iho.cLs!f ~l>.~!1)u!atl(1~, 

CONFIDENTIAL 2-127 



I, 

CONFIDENTIAL 
3. lJ~;~,<;~ Nurmal (kvl'lupnll'lltal firill~ 

by till' Navy. 
4. Numlwl" of rounrb involvt'd. !l to 15. 

2-241. Charts for Ballistil' Lillli!.1 TIl(' 1(\1--- .. - - -.--- .. ----- "-" 

lowing mt'lhud lor obtainin!', ballil'til' limits, 
basl'd ,:plln 1'llIpiri!'al l'qu:ttions (kri\'('d from 
(irill!'. data, IS pn>pos .. ct by Lt. H. JI. Hil'lof 
A\ll'nit't'n Proving Gnllilici. By llsin~ IIH'ml'thod, 
('stllJ1atl'~ of tilt' V-50, protl't'titlll hallistic limit 
for IlL'W PI'ojPrtill'H, and for Htandard proj"('­
Irks ag;llnst untl'il'd tal'gPls, !'all Iw matil' 
wlthlll approxlmat .. ly 1)0 llt'rl'l'nt at tlJ(' lowl'r 
Vellll'ity Ipvpls to within 1 5 pt'I'('('nt at IIII' 
hl~~hl'l' l'angl'H, At tl1l' highl'r,oblJqllitil's, bal­
hstic lin\lt l'stilllatiom.; fol' BVAPDSFS pro­
jl'I'ttil'S ('an lw madl' tll a fall' dl'gl'l't' of ar­
('Ural'y. 

2 -242. Charts.12L BallistiC' Limit - .Q~'!1ill 
c;:,:~J.!!lillIolls.l Many Llllxteis of thl' standard AI' 
shot dl'slgn, from 57-111111 through 120-mm, 
\\,prl' :lnalyzl'd. All projPrtilrs com;idl'I'l'd Wl'rl' 
frUI11 two to th n' I' ralibers in lel\gth, ronVl'n­
hunal ugiv!', hardl'lll'd to aplJl'oximatt'ly Ro('k­
wdl C58-62 at the nos('. Ballistic limits Wl'rl' 
Obt:lllll'd using V-50, prot('('tion rritl'rion 
against roll!'d, homog!'nl'ous armor. Armor 
plait'S, for till' most part, W('f(' within the hard­
Ill':;:; and durtility limits presrl'lbl'd by govern­
ment spl'rifiration. In approaching the prob­
lem till' following factor:; we're considprE'd: 
plate thiCknWl!' olatE' obliquity, platl' hardness, 
pruj('ctill' welg It, and proj~dile diameter. Uni­
form rleanlines:; and quality of armor plate 
:wd pnljcctiles wer!' assumed. 

Very few models of tungsten carbide shot were 
available for analysis, and t11!,ge varied widely 
in basic design. Four standard r,"odels of HV AP 
shot were studied, two with tile tungsten car­
bide core incased in an all-aluminum rarrier, 
and two in an aluminum carri('r with a hE'avy 
stpel base. It was observed that with s'wt of 
this latter type, lower ballistic limits could be 
obtained because of the additional momentum 
imparted to the core by thl' steel base. Only 
one HV APDS design has b('en standardized to 
date. Other d£>signs studied employed special 
features too numerous to mention. In analyz­
ing HVAP results, only the core weight and di­
ameter were considered, whilt' for HV APDS 
the entire subprojectile weight and diameter 
were included. In : this manner, HVAP and 
HVAPDS data could be corrl'lated to a fair 

dp!:r,'(' of accuracy. Thl' averag!' tungstt'n car­
oidl' <'on', liaSI'd on salllpil's subrniltl'd 11y four 
mallufaduf\'r:;, <'ontaiJ1l'd 82 -85 pl'rrl'nt tunt~­
sh'll carbidl" 15-17 (ll'f('cnt robalt and/or 
ni('k('l: ttl(' r('maindl'1' wa:.; fn't' carbon and iron, 
Til!' h:lI'drlt'ss rang!' was froll1 HOl'kwl'1l A83-90. 
With I'('garrl to till' armor plait' targ('ts, the 
sarn(' racton; Wl'te cOI'.sidl'rl'd as fur AP shot. 

2·2·13. Chal'b fur Ballistic Limit - Pl'oredure 
tor USl'. In dl'signing a IWW pruj('rtih', til(' 1'11-

l:i;l(~"-'-I~-'-;su:llly haH prpdptpl'mil1l'd a st'ril's of 
taq:l'I:; whil'h tlw pro)"ctill' must ddeat, as 
wl'll :IS the ~un mood and caliber for whieh It 
is Intpllrlen. TIll' olJlimum projl'ctilp weight, 
muz.zlt' "dority, striking v('locity at various 
ran~l'r" and whl'tlwr or not it will defeat the 
spp('if\ed targl'ts at thost' rang!'s r('mains to bl' 
dl'lprmilled. ThiH is ind(,l'd an involvl'd prob-
11'111, belt may be accomplisi1l'd to a dl'gl'l'l', i.n 
a minimulll of till1l', by employinl~ the (ollowing 
pro('('dur(' (Sl'P figures 2-89 through 2-9~). 

1. S('\ect tlw particular projprtill' type, aIld 
th(' armor plat!' thickness, obliquity, and hard­
Ill'SS to lJ(' ddeated. 

2. Spice! till' partil'ular projl'ctile wright 
and diameter to bl' inv('stigat('d. 

3. Selert th(' particular ()un model and op­
prating pressure desired. 

4. 8('lect til(' range at which the target is to 
be defeated. 

h Usinr. the information sprr ifi'Jd in stpp 1 
allove, refer to the appropriate rharts "Thick­
np:;s of .,rmor dpfeatE'd v£>rsus kinetie en­
l'rgy/diamett'r" (see figures 2-89 and 2-90), 
and read the absollltt~ value of KE/D required 
to defeat the target. The units of this term are 
not important. 

6. Using the information spf'cifi('d in stl'P 2 
and tll< valu(' of KE/D obtained from st('j1 5, 
refer to thl' nomograph "Kinl'tir energy v('rsus 
striking velocity and projectile diamt'ler ver­
sus projectile w('ight" (figure 2-91), and read 
the striking vl'locity r,'quirl'ct for pl'n('tration. 

7. Using th(' il'Jormation spt'clfied in steps 
2 and 3, refer to the chart "Projectile weight 
versus approximatl' maximum muzzll' velocity" 
(figure 2 -92), and read thl' approxi mate maxi­
mum muzzle velority obtainabl(' with thl' ehul,en 
projectUI' and gun. If the se\t'cted gun does no~ 
app('ar on the rhart, use the "Nomograph to 
determine gun constant for tank guns with vari­
ous bore dianwter, chambt'r volume, and pro­
jectile travel parametprs" (figure 2-93) as an 
alterl,.,t(' Holution. Till' gun ronstant dpt('rmined 
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is, a figure of merit directly related to a weap­
on's ability to launch a particular weight pro­
jectile at a certain velocity und!;'r given cham­
ber pressure conditions. Next, use the "Nomo­
graph to determine appreximate maximum 
muzzle velocity for various weight and diam­
eter projectiles fired from tank guns with 
various gun constants and chamber pressurps 
using M2 or M17 propellant" (fij.\"ure 2-94). 
This method is slightly less accurate than the 
chart of step 7, since it is empirical in nature. 
However, it has proved especially valuable in 
predicting the performance of design study guns 
and estahlishing a basis for future gun par­
ameters. 

8. Using the information obtained from steps 
2, 4, and 7, refer to the "Nomograph to dt'­
termine striking velocity at various ranges" 
(figure 2-95), and read the striking velocity 
available at the particular range considered. 
This value must be larger than the striking 
velocity, requh'ed for penetration, obtained in 
step 6. If such is not the case, proceed to 
step 9. It may be of inter(~8t in any event to 
determine the range at which the projectile 
will just defeat the target. This is ea:.:;ily ac­
complished by starting with the striking veloc­
ity (from step 6) and the muzzle velocity (step 
7). and working through the nomograph in re­
verse. 

9. Select a lighter and a heavier projectile, 
within practical length limitations, and repeat 
steps 5 through 8. If neither of these projec­
tiles can deft the target, then the reqUire­
ment must be changed, a new gun model, or 
larger diameter projectile chosen. 

A word of caution is offered in using the charh. 
The ballistic limit for any particular projec­
tile-plate combination can never be determined 
precisely. A variability of 50-100 fps between 
projectile lots and armor plate heats is com­
mon, and to be expected. The charts were con­
structed from a limited number of observa­
tions. All plate thicknesses were not investi­
gated at all obliquities and hardllesses. As 
additional information becomes available, the 
accuracy of the charts may be improved, but 
the method of analysis would remain the same. 

2 -244. Tank Damage Assessment. 12 Hereto­
fore it has been the practice to consider a tank 
defeated if a penetration of any sort was 
achieved. Actually, in order for a tank to be 
completely defeated it is necessary that it be 

immobilized and that its guns be rendered in­
operative. This may be accomplished either 
by damage to the propulsive system and the 
armament or by wounding of personnel inside 
the tank, which usu:111y inlplies penetration. 
Ddeat of a tallk may be accomplished without 
penetration by dam~ging the suspension system 
and the external components of the fire control 
instruments. The Ballistic Research Labora­
tories are conducting a series of firings against 
tanks in order to determine the true probability 
of defeat of a tank by projectiles. Damage 
evaluations to dummy personnel and compo­
nents of the tank will be used as a ba:.:;is of 
these probabilities. It is hoped that the results 
of these tests will provide information that will 
be of aid in projectile design. 

EFFECT OF VARYING ARMOR PARAMETERS 

2-245. Effect of Armor Thickness on Projec­
tile Performance. Increasing th-';- thickness of 
armor increases the energy necessary for per­
foration. For ductile perforation the el!ergy 
required is proportional to d2t, where d is the 
prOjectile caliber and t is the thickness of the 
target plate. For the punching type of perfora­
ti~n, the energy required is proportional to 
dt. The nose geometry of a projectile deter­
mines, to a large extent, the type of perfora­
tion which takes place. The truncated nose 
tends to produce the punching type of perfora­
tion whiet. is more effer-live against under­
matching plate; however, it alS0 increases the 
likelihood of projectile breakup at low obliqui­
ties. 

2 -246. Effect of Hardness of Plate.
24 It has 

been found that. the optimum hardness for 
rolled or cast homogeneous armor plate is in 
the neighborhood of 280 BHN. When attacked 
by medium-caliber AP projectiles over a wide 
range of obliquities, cast armor of approxi­
mately 2 to 5 inches in thicknes:.:; lends to show 
reduced resistance to penetration as hardness 
increases over 280 BHU. The optimum hard­
ness for rolled homogeneous armor is some­
what in excess of this value, depending on the 
thickness involved. 

2-247. Spaced Armor.2 Reters to a structure 
consisting of a moderately thin plate in front 
of, and separated by a space from, a consid­
erably thicker armor plate which constitutes 
the main armor of the vehicle under considera­
tion. The thin front plate, called the "skirting 
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NOMOGRAPH TO DETERMINE GUN CONSTANT fOR TANK 500 
GUNS WITH VARIOUS BORE DIAMETER, CHAMDER 

120 VOLUME, AND PROJECTILE TRAVEL PARAMETERS 
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Figure 2-93. Nomograph to determine gun cmzstrmt fa)' tmzk guns with various bore diameter, 
chamber volume, and projectile travel parameters 
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200 50 5 

NOMOGRAPH TO DETERMINE APPROX-
1MATE MAXIMUM MUZZLE VELOCITY FOR 
VARIOUS WEIGHT PROJECTILES FIRED FROM 
TANK GUNS WITH VARIOUS GUN CONSTANTS 

40 
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CONFIDENTIAL 
plate," faces the attack, ;lnd represents ap­
proximately 10 percellt 0;' It>ss of the total 
weight of tht' armor, A nw 'e complex spaced 
armor arrangement may C(lldprise a numher of 
skirting plates, 

2-248. The Function of the Skirting Plate2 is 
not to absorb any significant proportion (If thl' 
kinetic energy of attacking pro)<'ctiles, but to 
so affect the projectiles that their performanel' 
against the main armor is drastically reduced. 

The basic approach to the dei'ir,-n of spaced 
armor arrangements is to havl' tlll' skirting 
plate of the minimum thicklle5s capable of pro­
ducing the desired effect upon the prOjectile. 

2 -249. Effect of Skirting Plate. 3 The skirting 
plate may affect projPctiles in any or all of the 
follOWing ways: 

a. The armor-piercing cap may be removed. 
thus causing the shot to be shattered against 
the heavy main armor. 

b. The shot may be turned or yawed sO that 
it impacts the main armor at an increased 
angle. 

c. The :;hot may be fractured upon passage 
through the skirting armor. The loss of the 
point and the dispersal cf the fragments result 
in a marked decrease in the penetration per­
formance. 

Spaced armor is most efficient when the at­
tacking projectile is broken up by the skirting 
plate. When this happens weight savings in the 
range of 30 to 50 percent over solid armor 
can be effected with no sacrifice in proteetion 
performance. When, however, projectiles are 
not broken, but only decapped or yawed, welght 
savings of 10 to 20 percent can be effected if 
the projectiles are yawed to impact the main 
armor at an increased obliquity. If the pro­
J!::ctiles are yawt.'d to impact the main armor at 
a reduced obliquity. spac,'d armor becomes 
considerably less effiCient than the same weight 
of solid armor; becoming, in fact, even less 
efflcient than the main armor alone. 

EFFECT OF VARYING PROJECTILE 
PARAMETERS 

2-250. Gains in Armor Penetration by Use of 
~l;o~aliber ~t:QL~~tiles.16 One form of th~ De­
Marre formula for penetration of armor plate 
by steel prOjectiles is given by the equation 

[
WV2 co::;2 t;] 1/, 

e ~ d _ 

" d3 

in whirh e i::; lIll' thickn!'ss of til!' plate pl'ne­
trated, d is tllP diameter 'J[ the projpdile, W 
the weight, t, the angl!' of impart relative to the 
normal, V the striking vpJocity. and n and,l' 
art' constants, For nondeforlllahip prujeetilf's, 
Jog" = G,15 .wd ,'~ 1.43. H('ncl' thl' equation 
l'pducl's to: 

e ;;;; [wv2'1ros2~ ] 1/1.43 

If the projPetih' energy is kept ('onstant while 
its diameter is varil'd, the IWlwtration im­
proves as !lIP diaml'kr diminish!'::;, Thi::; im­
pruvpment continul's until tilt' illllJ:"lcI velocity 
reaches til(> shatter value. 

2-251. Improvenwnt in P(,lletration With Tung­
:;ten c:irTiidl'-:--When tungsteiiC"arbidcis used 
as aprojl'rtilc matprial, " and " both diminish, 
and till' relallve p('netration is inrrl'<l::;ed. The 
ron::;tants are now, however, nol indl'pendent of 
1', and there is a l'r.'glOll of :; wh('rein the ad­
vantage of tungsten carbidl' is not so greaL 16 

For example,34 under conditions in whieh the 
plate is overmatching, the three typesof gO-mm 
pru,,,ctileE' are rated on an equal range basis in 
the order of decreasing effectivl'i1e"", given in 
table 2-33. However, the HVAPDS round is 
probably superior at all obliquities. 

Table 2-33 

[~~~~qUlty -~1 ~ __ orde-::--o-;-~~ness 
I 0:: to 45~ HVAP, ApC. AI' 

L ~~2_ t~) _~ AI', HVAP. APe 

2 -252. Factors Limiting Penetration of Sub­
caljber Projectiles. 16 From the DeMarre equa­
tion it is apparent .that reduetion of raliber. 
while at the same time retaining prOjectile en­
ergy, improves penetration. However, in an ac­
tual gun, the powder energy is fixed, and since 
part of this enerb'1' is delivered as kinetic en­
ergy of the powder gas, the energy of the pro­
jectile diminishes as the caliber is reduced. 
Furthermore, because of less favorable bal­
listic conditions, the projectile strikes the plate 
with a further reduction in relative energy, and 
the advantages of subcaliber projectiles are 
thereby modified. In spite of this, gains in 
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pl'netl'ation can be attained uy suu('aliupr PI'O­
j(>cI il(>I,;, For a dl'tailed explanation, and tilt' 
malhelllal ical computations, refer 10 s~rtion 

33,2 of I'l'fpl'cnce 16. 

2-253. Briti::;h Method of Estimating 1"1' Muzzle 
Velocity of a Subcaliul'r Projectile. Whl'ncom­
puting the ll1uzzh' velocity of a suucaliuer 
(HVAPDS) projectile frolll the data known for 
ttl(' full-cal1lJPr project ill', it I::; lll'cl'ssaI'Y to 
take into account thE ('nl'r!",), used in aeeell'r­
atin~ the propellant gase::;.4 The followillh" em­
pirical equation, devdoped by thc Briti::;h, 
I;,kes ttll' gas a('ceieration into a('('ount. In 
effed It as::;Ullll'S tilat half the wei~ht of thl' 
charg(' is ucing accd(~ratl'd along with the prn­
]I'ctile. 

where 
Vs Muzzle vl'locity of subcalibl'r projl'c-

tile 
Muzzll' velocity of full-caliu!'!" pro­
jectile 
Wnght of full-caliuer projectile 
Weight of sul>caliber projectile 
Weight of sabot 
Weight of propellant charge. 

2-254. ~omparative Effectivenes::; of Full-Cal­
iber Versus Sul>caliuer Steel Shot. 4 Based 
upon extensi'Je scalc-modeltest0he following 
conclusions wl're reached regarding thl' eom­
parative effectiveness of full-caliul'r versus 
subcaliber steel shot of conventional lid ratios, 

1. The most efficient diameter for sub­
caliber steel projectiles employed in the pene­
tration of rolled homogeneous armor is 7/10 
of the bore diameter of the gun from which it 
is fired. 

2. In general, there is little difference in 
penetrative performance against rolled homo­
geneous armor plate between a steel subraliul'r 
shot of the most efficient diameter and a homol­
ogous full-caliber shot of conventional lid ra­
tios. The subcaliber shot l'xhibits slightly 
better penetration at the near ranges, while the 
full-caliber shot is superior a, the longer 
ranges (over 2500 yds). 

3. Against targets which are overmatching 
for the full-caliber projectile, a rapped sub­
caliber shot of 7/10 bore diameter will exhibit 
terminal performance equal or superior to both 

rapJlPd and mnnoulo(' flill-ralilJPr ::;hot and 
1I10noolo(' suucalibl'r shot. 

4. It appl'ars that the perfol'manct' of any 
All or APe projPctile-gul1 combination (at 
lI'ast gn'all'r than 76 mm in size) call bl' im­
p!'ovl'd by firin~ a sllbralib(~r caPlwd stpel shot 
from tht' glln. Thp /let l'l~sult is that the armor 
fJPIl('tratio/l remains the same, uut ttll' sub­
('alihpr shot Rupl'riority (Oxi:;ts bpcausp of a 
hight'r probability of rq;istcz'inJ!; a first -round 
lilt on the targd. (This highl']' probabIlity is 
basl'd cntil'l'ly on the shortt'!' travel time uf 
the slll)('alibl'l' Sllllt.) 

Basl'd uJlon the high ('m;! of prl'sent metal 
sabots, it would apppar that tllt' possilJlt' ad­
vantagl' of a suuralibpl' Pl'lljl'clill' would bt' 
oUspt by thl' hight'r cost. How!'ver, if tht' all­
plastic sabot should prove practical, it would 
proh~uly ul' possible to manufadur(' a sllh­
('011 1'1' proj('ctile at a low ellllugh price to 
make the marginal advantages worthwhile. 

2-255. Effect of Nose geolllt'try .. Qf AP Pro­
lpctiles.25 Till' armor ~WIl(>tration pl'r[orm­
ancf' of 20-mm mod .. !::; or the 90-1l1111 AP T33 
(M31B) projectilp has beL'! ('ompan'd with that 
of th(' truncated T33 (FAP)* and the tipped 
trullcatpd T33 (F APT)· (figure 2 -96) projl'c­
tiles OVE'r a wide range of target conditions. 
Specific limit enE'rgies were calculated in ord('r 
that the perforatIOn efficien('ies of tiw three 
types could be compared on an energy basis 
for any test regardless of nose shape and 
projedile Weight. 

For all targE't::; for which they remained in­
tact, the FAP prOjediles were found to be 
superior to the FAPT and AP projectiles. 
For conditions where the F AP prOjectiles 
shattered, the FAPT was superior. The AP 
projectiles were inferior to both the F AP and 
FAPT except for matching or overmatching 
armor at high obliquity, in which case they 
are pqual to the FAPT; and for very much 
overlllat('hing plate at very low obliquity, in 
which case AP is supt'rior to both F AP and 
FAPT. A summary of th!' r('sults obtained is 
given in figures 2-97, 2-9B, and 2-99. 

• Thl',H' art' not official Urdnancl' <il'"iJ:;Tlatllllls, but 
havl' bl'l'll used for l'tlsy reflorenl'l', 
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~.>j FAP 
(TRUNCATED) 

r 

l (\<Jbfi e, , 

AP 
(CONVE NT IONAL) 

2.' _..I 
-- "R~lf " 

~08J ~;I 
~ .~ 

-----....-i-+--1'1~-'1- __ J, 

~ ~.~~ 

NOTE' 

FAPT 
(TRUNCATED - TIPPED) 

I- 20MM MODELS HAVE PLASTIC 

(CYCLEWElD CEMENT) ROTATING 

BANDS 

2- TIPS ON FAPT SHOT ARE BRAZED 

TO SHOT BODIES 

3- BODY (BOURRElETl DIA AFTER 

CENTER LESS GRINDING 

~. LENGTH OF CONVENTIONAL 

.liP T33 VARIED TO MEET FINiSHED 
WT REOUIREMENT OF 1800 GRAINS 

Figure 2-96. 20-mm AP shot types 

These results have been confirmed by limited 
firings of truncat~d 75-mm shot, truncated 
conical 120-mm shot, and tipped truncated 
76-mm shot. These limited test firings indi­
cate that full-caliber shot of these types can be 
made to show the same relative penetration 
performance as the 20-mm models if adequate 
shot hardness and ductility are provided. 

2-256. Radius of Ogi~~ Consideration of all 
the data obtained indicat .. .3 that armor-piercing 
prOjectiles intended to defeat matching or over­
matching homogeneous plate at low obliquity 
should have a single radius ogive of 1.25 to 1.3 
calibers. This radius of ogive provides a com­
bination of both good shatter characteristics 
and good penetrating efficiency. 

2-257. Effect of Nose Geometry of Tungsten 
Carbide Cores. 19 Firings performed at Water-
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[, '1 AMOUNT or '" !"£~IORln 
Of rAPT OVlR AP 

• AP SHA.ll UH:.I' 

.. ~~~JTI~;~~T AND 

• fAPT <;HATTEHE.O 

• FAP SHA.T l£R[D 

I I 
OBLIQUITY !t~fGRt[S 6

1

0 i 

I. 16 18 20 

OBLIQUITY SEC' 

Figu~-(' 2-97. Graph of specific limit cPlcrgy 
ve,·sus obliquity for 7/8-in., l-ipl., and 
1 1/8-iPI. plate thicknesses fot" cont'eniional 
ogit'al (AP), truncated oglval (FAP) , mid 
tipped truncated ogiml (FAPT) 20-mm 

projectiles 

town Al'sellal indicate that the perfurmance of 
tungsten carbide cores may be improved by the 
use of a truncated conical nose in place of an 
ogival one. Figure 2-100 illustrates the .40-
caliber model cores which were used in the 
tests. The following conclusions were arrived 
at. 

. 1. Blunt truncated conical-nosed tungsten 
carbide cores require less energy for the pene­
tration of rolled homogeneous armor than do 
the ogival nosed cores when armor under at­
tack is less than 2.5 calibers in thickness and 
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FiglO'C 2-98. Graph of spec(fic limit cllng~' 
I!ersus obliquity for 3/8-hl., 5/8-ill., and 
3/4-;11. plate thickllt'sscs fUI' cOtIl'l'lItiollal 
ogil'al (AP), tnmmtcd ogil'ni (FAP) , (lI/d 

tipped tnmcn/cd ogh'al (FAPT) 2U-mm pro-
jectiles 

is inclined at an obliquity greater than approxi­
mately 35°. At lower obliquities and against 
thicker targets, the standard ogival nose core 
penetrates with less energy. 

2. The superiority of the blunt-nosed core 
exists because the cores suffer much less 
severe shatter under the attack conditions 
listed in subparagraph 1 abovE'. 

3. Regardless of nose geometry, a tungsten 
carbide core whose nose remains *.1ct during 
the penetration of armor will penetrate more 
efficiently than one whose nose shatters. 

4. A truncated conical nosE' remaining intact 
during penetration will generate a conical tip 
from the armor whirh effectively acts as a cap 
in reducing the stresses on the core nose. 

5. No simple equation, involving the core 
energy as a function of core caliber, plate 
thickness, and obliquity, is known which can be 
used for accurate prediction of the terminal 

Figure 2-99. R.'gions of superiority fo,' con­
I'eliliollnl ogil'al (AP). truncated ogiml (FAP) , 
mid tipped tnmcatcd ogil'al (FAPT) 20-mm 

proJcctiles 
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Fi~re 2-100. Experimental deSigns of scale 
model ogillal and truncated conical-nosed 

tungsten carbide ("oloes 
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ballistic performance of ogival-nosed tungsten 
carbide cores. 

Figure 2-85 is a plot of ballistic limit versus 
obliquity, for the projertiles tested. Plots for 
1.0-in., O.77-in., and O.50-in. rolled homo­
geneous armor plate are included. The results 
shown should not be considered as optima for 
the truncated nose core. further investigation 
is required before the optimum nose geometry 
can be established. 

Figure 2-101. Ballistic limit versus 
obliqu;ty, caliber .40 we p'm­
jectiles, rolled hO'l-Iogeneous 

armor, 300 BHN 

2-258. Armor-Piercing Caps.22 Armor-pierc­
ing caps were first introduced as a counter­
measure to hce-hardened armor. It was found 
that monobloc projectiles would deform against 
face-hardened armor even at low velocities 
and zero obliquity. The addition of the decre­
mentally hardened cap enabled the prOjectile to 
penetrate. 

By means of the armor-pip.rcing cap, a projec­
tile which might etherwise break-up against a 
speCific target (either fa~e-hardened or homo­
geneous) may be kept intact. The cap will lead 
to increased perforating ability only when the 
uncapped projectile deforms badly and the de­
formation greatly increases the energy re­
quired for perforation. 

The following theories have been advanced to 
explain the mechanism of cap action: 

L The cap acts to break up the face of the 
armor. (For face-hardened armor this may be 
true; it is, however, difficult to suppurt this 
theory for homogeneous armor which has no 
"face. fI) 

2. The cap reduces the peak stresses re­
sulting from the inerti~, of the plate material. 

3. The cap produces a lateral pressure on 
the nose of the core and so decreases un­
balanced compressive "stresses in the region 
of the ogive. 

4. The cap "lubricates" the core. 

To assess the feasibility of using a cap, one 
should know the performance of the uncapped 
projectile over a wide range of conditions. It 
is necessary to determine (1) the energy re­
quired for perforation when no deformation 
occurs, (2) the conditions under which defor­
mf.~iUn takes place, and (3) the effect of the 
ueformation in limiting the perforation or 
otherwise reducing the effectivenesR of the 
projectile. One must then find the extent to 
which each of these factors is altered by the 
addition oL.the ca.p.. All three factors are al­
tered by changes in either -prOjectile design or 
target characteristics. 

lf a cap succeeds in preventing projectile de­
formation, it will act both to retard and, in the 
case of oblique armor, to turn the projectile. 
These effects, if not kept to a mirtimum, may 
overbalance the advantage gained by keepIng 
the core intact. 

2-259. Vulnerability Diagrams. 15 A useful way 
of presenting penetration data on kinetic energy' 
prOjectiles is by means of vulnerability dia - ~ 

grams of the type shown in figure 2-102. A 
roughly elliptical area exists for each gun­
prOJectile-armor combination within which pen­
etrat'ion of the armor can be effected and be­
yond which the armor is invulnerable to the 
particular attack. Th(' gun must enter into this 
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consideration, since it influences the velocity' 
and hence the kinetic energy of the shot at all 
ranges. 

·2 -260. Comparative Performance of AP and 
APC~15 Figures 2-87 and 2-88 show the use 
of vulnerability diagrams to illustrate the com­
parative performance of A P and APC projec­
tiles against various thicknesses of ar mor 
sloped at different obliquities. It will be noted 
that, for a fixed weight of armor per unit 
vertical height, thinner plates sloped at higher 
obliquities (at least up to 53°) provide pro­
gressively more protection against APC shot. 
Against AP shot, however, a given weight of 
armor sloped at 37° obliquity provided con­
siderably more protection than the same weight 
of armor sloped at 53° obliquity. A comparison 
between the righthand curves of figures 2-103 
and 2 -104 illustrates the improved effectiveness 

of AP shot in attacking highly sloped armor 
targets. 

2-261. Effect of Armor-Piercing Caps on Tung­
sten Carbide Cores. 20 Experiments performed 
at Water~own Arsenal to determine the effect 
of steel or tungsten armor-piercing caps in 
preventing the shatter of tungsten carbide cores 
indicate that worthwhile results may be ob­
tained. Figure 2-105 illustrates the caliber 
.40 model cores and caps which were tested. 
The following conclusions were reached as a 
result of the firings. 

1. Either steel or tungsten caps can be 
employed effectively for the reduction of tung­
sten-carbide core nose shatter when the strik­
ing velocity is sufficiently high to cause failure 
of the unprotected core by shatter. 

2. Either cap material, when employed in 
the proper design of the cap, will enhance the 
armor penetrating capabilities of the projectile 

Figure 2-102. "A rea of vulnerability" of specific type and thickness of annor 
to attark by specific gun-projectile combination 
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Figure 2-103, Comparison of an,'llS of I'ullleyabili/.v for {'ariolls combhlatiolls of armor 
thickness alld obliquity /zadng eqllallfeigllt per unit of shielded ['olume u;l/ell 

attacked by 9U-mm steel projectiles 

against armor less than two calibers thick at 
obliquities up to 55°, and possibly at hi[;her 
obliquities against tnicker armor. 

3, There are no practical advantages to be 
gained by using tungsten in preferpnce to steel 
as a cap material. 

4. For a given cap design, there is an op­
timum weight of cap matt'flal whIch is the most 
effective in reduClllg thl' l'lwrh'Y required for 
the perforation of a /-:1\'('n ;]1'1001' tz.rget. 

5. As th!' sever;;,' uf th" bq:d inn'cases 
(greater thicknpss at "'lIlstant obliquity, or 
higher obliquity at consLII.t :tllcknNis, or both), 
the weight of cap rf'qulr,'d fIJI' ma::imum termi­
nal ballistic performam'!' increases slightly. 
However, a cap weighlllg 10 percent of corp 
weight is a good compromise. Figure 2 -106 
is a plot of ballistic linllt verEUs cap weight 
for various thicknessl'S of al'mor at several 
obliquitics. The two parallel dashed lim's in­

dicate the optimum cap weights. 

2-262. Effect-.9l..§kirting Armor ,~)ll Cap.31 
1. Thin skirting armor can easily remove 

the cap of APC projectiles. 
2. In view of the higher probability that a 

capped projectile will havl' to attack the main 
armor uncapped, the cardinal principle in de­
sign of a capped prOjectile is that the body be 
made to fUllction as well as pm:sible when un­
protected by a cap. 

2-263. Caps for Defl'at Qf... Spac~~rmor. 32 The 
liability to cap fr:>.cturp of APe projN'tilt's by 
skirting armor may be reduced by increasing 
the tendency of the ste('1 in the cap to flow 
plastically rather than to fracture bflttlely. 
This may bp dOlle by 0) using Etl'el of a char­
actl'riEtJ(' t e m p l' I' e d martpllsite struc!urt' 
rathl'!' than a pearlitiC' stl'ucturp, (lr (2) aVOId­
ing eX('PEsive hardnpss. Maximulll hardlh'~'S 

is to lw dl'terlllllled by the ddailpd d['slgn of 
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Figure 2-104, ComParisons of areas of l'ulnerability for mrious combiuations of armor 
thickness and obliquity having equal weight per unit of shielded volume when 

attacked by 90-mm steel projectiles 

the cap and the thickness of the decapping 
plate against which protection is desired. 

It would not be necessary for the whole of the 
cap to have a low hardness level. The front 
face alone could be hard. This would be de­
sirable in attacking face-hardened armor. 
Against homogeneous armor, experiments at 
Watertown have indicated that soft caps (15 Re) 
have a slight superiority over hard caps with 
respect to protection against shatter of the 
projectile. No difference in the performance 
of the hard- and soft-capped projectiles was 
observed, with respect to ballistic limits; it 
therefore app(~ars that AP caps need not be 
hardened after machining. The steel should, 
however, have a te:npered martensitic struc­
ture, which could be given to the bar stock 
before machining. 

2-264. Buffe1' Caps for Defeat of Spaced Ar­
mor. 33 By using a copper or other soft metal 
plug to protect armor-piercing caps, they may 
be protected from shatter by thin decapping 
plates. This plug, which may be quite small, 
may be placed in the windshield of the pro­
jectile in such a manner as to hold the plug 
against the cap when the windshield is secured 
to the projectile. In tests conducted at Water­
town Arsenal, a 1-ounce copper plug (buffer 
cap) served .to protect 37-mm projectiles 
against decapping by a 5/16-inch decapping 
plate. This thickness of plate corresponds to 
nearly 1/5 caliber. Such a buffer cap shOUld 
also be useful in helping to defeat armor un­
protected by decapping plates. The buffer would 
reduce peak inertial forces tending to cause 
shell breakup; this should be particularly use­
ful against face-hardened armor. 
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Figure 2-105. Caliber.40 scale model of 
90-mm M304 (H-13) projectile with ex­
p'!rimental caps employed in the study 

of armor penetration 

2 -265, Comparative Performance of Kinetic 
Energy Shot, Against solid steel armor tar­
gets, kinetic energy shot performance may be 
summarized as follows. 15 

a, Monobloc steel shot are more effective 
than capped steel shot for the defeat of under­
matching armor at all obliquities of attack and 
are more effective than both APe and HV AP 
shot for the defeat of moderately overmatching 
armor (up to at least 1 1/4 calibers in thick­
ness) at all obliquities of attack above approxi­
mately 45', 

b. Capped steel shot are superior to mono­
bloc steel shot for the defeat of greatly over­
matching armor (over 1 1/4 calibers in thick­
ness) at obliquities in the range of 20 to 45', 
but both capped and monobloc shot are greatly 
inferior to HV AP shot in the low obliquity 
range against heavy armor targets. 

c. HV AP and HV APDS shot are most effec­
tive against heavy armor targets at low and 
moderate obliquities of attack (the 90-mm tung­
sten carbide cored shot can penetrate 10 to 12 
inches at 0' obliquity and at short ranges), but 
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Figure 2-106. Ballistic limit versus cap 
weight for caliber .40 tungsten carbide 

cores against rolled homogeneous 
armor, 300 BHN 

their effectiveness is markedly degraded at 
obliquities above approximately 45 to 50'. 

The preceding statements regarding the com­
parative performance of AP and APC shot are 
well illustrated by figures 2-107 and 2-108. 
Figure 2-107 represents data obtained from 
terminal ballistic tests conducted at the Water­
town Arsenal Laboratory in which ,40-caliber 
scale models of the 90-mm AP T33 and 90-mm 
APe T50 shot were fired at plates from 1/2 to 
2 calibers in thickness and at obliquities from 
o to 70' inclusive. The curves on figure 2-108 
represent equal resistance curves; that is, all 
plate thicknesses and obliquities whose co­
ordinates fall on the line designated 3000 have 
ballistic limits of 3000 fps, The lines further­
more represent the minimum ballistic limit for 
the target conditions, whether the minimum 
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ballistic limit was obtained with AP or APe 
projectiles. The dashed line represents thl' 
boundary between target conditions where AP 
shot was superior and target conditions where 

APe shot was superior. It will be noted that 
thl' arl'as or supl'riority or the AP over the 
APe shot and vice versa are in accord with 
till' prl'vious conelusions. 
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Figro'e 2-1U7, Compara!il'e peljonnallce 0/ AP l'/TSUS APe pl'ojectiles for the defeat oj 
homoge11eOUS armor of l'ar'j'ing Ihickll{,s.w's alld obliquilies, based upon data ilwoil'ill!; 

scale-model projectiles mid armor 

CONFIDENTIAL 



CONFIDENTIAL 

Figure 2-108. Comparative peljormance of 90-mm AP T33 l'ersus 90-mm APC T50 projectiles 
jor the defeat oj homogeneous armor oj varyillg thicknesses and obliquities 
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CANISTl!:R AMMUNITION 

2 -266. Description. Canister ammunition is, 
in essence, similar tu the ordinary shotgun 
shell, but is designed to be fired from rifled 
weapons of caliber 40"mm and greater. I-'igure 
2-109 illustrates Olll' of several compld!'­
round canist!'r desigl's. The projectile con­
sists o( a heavy ste!'l illS!', designed to with­
stand th!' firing stresses, and a thin st!'el tube 
packed wit.h pre-form!'d missiles. As the can­
ister projl'ctile leaves the weapon, centdfugal 
force causes the steel cylinder to split open 
and the missiles to spread out in a random 
pattern within a definite cone of dispersion. 
Th!' velocity imparted by the propellant charge 
is relied upon to inflict casualties upon enemy 
personnel at close range. 

2 -26'1. Use of Matrix. The loading of early 
('anister ammunition consisted o( steel balls in 
a plaster of paris matrix. The matrix was 
used to pl'event the balls, acted upon by setback 
forces during acceleration in the gun tube, 
from exerting excessive pressure on the bore 
of the weapon. It has been determined, how­
ever, that it is possible to design the steel 
tube so that excessive pressures are not ex­
erted even in the absence of the matrix. Hence, 
in most modern practice it is eliminateu (see 
paragraph 2 -269). Firings of canister shot 

employll\g thermoplasti(' rl'sins as a matrix for 
the missiles1 indicated that such matrices can 
be used successfully to decrl'ase radial dis­
pl'rsion; this, however, is rarely desired, ex­
cept (or the longer lethal ranges available with 
flechette -type filler. 

2-268. Missiles for Canister Ammunition. 2 The 
missiles used at present may consist of (1) 
slugs - small cylinders cut from bar stock; 
(2) steel balls - usually rough ball bearing 
stampings; or (3) flechette - stabilized frag·· 
ments or darts having a pointed nose and a 
finned tail. Typical flecheltes are illustrated 
in figures 2-110 and 2-111. The type shown in 
figure 2-110 may be fabricated on an upsetting 
machine similar to that used to makf' ordinary 
nails. All are designed for good exterior bal­
listics to permit a low range rate of velocity 
loss as compared to slugs or balls. This low 
rate greatly improves the effective range of the 
round and permits the use of lighter missiles, 
enabling more of them to be packed into each 
round. 

2-269. Loading of Flechettes. Loading of fle­
chettes is done in order to obtain the greatest 
packing efficiency consistent with the lowest 
percentage of deformation from firing stresses. 

0 90 G 
-~~--

ii ---.-
n CANISTER M336 

5 -

Figure 2-109. Callister compll'ic roulld 
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Th('y are placed in the steel tube in several 
rows, or layers, and are packed head-to-tail 
in most designs. Each row is packed into a 
separate container strong enough to resist th(> 
setback forces. In spite of this method of 
packing, flechettes still are ::;ubJect to con­
siderable damage (apprOximately 30 p(>rcent) 
upon firing. The use of a resin 01' derivative 
matrix and hardenine; of the flechettes are ex­
pected to be effective in reducint; this. Fit;ure 
2-112 shows a typical arrangement of fle­
chettes in the tube. It should be noted that the 
pack closest to the base must resist the setback 
forces of all those above it; hence, it i::; of 
heavy "teel construction. The packs above this 
are of progressively lighter construction, and 
those at the top may be made of molded plastic. 

2-270. Assembly of Projectill'. The steel tub(> 
forming the body of the projectile usually is 
slit in four places, 900 apart, for sonw part of 
its length, and may be further scored to ensure 
full openint; upon leaving till' weapon. A::;::;pmbly 
of the proJcC·tilp is aecomplislH'd by brazint; or 
welding the stl,(>1 cylinder to th.:- base, loading 
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the filler into the tube, insertin~ a eardboard 
spare wad and a steel cover on top of til(' fill-

. ing, and then soft-soldering, welding, or crimp' 
ing the cover to the tube. The slits in the tube 
usually are filled with enamel "pam sfc'all'r to 
prevent infiltration of moisture. The purpose 
of the cardboard wadding is to nllnimize ob­
jectionablE' rattling of the contents. 

2-271. Weight and Weight Control. 'I'll(' wright 
of the prOjectile is made equal tl)' th,)t of the 
HE prOjectile used in the same weapon. Thp 
usual reason for this is to maintain uniform ex­
terior ballistic characteristics and to obviate 
the' changing of ~unsight sett in~s wJll'n switching 
from one type of round to another;. How(>ver, 
for canistpr ammunition this pr·a,:'lice n~t'rely 
serves to maintain relativt'ly Uniform weapon­
recoil pl'rformanC'(' and to permit thp USl' of a 
near-standard charge and components. Wl'it;ht 
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control of the complet!' projectile Is obtained 
by controlling the dimension tolerances (and 
adjustinl' the number of balls when applicable) 
until the specified overall weight is obtained. 
Suificient tolerance in all the component parts 

~ ~ ~ 

~ 

~ 

~ 
~ .~ 

. ~ ~ ~~ . 

.~ 

J 
.~ ," 
~ ~ 
~ ~ 

l 
~ 
~ 

~ 

~ 
~ I 

~+~ ;; ~ 
~- ~ 

I 
Figure 2-112. Packillg 0/ jilln 

is nl'cessary to permit this. The necessity for 
maintaining strict weight tolerances is not as 
important in canister ammunition a::; It is in 
ot/wr types, it does, howt:'ver, Rcrve to pro­
mote good workmanship and to maintain con­
::;istent muzzle velot' ity. 

2-272. Pla::;tir CaSings. The possibility of 
making cani:.;ter projCclile bodies out of molded 
plastic is being invel;til,atpd at thi::; time. Ue­
cause of the one-piece mold!'d I'lJnstruclion and 
the elimination of the separatl' rotating band, 
thi::; type of construrtion IH'omh>es to be ron­
siderably eheapl'r Ulan ::;teel. It also permit::; 
the ral'rying of a high('r weight of filler for a 
specified ov!'rall prOjectile w('ight. In additiol!, 
it is ('xp('cted to rau::;e l('ss wear of tht:' weapon. 

Firing:.; of '.I-in. and 37-1ll111 ('anbter ammu­
nition using a cord-filled ther.llo::;elting phC'­
nolir pl.lstiC as the ca::;ing matel'ial have shown 
promising re~ults. The lollowing is an extract 
from the Wat('rtown Arsenal report on tlH'se 
firings:l 

"The WAL Type Discarding Carrier ('an be 
successfully adaptt:d as the easing for ean­
lster type ammunition. Plastic carriers art' 
suffici!'ntly strong to withstand the arcelera­
tion forces within til(' gun tube, and CaJl be 
made consid£'rably li~hter than steel cas­
ings. They obturate very effectively during 
and after engraving in the gun tube, discard 
quickly am! 'Illiformly beyond the muzzle of 
the gun, and thus promote a uniform down­
range missile dispersion." 

Further tests to evaluate major-calii.>er plastic 
carriers have been recommended. 

2 -273. Rubber Obturators. Th£' USl' of rubber 
obturators (figure 2-113) to replace the ron­
ventional gilding-metal or steel pre-engraved 
rotating band has been suggested. 3 Tests now 
under way indicate that the follOWing advantages 
may be exp('ctl'd from their use. 

1. Elimination of the use of the !c;ildiug­
metal rotating band in gl:n an~ howitZPl' am­
munition. Gilding lIlt'tal has Lx i'n, at : i lllPS, a 
st rategieally srarc!.' matt'ria!. 

2. Less wear on the l~un tub£'. 
3, Equivalent or better obturation. 
,i. Elimination l)f th£' pxp£'nsive pr£'-engl'av­

iug operation on recoill ss ammunition. 
5. Interchangeability of :ullnH.nition bptwccn 

conventional and recoilless weapons of ~h(' 

same caliber. 
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6. Elimination of the need for indexing re­

coilless ammunition, thus permitting a higher 
rate of fire. 

7. Reduced sidewall prp.ssures will permit 
the use of thinner base sections and permit an 
increased weight of payload. 

Tests condu~ted by Picatinny Arsenal on sev­
eral. different types of rubber indicate that 
Picatinny type XP-214, with a Shore Dun.mJeter 
hardness of D-35, is the most suitat>le. 
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Figure 2-113. Rubber obturator 

2 -274. Dcsi[,:n of Canister Amlllunition. 2 The 
ielpal callisie-i·-pl~(i.lec·tife·sh()liTa-ha\'ethe fol­
luwlI1g propprtip;;; 

1. Greatest l(,thal jJotplltial in the tactical 
situatllln for which it is ir,tended. 

~. It must pruciucl' a minimum amount of 
damagt> to till' bort' of the gun. 

3. It must rPlllain Intact while passing 
tlu~)ll[';h thp muzzle bl'akp, if one is used. 

4. It !JIllst upcn cunslstently within 50 feet 
of til(' llluzzip. 

5. It Illust han> the hi[':hest muzzle velocity 
cunslstent With til(> Hlterior ballistics of the 
wpapons system. 

6. Ratio of weight of filler to total weight 
must be as high as possible. 

7. It must be cheap to manufacture. 
8. It must operate within l! temperature 

range of -65" to +125" F. 

2-275. Deterll}!1 'tion of Design Parainet~.~ 
a. Muz~~--'y~j()(',~ The mUZzle velocity 

may be determined from the known weight of 
the projectile and the g-iven characteristics of 
the weapon. (See Section 4, "Propellants and 
Interior Ballistics. ") 

b. Angle of Cone of Dispersion.:, The angle 
of the conI? of dispersion may be determined 
from the twist of the rifling of the weapon 
(paragraph 2-277). 

c. Opt imum Pellet Size. Given the total 
weight of the filler~he muzzle velo(""; of the 
weapon, and the angle of the cone of disper­
sion, the optimum pellet size may be obtained 
from lethality considerations (paragraph 2-278). 
The weight of filler, for steel canister, varies 
from approximately 40 to 70 percent of the 
total projectile weight. 

2-276. Design of Base and Tube. 
a. Stress Analysis. The base is deSIgned 

so that the maximum combined stress on any 
section of the wall is not greater than the yield 
point of the metal. In the case of the sidewall, 
the tube is stressed very near to the yield point 
to enco1lrage the opening of the canister as 
quickly as possibLe alter it leaves the gun tube. 
The analysis of materials stressed to the poin!' 
of failure (as is necessary in this case to 
achieve proper functioning) is a rather inexact 
and ill-defined field. Hence, it is not too sur­
prising that a great deal of past experience and 
trial and error is involved in designs of this 
type. Of the thrC!e types of fragments used in 
canister projectiles (balls, slugs, and f1e­
chettes), the ball-type filler gives the most ex­
t .. ~me sidewall stress. This type of filler is 
considered as a fluid; the stress formulas of 
the subsection "Stres:;, in Shell," Section 4, 
are applicable. The tubes and bases for slug­
loaded and flecheltl:!-loaded <.:anisters are cal­
culated in the same manne r as is the ball­
loaded canister, except that the additional sup­
port gained by the use of the stacked slugs, in 
the first case, and the separators, spacers, 
and matrix in the second case, are taken into 
account. Since the spacers and sep.nators are 
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subject tu an acceleration of 20,000 g's, the 
assumption is made .{l~at if they fail, they will 
fail in compression. Accordingly, on these 
components only compressivl' stret;ses are 
taken into account. 

b. Lengths of Slits _and Scores. The lengths 
of slits and scores are determined from: 

1. Past experience with similar canister 
designs. 

2. Modifications made in the course of 
test firings. No attempt has been made 
to compute these lengths, since it is a 
simple matter to determine the op­
timum during the test firing. 

2-277. Dispersion of Canister Shot. The angle 
of dispersion is dependent only on the twist (T) 
of the rifling, in calibers per turn. 5 

Cone angle = 2 (tan -1 ;) 

It may also be shown that, discounting the effect 
of unequal air currents, Magnt;s forces, and 
gravity, the shot pattern will be essentially 
similar to the shot arrangement in the canister. 
Since the shot pattern within the prOjectile is 
essentially random, the fragments arrive at 
the target in a random pattern. 

2-278. Casualty Criteria for Canister Ammu­
nition.4 ,5 An old and often misused c,asualty 
criterion for canister ammunition assumes that 
ar.y fragment containing 58 it-lb of energy is 
capable of incapacitating a human target. A 
companion, and equally misused, criterion re­
quires that a canister round produce one per­
foration per 6 square feet of l-inch yellow pine 
board at a prescribed .ange. Reference to the 
text on wound ballistics (paragraphs 2-185 
through 2-192) will reveal that thesp criteria 
bear little relationship to the true lethal poten­
tial of a fragment. The following criteria, 
based upon wound ballistics and probability 
theorY4 

have been proposed by Picatinny Ar­
senal. ,5 

a. Criterion for Rapid-Fire Weapont;. TIl(' 
major tacticalrequlrement for canis-t~;r--;nfor-

mation is the defeat of the human-wave, massed 
infantry assault. U the logistical situatioll is 
such that a large number of rounds are avail­
able, and if the cyclical rate of fire inherent in 
the weapon system warrants it, then a criterion 
that will maximi".e tne protection to the weapon 
crew is proper. Such a criterion is defined as 
one that will maximize the cumulative proba­
bility that a randomly placed, advancing enemy 
will be rendered incapable of inilicting dflmage 
before the range of 100 feet from the weapon 
(hand grenade throwing distance) is reached. 
The fragment size that obtains this maximum 
probability is chosen. 

b. Leth~L~rea Criteria Based Upon a Single 
Round. A more generally chosen criterion is 
that of the maximum lethal area of a single 
round. This is because canister ammunition, 
in general, is considered "special purpose" 
ammunition and, as such, the protection must 
be confined to that obtainable from only one or 
two rounds. (This condition is espeCially true 
in tanks, where ammunition stowage is a seri-
0us problem. Furthermore, most weapon sys­
tems have mherently low cyclical rates of fire, 
especially with blunt-nosed projectiles, such as 
canister.) An ideal criterion for the single 
round woul<i be one, that maximizes a range at 
which the enemy has a fairly low probability of 
surviving to do damage in the time it takes to 
traverse the distance from that range to the 
range of 100 feet. Unfortunately, however, high 
levels of probable incapaCitation (on the order 
of 90 percent) are rarely achieved with canister 
ammunition, even with the most efficient pay­
loads. Hence, the next best criterion, lethal 
area, is utilized. The use of this criterion 
will maximizp the most probable number of 
enemy incapar:itations, with a single round. in 
the time it takes to traverse the distan('l' from 
any ran~e to the range of 100 feet. It should be 
notpd that essentially the same critl'!'lon ('all 
be used for offensive situations, l'x('('pt that thl' 
till1(' of each ineapac itatiun IS kl'pt iix"d (at 5 
minutes, for l'xamplp). TIll' tattl'!', howI'Y"I', IS 

ran'ly used. sincp ttll' lJlaJo!' )'('qllil't'[1]l'nt IS 

iur dl'f(,llsiv(' situations. 
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HIGH-EXPLOSIVE PLASTIC (HEP) SHELL 

2-279. Introduction. High - explosive plastic 
(HEP) shell are relatively. new in the field of 
armor-defeating ammunition. Plastic explo­
sives originally were intended for use against 
concrete fortifications, but now are used pri­
marily as antitank projectiles. 

In general, antitank shell are designed to neu­
tralize enemy tanks, either by destroying them 
as stable, mobile gun mounts, or by killing the 
gun crew so that they can no longer fire their 
weapons. Ideally, an antitank shell will per­
form both these functions by igniting the tank's 
fud and detonating its ammunition. 

2-280. General. HEP shell are projectilps that 
attempt to defeat tanks without pelleti'ating 
their armor. The Piiect of HEP shell is based 
on the fact that a "sufficient" quantity of ex­
plosive, of "sufficient" Iwight for a given shape 
of explosive, placed in intimate contact with 
armor plate will when dl'tonated rpsult in the 
rupture of a portion of the oPPosite face of the 
plate. The ruptured portIOn is known as a 
spall, and is generally a rough disk. Depend­
ing on the quantity of ('xplosive III exrpss of that 
needed to cause the rupture, the spall will at­
tain velocities between 100 and 800 fps. The 
mass and velocity of the spall depend on the 
quality and Ulirkness of the armor, ane! the 
mass, type, and shape of the explosive fill,-'!'. 

2-281. ~C2.n1£.al'ison With Armor-PiercingShot. 
In general, HEP shell defeat standard tank ar­
mor approximately 1.2 calibers in thickness, 
at angles of obliquity from 0 to 60°. When 
weights alone are conSidered, the HEP shell 
far surpasses the armor-piercing projectiles 
in destructive power. 

AP shot and AP projectiles are generally ex­
pected to penetrate homogeneous armor with 
thickness about equal to their caliber. HVAP 
shot are expected to penetrate up to 3 calibers 
of homogeneous plate, because of the extreme 
velocity and the hardness and density of the 
core. 

For armor-piercing shot, it should b~ noted 
that the thickness of the armor to be penetrated 

does not depend on the thickness of the armor 
plate alone, but also on the angle of obliquity. 
Thus, the thickness to be penetrated is usually 
greater than the actual armor thickness. Since 
the HEP shell shock wave is transmitted ap­
proximately normal to the surface of the ar­
mor, its spall effect can be accomplished on 
thicker plate than with a comparable caliber 
of armor-pierclIlg shot. 

2-282. Advantages and Disadvantages of HEP 
Shl'll. At the present time, not all properties 
and characteristics of thl' HEP shell are known. 
How<,ver, many characteristics and trends have 
been e!iscovl'rt'd, and these are listed lwlow. 

a. Ttl\' advantages are as follows: 
1. HE!> sl1<'ll make low-velocity weap­

ons, such as recoilless rifles, effective 
ant itank destroyers. 

2. Whill' the effectivpness of (ltlwr ,wti­
tank prOjectiles decreases as the an[.(le of 
target obliquity inc reases, the effect 1 v('npss 
of HEP shPlI is not so adversPly affected. 

3. HEP shell are ctwa[lel' to manllfadul'l' 
than other types of projPctiles. 

4. HEP shell are light in wei[.(ht, hl'l1('c' 
more desl rabll' log-istic ally. 

5. Accuracy is comparablL> to, DC bdtl'r 
than, HE shell firE'd from thl' Sallll' W,'<lplln. 

6. Blast and frag-l11l'ntatiol1 trom lIEP 
sl1<'11 provide vl'ry (jpsirabll' sl'rnndary l'f­
fpds against primary targ,'ts (armored \','­
hicles). 

7. HEP shdl an' l'fft>l'tiVl' in lll'lltralizing 
secondary tar gds (fur(ifil' ations, wl'apulls, 
cmplacenwnts, pl'rsolllll'l, ~lIld 11llllarl11Orl'd 
vehides). 
b. The disadvalltag<'s art' as follow,;: 

1. HEP- sh;;iicaiinot LJ,' appli l'd to sul­
ficicntly widp ral1g-l's 01 vdot'lty <'onellt Itlll.~. 

2. HEP shell havl' a low llall ist 1(' co­
efficient becaus(' of tlll'ir lig-ht wl'lght and 
blunt head shaJl!'. 

3. The plastil" l'xplosi\'l' fill,,!, or HEI' 
shell must be pn'ss-l')ad,'c! rath"1" than 
cast. This I1ldhod is ll1on' tll111' ('O!lSlll11-
ing, and hence more <'xP<'lISil'l'. 

2-283. Theory of HEP_Sh{'~!.}~('r['lI·lllal1l""_' Thl' 
theory for HEP shell phl'1l011H'na IS stlll b('lng 
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developed and the theoretical treatment has not 
yet reached the stage where engineering design 
criteria can be furnished. The presentation 
below is a pl~rely descriptive account of the 
mechanism of "spalling." 

Interacting Wave Front Theo'!'y':' When a charge 
of explosive is detonated in contact with a flat 
steel plate, the explosive energy is transmitted 
into the plate normal to the surface. The shock 
wave produced in the steel is reflected from 
the rear surface of the plate as another shock 
wave. The shock waves meet at some line 
within the steel, and reinforce each other, 
though not simply additively, as with purely 
~lastic stress waves. II the charge is suf­
ficiently great (the height and shape of the ex­
plosive in contact with the plate an:' important 
parameters), the steel ruptures and a spall is 
driven off the rear side of the plate. This ac­
count has been overly simplified for present 
purposes, and it is probable that not only ~,hock 
waves but a complex interaction of elastic 
stress waves play an inseparable role in the 
mechanism of spalhng. 

2 -284. General Principles of HEP Shell. A 
squash charge is most effective when it is in 
the form of a fl;.t cone. Since the explosive 
must adhere closely to the surface, it cannot 
be crumbly, but must have soft plastic prop­
erties like putty. Composition A-3 has proved 
to be best among the various fillers used, while 
C-4 is the second best. (Cast explosives of the 
TNT or CompoSition B type do not give HEP 
action.) 

For the chemical composition and properties 
of the various explosive fillers, refer to table 
2-8, "Characteristics of High Explosives." The 
spalling effect is produced best with explosives 
which have a high detonation velocity. 

The most serious limitation to HEP shell is 
that they do not function satisfactorily outside 
a range of striking velocities from 1000 to 2000 
fps. The maximum velocity limit exists be­
cause deflagration of the explosive filler oc­
curs when HEP shell are fired at velocities 
above 2000 fps against plate with 0° obliquity. 
This condition makes it necessary to lower 
tile velocity of HEP shell for guns and howitzers 
below the velocitief: of other ammunition for 
those guns, thereby preventing ballistic match­
ing. 

The minimum-velocity limit exists because 
fuze functioning time and shell crush-up on 
the target are not properly coordinated at low 
velocities. At present, it is unknown whether 
the fuze action is too fast or too slow for the 
shell; either one of these is possible. The 
minimum-velocity requirement is a serIOus 
handicap in the development of HEP shdl for 
recoilless weapons. There should be sufficient 
delay time in fuze functioning to allow for 
proper shell deformation. At high angles of 
obliquity, the delay is shorter than for low 
angles. Beyond that, not much is known about 
HEP fUZing requirements. 

2-285. Effect of Spaced Armor on HEP Shell. l 

Th., British have done a considerable amount 
of firing of HEP shell against spaced-armor 
structures, and have found that this ammuni­
tion can be rendered ineffective by skirting 
armor, which prevents the shock wave from 
reachin~, and being transmitted through, the 
main ar mor plate. Spaced armor (consisting 
of a layer of sponge rubber between the skirt­
ing plate and the main armor) has been found 
effective in preventing spalling by HEP or 
"squash-head" shell. 

2-286. Accuracy and Time of Flight. The ac­
curacy of HEP shell is generally better than 
HE shell fired from the same weapon. The 
time of flight is generally greater than that of 
HE shell because of the mv. _ .,lunt nose of 
HEP shell, which is required for comparable 
stability. 

2-287. Temperature Effects. HEP shell are 
not affected at temperatures of -65 to +125°F. 
Temperature effects upon shell performance 
differ for the various explosive fillers. 

2-288. Effect of Nose on HEP Shell Perform­
ance. Variations in nose material, nose shape, 
nose length, nose hardness, and nose thickness 
can have a marked effect on HEP shell per­
formance, as follows. 

a. Nose Material. The explosive shape at 
time of detonation is very important in causing 
a spall. Because of this, it was thought that a 
softer nose, like annealed copper, might be 
more suitable. However, tests showed that the 
annealed steel nose gave better results. 

b. Nose Shape. The accepted nose shape is 
the ogival one. This has proven better than 
either a hemispherical or convex nose, which 
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originally were experimented with because of 
the belief that the ogival nose mi~ht causp 
"pinching" of the explosive filler, bdwecn tiH' 
folds of metal, in deformin~ on impact. In 
addition to the better explosive effect, the blunt 
ogive also has better ballb.;tic ch:lI'actl'ristics. 

c. Nose Length. The longer nose is tlll' 
more pn'fel'able, as it providps a greater con­
tact area upon impact. However, care must llP 
taken in manufacture, as there is a dan~er of 
telescuping, subtracting frol11 till' contact area. 
More exact data on nose length is nut availablt'. 

d. Nos..£....Harctncss. Although it would set'lll 
that a more brittle nOSt' would shatter and 
scatter the fillpr, not l'nough tpsts hav;> b"t'll 
conductl'd to statt' cundusivt'ly that brittll' sk.'1 
would be h'ss effectlv(' than Illort' ctuctill' stl"'!. 

P. NosE' Thicknpss. A thin nosp givps lldkr 
r('sultstlm"nathlrkllOs(" but it rannnt b., tOll 
thin or it would not withstand til(' exploslVl' 
lill!'r prpssurp. Various gag"s of alllH'al,'d 
stppl have been used. Data can be> obtailll'd for 
ail tlll' expprilllPntal mndpis in thl' "Ht's,'arch 
,'lOct Devplopment npports" of Ih(' Challll>('rLlln 
Corporation, Watprioo, Iowa. 

2-289. Gt'lH'ral Cont'lusllllls Oil HEP P!'I'illrm-
----~-------

anc('sL Static __ C;~l~"r.~~:.:<;: Conc IUSllll]" c!l-n'lllp,'d 
from vari()us I,'sls at Ih,' AI)('I'ct('pn Pr()\'ln[; 
Grounds an' ilsh>d hl'luw. 

a. I( tht' chal'g,' wc'q.;hl IS hpld \,(}lislanl, Ill<' 
wl'ir;hl of th., spall dlsplac"d by l'yllndl'lcal 
chargps wlil incrl'as,' as th,' chal'l':l' dlallldl'I' 
is lIlCrea"L'd, up to till' pUlnt wh!'rp til<' charg" 
will havt' It'ss than till' millllllUIll tlllCkllt'ss 1'<'­

qui red to dispiacl' spalls. 
b. The area of a displaced spall IS usually 

slil;htly greater than the area of till' chal'[;<' In 
contact with the plate. 

c. Explosive charges in till' shap,' (If a COllie 
frustum are more effertivl' than an .'qual \\'l'lghl 
of explosive in cylindrical shapt'. 

d. The most effective shapp of a charg(' IS a 
frustum of a right circular cont'. An obilqlH' 
circular COile is not as effective. 

e. Tough, ductile armor is spail,'d k~;" 

"readily than higher-strenhrth, more brittl,' ar­
mor. As the ductility of armor dpcreasc's, tlH' 
extent of spaUing and cracking of the pan'nt 

metal incrl'aHt's, The dlffl'rt'nc(' in pt'rform­
ancl' of armor of two dl'r;I'P(,s of toughnesH will 
be' til!! gn'atl'st at IllWl'r temppraturt's. Weight 
and v!'locity of spall fragn1!'nts incr('as!' with 
ilH'r('asing b"ilth'nl'ss of roll .. d hotlJogt'Ill'()US 
arillor. 

£. TIl(' spallinr; and cl'acklllr; of rullpd hutlln­
gl'n!'llUH armor illl','p:!S('''; as th,' 1"llll)('l'.]luH' 
decrl':!s!'s. 

2-290. Onp-Pin'!' HEP ::->1]('11. Till' first t'X-

pl'rinH'nt:J,1 HEP sllf'1I Wl'rl' madt' from l'xistlllr; 
slll()kl' slll'li cas!'s. Thl' first o!'iginal dl'~igll 

of HEP slll'lI In till' UIlIIt'd Statl':; was of two­
PI!'C,' ('onstructlllll, and was a copy of the first 
Bl'ltlsh llull",ls. OIH'-pil'Cl' shpli Wl'r(' dpvl'l­
op,'d III ()rd"I' to lower ('()sl. Tlwy havl' proven 
I'l bp as ~()()d as tW()-plt'c,' :;hl'il ill l'l'r;ard to 
tl'rlllln;!lllaillstlcs, alld also h;n",' s('\'('ral otiwr 
aci\':llltag"s. IlsI,'d h"I'", 

1. Pr()ciul'llllil ('osts al'l' I,'ss, 
2. Ulllforrnity III prlldul'llOll IS Il,'ffl'r. 
3. l<qul/lIll,'nt on hand w(luld b(' Iwl"'r Utl­

llZl'd, 
4. ~ltgll<'r \'l'l,l('III,'s could Ill' att;lIlH'd. 

Fl'!' dl'l;lIls Oil til" c()Ustructlllll III on,'-pll"'" 
shl'il, r('fl'l" I() ;)"c!WIl 6. 

2--2HI. Slalu" of IIEI' Shl'll D,,\,,'lopnll'nl alld 
TIll'llr;.-, - ~\I Ih,' Ill" ':,-;,;nt ""t Illll' ,l'X!),' 1'l-;l;,:Jlts arP 
bl'lIIg ('{)Ildul'l,'d by L,'"s,' II,.' and Ass,\{, I aft>s 
tll dPll'I'IllIIl,' .'Il~lll",'rinh dl'slgn (,l'lt"I'I:] for 
BEl' shl'l! actHl{l. :\!or.' work 1:-. ab() lJ.'lnf'; 
dOll,' 10 Uc''' SOIll" (If tilt' "Xlstlllf~ kn(Jwll'dgl', 
d('rl\','<1 irol\l "Xp"I'IIllt'ntal shl'li, t(l ll1ak .. ;;Iall­
dal'li ,'I](,S. Th,' dill'f l't'aSOIl I"r tl1l' lack of 
l}lil""" cOllclu~I\,l' lIlf(ll'llla!I(,1l Ie that 11l1! "Ilough 
t,'sls ha\'(' bl"'1l ('ollductc'd. Sp,'clfIC ,L]ta (Ill the 
tYPl'S of I'Xp"l'lllwnLd sli,'II can h,' uhtallled 
fr(l11l til<' PI'<l[;n'ss H,'p()I'1 (li tlll' Ch,II111)('rlalll 
Corp,)rat i(lll, Oil CUIlI ral'l DA -11-022 -OHD-662. 

CUllslct,'r:II,I,' t!H'()I·t'tlcal all d t'xpl'l'lmental 
w()l'l; Iln IIEI' v1lt'Jluju<'lla IS 1ll'lIlg conducted 
;]t Stanfuni H"s,'arch IIlStltUt.', and a rigorous 
matlH' Illat 1(' al tn'at Ill,'nt (lj till' I1lPchanism of 
spaillng Illay lJ" foulld In rl'fl'n'nCl' 2. 
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SPECIAL PURPOSE SHELL 

INTRODUCTION 

2-292. ~~~!Jo~o~ Special_y'_~~~)~(' SI_1!:..11 .. Thp 
special purpose shf'1l descriuE:'d in tills section 
are desip;ned to achipve the followinp. terminal 
effects (taule 2 -34). 

Table :':<1-1 

--------------,---------------------------

Illuminating 

WI' (whitl' 
phosphorous) 

C<.lor<:d stl1ok,' 

I'ropag,U]da 

Liquid-fillpd 

Tactical functIOn 

Illuminat in~, "'~Ilall in!','~ 

Tar~('f illdi('~tt\lr f(lr gTotmd 
and suppol'tint!, air fllt"l.'('S, 

Scr('l'llinl'" "p<>tIinp:, anti­
pC'l'sonnel. inCt\fHila ry 

Control batt!'r), fir". 
idpntify troops and targ-('!» 

Psychological wal'Car(' 

Dispcrsion of ch£'mical 
wa rCaI'£' agl'nts 

These shell, which are all fired from large­
caliber (20-mm or larger) mortars, howitzers, 
or gun~, are made to function by base ejec­
tion' separating burst, or explosive burst. 

The base-ejection shell is normally lJ,sed for 
guns and howitzers, but old-type mortars also 
use a base-ejection shell. A base plug is re­
tained in the base of this type shell, by the use 
uf shear pins or shear threads, ,until the burn­
ing of the ejection charge in the shell develops 
sufficient pressure to shear the pins or 
threads. Either a single- or double-ejection 
charge may be used. 

The separating-burst shell is normally used 
on newer type mortar shell (see paragraph 
2-307). It is similar to the base-ejection shell, 
except that a shear joint divides the shell 
approximately into two halves. 

TIl{' burstpr chargf' of the explosive-burst 
shell breaks til{' sl1l'1I and alsu disp£'rs£'s the 
fillpr. Th£' tHIrster ch:lr~p is a hil!;h explosive 
of l'£'lativply low dptonation rate, which mayor 
lIIay not UP cuntained in a metal burster tube 
located axially in !I}e shell. 

2-293. General Description of Special Purpose 
SIH'I!. 

Illuminating Shell (see paragraphs 2-294 
through 2 -307) contain a parachute and flare 
(sometimes called an illuminant assembly), 
wl\ich are ejected from the shell. The flare is 
then sllsppnded in the air by the parachute and 
light< up a desired area for the specified time 
of burning. Support of the flare by means other 
than parachutes i::; being considered. 

Colored Marker Shell (see paragraphs 2 -308 
through 2-318) contain a high-explosive core 
surrounded by a brightly colored dye. The 
burster explosive breaks the shell open and 
provides the heat energy to vaporize the dye. 
When the shell explodes, the dye is dispersed 
to form a cloud of colored vapor. 

WP Shell (see paragraphs 2-319 through 
2-328) cuntain a filler of white phosphorous, 
thr·ough the center of which passes a metal 
tube filled with a hil!;h-explosive burster charge. 
The burster charge is designed to open the 
shell and to disseminate a low-lying cloud of 
WP. 

Colored Smoke Shell (see paragraphs 2 -329 
through 2-336) contain canisters filled with a 
dye composition. When the canisters are 
ejected, they fall to the ground and the compo­
sition burns, emitting a colored smoke screen 
for a specified length of time. The smoke 
trails out along the ground increasing in height 
and width as it leaves the burning source. 

Propaganda Shell (see paragraphs 2 -337 
through 2-343) contain leaflets or other propa­
ganda materiel. The materiel is usually ejected 
from the shell about 150 feet above ground, for 
best coverage of the target area, but is some­
times ejected at ground level for pinpoint 
targets. 

Liquid-Filled Shell (see paragraphs 2-344 
through 2-349) are similar in design to the 
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/ SHEAR PIN PAflACHliTE , 
;' / EJECTION CHARGE 

BASE 
PLUG 

105 MM M 314 ILLUMINATING SHELL 

/ 

Figu,'e 2-114. Base cj£'ctiOlI slldl - 8lil'ar Pill l.I'pe (J05-mm 1.1314 i/lumi,zatiIlK shell) 

SHEAR THREADS 
SPLIT SLE EVES ~ 

105 MM TI07 ILLUMINATING SHELL 

Figure 2-115. Base t'jectioll shell - shea,- thread type (105-mm TIO? illuminatillg shell) 

Ejection from this type of shell is accomplished by means of an expelling charge. The base may be 
either of shear-pin or threaded design, If a shear pin is used, a twist pin must be used to prevent 
rotation of the base relative to the body. The threaded-base design permits loading in the field 
(multipurpose shell). The illuminating shell is fuzed for ejection at 2,000 fect; the propaganda shell 
is fuzed for ejection at about 300 feet; while the smoke shell is fuzea for ejection 011 the ground or 
in the air. 

WP shell, except that their water-like liquid 
fillers require more rigid fits and tolerances 
to seal the shell against premature leakage of 
the contents. The design of these shell is ron­
trolled by the Chemical Corps. 

ILL UMINATING SHELL 

2-294. Introduction. Illunllnating shell are es­
sentially parachute flares specially l}()used in 
shell metal parts for launching frol11 artillery 
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weapons. This type of ammunition is used for 
the "placement of battlefield illumination at the 
ranges covered by such wpapllns. WherllVer 
tactically feasible, illumination by howitzer 
ammunition is preferred, but when necessary 
mortar-type illuminating shell are used. 

2 -295. Design Elements of Howitzer-Type Shell. 
In considering the design of illuminating shell, 
the desjgn of a particular shell representative 
of most illuminating shell will be described 
here. The shell described is the TI07 howitzer­
type illuminating shell. 

2-296. Tactical ReqUirements. In order of im­
portance, illuminating shell are used for: 

a. Spotlighting enemy positions while h iendly 
troop/> are being deployed for attack ' 

b. General lighting for observation and ad­
justment of ground fire 

c. Continuous lighting to repel massed enemy 
attack 

d. Intermittent lighting to prevent or detect 
infiltration. 

2-297. Terminal Effects' Limitations. There 
are several interrelated and opposing factors 
aHecting the design and use of illuminating 
shell. These include: 

a. Optimum height of shell functioning for 
minimum light intensity over a given 
area 

b. Relationship of candlepower to burning 
time 

c. Relationship of candlepower to candle 
rotation 

d. Relationship of candle size to parachute 
size 

e. Limitation on position of center of gravity 
versus position of center of pressure as 
governed by size of flare 

f. Interchangeability in field for different 
tactical uses. 

The optimum height of illuminating shell is a 
basis on which candlepower requirements may 
be established. (See paragraph 2-366.) The 
length of time the flare is in the air is based 
6n parachute design and the special require­
ments of application. With these requirements 
and a knowledge of the intensity and burning 
time of the candles used, an attempt may be 
made to design to meet the requirements. The 
tendency in optimum design is to slow down the 
speed of the payload before the parachute opens. 

The parachute must be moviw, slower than 
500 tps to function properly. However, if the 
ejection charge is too large, the space avail­
able for payload is reduced (see paragraph 
2-307). The burning time of a rotating candle 
(above 2,000 rpm) is only about half mat of a 
stationary candle. A solution to this is to stop 
the rotation. (See paragraph 2 -301.) 

The setback force that occurs when ammuni­
tion is accelerated in the weapon is the chief 
force encountered in ammunition design. In 
parachute deSign, the destructive force ex­
erted on a parachute varies with the square of 
velocity at the instant of parachute opening. 
This is the chief force encountered in para­
chute deSign, but it is also the chief criterion 
in the engineering applications of a parachute 
to an illuminating shell. Parachute design is 
discussed in paragraphs 2-365 through 2-370. 

2 -298. Shell Metal Parts Design. With one 
exception, the selection of materials for the 
metal parts of illuminating shell is based on 
three considerations: cost, weight, and strength. 
Th(' use of the end item defines which of the 
three is t.he most important factor. ThUS, 
aluminum split sleeves are used in preference 
to steel because the saving in weight out­
balances the increase in bulk necessary for 
strength. In general, aluminum is to be pre­
ferred where strength is of little concern. 

2-299. Base Plug. The original design of the 
base plug for the T107 shell was as pictured 
in figure 2 -!l6a. Its prinCiple advantage was 
lower cost, because of its small size. It 
proved inadequate in that the setback force 
exerted on the plug approached the shear force 
required to shear the pins holding the plug in 
place. Another failing was that, because of the 
tolerances involved, the split rings were not 
always in intimate contact with the base plate. 
Consequently, there was a good probability 
that at setback the plug might be pushed for­
ward into the parachute, thereby fouling the 
chute and lessening ejection velocities by al­
lowing propellant gases to escape. The new 
design (figure 2-1l6b) eliminates this type of 
failure becav,se the plug shoulder prevents 
forward motion of the plug. 

To design an optimum base plug, two opposing 
factors must be resolved: 
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OLD 

NEW 

Figure :!-116. Old (///(/ //,'U' bast' /,111';-, 

a. The alllount uf pre:-;:-;ul'l' nt'l'I':-;:-;ary to 
:;hear the pins or threads (whichpH'r i:-; ll:-;pd) 
must be less than the PI'l'SSllr<' r<'quired to 
cause failurl' in any nt/wI' part of th(' shell. 

b. If tht' :-;hl'ar resistalwe of til(' plu~ is 
low, the effective ejection prps:-;llre will bl' 
low, resulting in IllW PJPction velocities. Low 
eJPctiun velocities arp unde:;irable in that tilt' 
resultant absolute veloe ity 01 cani:-;tl'r and 
parachute is too great to permit perfl'(·t para­
chute functioning. }o'or proper de:-;i~n, sOl11e 
compronll:-;p ll1u:-;t be made between extrl'lIlt's 
of pre:;sure. 

The method f,l1' designing the ba::;e plu~ ::;ht',lr 
threads will be illuf>trated by the following ex­
ample, in which 

S 1 ~ ten:-;i onal hoop st ress at any point 
011 Ill(' inner surface of the propel­
lant chamber wall 

82 

interllal radius of shell at pOlnt of 
calculation of S 1 
external radius of shplI at point of 
calculation of S 1 
shear st r('ss Oil threads of basI' plug 

A 1 ~ :tl'l':t III harllt' platt' 
A2·' I'llot iPTa or baSI' pltll: llin'ad,>,;. 

COllsldt'l'IIl!! ·Ili!' siit'll ttl ht' a tllll'k-lI,dit'd 
\'I'sspl, 

(:'.H) 

ASSlllllill~ tilat till' ,;Ill'll Pill'illlll'tt'I'S :11'" IIXt'd, 

tl1!'11 Sl IS llXl'd willi I'l'SPI't't to "I, and A:'. 
1I111~t Ill' \'arll'd to 111:11\1' S2 il "t'rtilln pt'n'l'lIt;q~I' 

01 S I' ;\:-;SII1111' lhat S:'. should Ill' t hn'l' t lIHI'S S 1 
(a rt'a,;tmably saIl' <l,;SlIlIlptIOIl): t!lt'n 

(2\1) 

() I' 

") - H ~ 
(I 

, H 2 
t' 

Al is fixpd by tlH' sht'll sizt'o SllIl'\' till' TIll. 
bast' plug diallll'tl'r IS 3.3.5 IlIdl, 

At tll\' rotating band, wht'n' thIS slwll is Pl'l'­
sUlIled to fai!, 

and 

thus 

(32) 

A2 ~ 0.655 in,2 

A;;sull1l1lg 3.375 diameter standard thrC'ads and 
1;3 l'lfll'iellcy of tlu'eads 

M,ljor dialllPtpr ~ 3.375 
Minor diallletl'l' '" 3.3167 
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whl'rl' n ~ numbl'r of full thrl'ad~. 

Substituting in ('ljllation (5), 

0.655 
3.375 - 3.:H 7 
------- x n .. 3.375 

2 x 3 

so that n cc 1.56 or, rou!':hly, 2 threads. , 

Thus, thl' baSI' plUh should b(' dl'sl~n('d sothdt it 
ha;; at 11';1;;[ tWLl sh(';1r thr<,ads. if it wt'j'(' dt'­
~oll'('d to incr(';lsc thl' <')t'('tion vC'lu('ity, jOllr 
stwar thrpads cuuld bt' us('d, ~[\' 1J1;~ a s:lfl'ly 
farlor of ;'bnut 1.5 (which is roughly a lilllltilil', 
vaill!'), A similar cal('uiatiull I'wild Ii" 11I:tlli' 10 

dl'tprmilJ(' thp sizl' and lIulIII)('1' of slll';11' 1'111.'< 

Ill'I'd('d. III tht' ;,('llI:1I Tll)'l d"Si!~II, :', J,:! 

threads :tl'(' llst'd, "t\'[lIf', a "al"I\' ta('lor III :)" 
which is sliffil'H'IIl. 

Th" Ilti('klll'SS "I till' ":I,'''' pLitt' I" d,'I"I'IIIIIJ1'd 
jr[)lll a 1"lll."ld,'r;!l11l1l (II til!' "I'I/l;ll'/; PI'I',;;';lIl'1' 

a,'ling ,III IIIl' 1i:1,<", lI'IHilll!', til "Ill'ar Ill,' pilil'" 

AssllIIIIIlI~ a l'I'I','('1i pl'l'''''lIl'l' "I :W,OOO 1",) ;11lt! 

an 1I1lllppils('d ,11""1 III 7,;: ,"'"llan' 111l'11l";, 

SI)(',I)' :11'1',1 

J'll,OOli II> 

Il x I ~), ,I I "'I I II , 

1,I,(llll) 

~I , '\ t 

IH,2011 

'1'111' tlili'l-dll'ss (I) llial Is :ISSIIIIII'd ,'I'lt It';il IS 

lil .. dl:.;1 ;1111',' 11'1'111 lill' :11'1"'1'11 pdl~" to tli,' sli(lul­
til-r, SIIII',' lill' ,1(,[':1 (II ,<url:I,'1' )1 IS ,o.;llI:ill (SPI' 

Ilf:dl't' 2 -117), 

ASSllllllllf: lilt' IlLIXllIlllll1 :dluwailit' "hl'ar str('ss 

1,1 ",. 40,(01) 1''' I, Ih"11 

40,000 _, 18,200 

or I , 0.45;) Ill. 

TIH' dl'Sll~1i "f Ih,' ;]('tu,tl '1'107 has a t ~ 0,57 
mililllllllll, J'('PI'l",t'llt dlg a saJl'ty faclor ot 

0,:)7 
U"j;);1 

t 

SURFACE 
b 

lIy liS I Ill', ;1 ha:ftollt'd 1'1111:, :J S;II'IIII~ III \\'('11:111 
;1I1t! hull, ('(}lIlt! Ill' 1II.ItI" wllh :1 "('II"('qlll'IJi 
llll' I't ·.I~:t' I II ,', ):-.1. 

:!-:WiI, ,\""".',:>IlI'Y P,II'\.>. 1l1':';ll',II, TIlt'1'l al'l' 
SlIllll' ;1\"""""'1'\' IIII'LII parI:, 1'1'1'1111,11' III !1 1I1I1I -

11.11111\', ,;lIt'1I \l'hl\'h II 1lI:; I lit' ("IIlSldl,It,t! III dl' 

';)1',11. TIIt';;I' :1,',', :.;plli SI""I"'S, Idlll'li 1'1",1",'1 
III" ".\I';I<"IlIill' alld ,1,;,;)sl III ,1<'pl"),IIll'III, IIII' 

dl"'t'l,,),, ""1', wIJlt'h tIl'I'('I"I'a\t's 111l' Ilhlllllll;lId 
:I''''''lllhl), 11t'lpn' SI"'lIlhl (',11,,'111111, :lIld "II'II'd, 
willl'h sl'p;lra(I''; III,' 1,:II',]t'IIII((o ir(l1l1 IIIl' \1111'11-

III:: 11.11't', 

Spill "II'I'I'I'S :11'1' 11)11:',lllH'lll:tl, l'ylilldl'l('al '';\'[.;-

1I1l'III,s (,lIlll'I'1I11'1t' wllh lilt' ,,11l'1l w:ill. TIll'\, 
1(lIl1'tl(l1l :IS I'IlIUlllm; I,) 11':111,0.;11111 III" ('J,','llOn 

1,1),['1' III till' \I;lsl' pitl!'" willil' ;11 Ih(' S;lllll' lilll(, 

lilt,)' ,SIIPI',)rl :IH' ,seth,Il'k \\'l'lglll ,.1 tll,-' (':lIIdll' 

,1.';:';('III\)ly f"l'ward "I III(' jlal'al'illil," Till"; 1,0.; till' 
"l'ltll':i1 IlIl'l'l' llIl whll'h ,..,plll-o.;lt'('\(, ,k:';I~:1I I." 

bas('d, 

Tht' Illlal lllad a('lln!~ llll Ih,' 

a, Wl'i[,;hl (II sl'gllll'nl." 

:.;q~ IllPIIIs III!' lud('s: 

lI,27 III 
U, Wl'ight of dlllllllllani 

(,(1II1:1ilH'r 2,3 10 
(', WeIght lIf illllllliliant 

alld tirst fin' 

d. W('i[:ht (If shroud cl('at I 0.4 liJ 
('. W('ight of shroud platl' I 
f. W('lght of dl'laVi 

uody (partial) 0.4 Ib--
g-, Wpight of h!'ad 
h. W('il~ht of plug and ~t('('1 

win' 0.5 10 

Total 
w"ight 
4 Ib 

''1'1", w,'i~ht ,)! th" d,'!.'." b"dy anti Iwad iH "nll' 
p;lnially Sll]lP(ll'tl'ti by tIll' spIll Hh'I'\'('S, so an 
('stlillatt' nutst In.' lnadl' of tht' slIppnl't weight. 
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Assume a setback force of 10,000g in the shell. 
Then, the total forc!' on the segments is 

Q = 4 x 10,000 = 40,000 lb 

Ii the segments act as columns, then Hitter's 
formula for columns can be applied 

Q 
(37) 

where: 
Q = external load 

on columns 40,O()O Ibs 
Sc = induced stress = 

Scy = 35,000 critical· 
A = area of section 
Scy = compressive 

yield stress 
E = modulus of 

35,000 psi (abminum) 

elasticity 10 x 106 for aluminum 
= length of section 3 7/8 in. is for TI07 

" = radius of 
gyration 0.12 in. 

n = a constant = 2 

Substituting in equation (37), 

Q = 40,000 = ___ 35,000A 

(
3.87)2 ( 35 000 ) 

1 t 0.12 ~-x~x 107 

or 
40,000 x 1.18 

A= ~ooo- = 1.35 sq in. 

Assuming an O. D. of 2.87 inches (figure2-1l8), 
where 

A ~ "Dt = 2.87 nt = 
t= 0.140 in. 

which represents a minimum :hickness of metal. 

Thus the 1. D. is 2.87 - 2(0.140) = 2.59 inches. 
The actual 1. D. of the Tl (\7 split sleeves is 
2.47 inches maximum, which gives t = 0.20 
inches, representing a reasonable factor of 

'Critical desi!(n stress is tHC point at which Sc ~ Scy. 

OD ID 

Figurl! 2-118. Wall Ihic.i?ll('ss diagram 

af f 
0.20 

s' ety a 0.14 1.4. There still I'em,jns the 

!lumber of split slet'vcs to sppc ify: the rc­
sults of static compression tests on split 
lileeves of three materials are given be,ow. 
The values given in table 2 -35 represent Sc 
at failure. 

Table 2-35 

·-N-o-.-.-S-le-e-v-e-s-· -r1--2-__ [~ 3 .+=-4 

61ST aluminum I :17,50U I :l:J,\lUO :17,GOO 

1.1 laO steel II 98,900 I 106,100 lU:;,hOU 

LI025 stcel . 73'2~7,GOO HI,lOO 

It is noteworthy that no significant point of 
failure val'lation occurs with variation of the 
number of sleeves used; therefore, since in 
general it b desirable to keep the number of 
parts to a minimum, the best design would 
call for two sleeves. However, experience has 
shown that the use ot only two sleeves causes 
poor canister ejection on account of iJinding of 
the sleeves; this fault is overc ome in practice 
by specifying three sleeves, with the use of 
four sleeves as a second choice. 

2-301. Q~elerotor. To minimize parachutp 
damage, it is deSirable to im'orporate some 
device to deceler,lte .' (',mister between fir'3t 
and second ejection. .Iginally, the Kl\'Y ron" 
tributed the idea of housll1g the parachute and 
candle within a subpl'ojectile, so that it could 
tumble during a secondary timp dPlay, thereby 
losi ng some of its high veloc ity (approximately 
1,lOO fps). Three factors influence the selec­
tion of a suitabJ€ decele ration dpv ice. 

a. Deceleration effil'ieney, defined a." the 
ratio of velocity reduetion in a glvell time in­
terval to the total extra volume occupied by 
the dev ice ill the shell. 
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b. Cost of item. 
c. Ease and reliability of deployment. 

To date, three method15 have been used or pro­
posed as deceleration devices. 

a. Small deceleration parachute. 
b. Decelerotor (figure 2-119), consisting of 

two semicircular steel plates mounted cceen­
trically on the rear of the canister, which swing 
out under centrifugal force, thereby causing an 
air-braking action. 

c. Use of the split sleeves as a brake by 
attaching them to a swivel. This procedure in­
volve15 comphcations, since it can only operate 
after second ejection, before parachute deploy­
ment. 

UNDERSIDE VIEW OF DECELEROTOR 
BLADE SHOWING SLOPED CHANNEL 

------- -- .. -

-------

DECELERo;rOR WITH BLADES 
FULLY EXTENDED 

Fit;lIre 2-119. Deceloyotor 

2 -302. Design QL!3mall Deceleration Parachute. 
To calculate the de(~eleration caused by a small 
deceleration parachute, we may assume a four­
second delay b.etween first and second ejection. 
The following calCUlations are made for a 700-
fps witial velocity, one-foot diameter parachute 

with drag coefficient CD = 1.2; canister load of 
five lbs. Neglecting effects of gravity, 

M ~~ = F = -~ ApeD v2 (38) 

where all quantities are as defined in paragraph 
2-368. Substituting in (38), 

5 dv 
12.2 x Cit -~ x 0.0024 x 12 f x 1.2v2 

clearing fractions and integrating: 

140 
v = t + 0.2 

which is the desired relation between time and 
velocity. Similar results may be obtained from 
curves shown in fIbures 2 -120 through 2-124, 
which give variolls values of initial velocity 
Vo versus time and parachute diameter. Since 
the volume and weight of the packed parachute 
increases as the diameter squared, it is de­
sirable to keep the parachute as small as 
possible to achieve the required deceleration. 
From the curves, it can be seen that it is pos­
sible to reduce the velocity below 200 fps. This 
represellts the maximum diameter parachute 
to be used in this instance. 

The dece10rotor is currently used in the T107 
shell and is pictured in figure 2 -119. One 
surface of the rotor blade is pitched so that the 
airscrew effect as it rotates retards the for­
ward velocity of the canister, while a com­
ponent of force acts opposite to the direction 
of rotation of the canister, retarding canister 
rotation. It is difficult to calculate the total ef­
fect of the decelerotor, since its rotational 
velocity varies while it is functioning. Ex­
perience has shown tha.t more velocity reduc­
tion occurs from the use of the decelerotor 
than occurs due to tumbling, or by use of a 
flat plate of the sam" surface area. As a re­
sult, a parachute with a larger, lighter canopy 
can be used without fear of tearing. 

The swivel that had been used up to the present 
was for the purpose of allowing free rotation of 
the candle while the parachute was braking. 
This minimized malfunctioning caused by twist­
ing of the shroud lines. In the present T107, 
wHich has a nonswiveling attachment, few cases 
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Vo = 500 fl Isec 
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Figure 2-120. Initial velocity (va) as a function of time alld pa rac/zulc dlan/dt'r 
(va = 500 fps) 

of twisted shroud lines have been found, because 
of (1) use of nylon shrouds instead of steel; 
(2) rotational deceleration imparted by the 
decelerotor. In addition to elimination of the 
swivel, another advantage is gained by reducing 
rotation; that is, high-speed rotation reduces 
burning time without any increase in candle­
power. It is believed that unburned illuminant 
is lost by the action of centrifugal force on the 
flare composition, causing it to break apart. 

The design of the remainder of the metal parts 
does not seem to be critical, since little evi­
dence of mechanical failure has been noted in 
tests to date, and since their design depends 
only on their utility. 

2 -303. Design of Ejection Chaq;~ Of major 
importance in attaining optimulll performance 
of the shell is the quantity and kind of primary 
ejection clwrge used. Since it is dcsirable to 
reduce the canister veltX'ity IJP[ure secondary 
ejection, and sincc the vclucity u[ E'jCctllln re­
duces the forward velucity of the canister, 111-

crease in eJectiun velucity is desirable. * Scv­
eral requisites govern the ChOlCC of the charge 
material. It must 

a. Possess hi(:,h energy content 

·Up to lhl' POll1l, that is, at whi<'h lll(' yl'lol'ity ,,..; So 

high thaI sonl<' pn'j1£,l1allt r"mains llniJlll'lH'd. '"Hi 
the parachute tl'IHi8 to ~lngL'. 
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Figure 2-121. Initial velocity (vol as a junction oj time and parachute diameter 
(va'" 700 jps) 

b. Be relatively safe 
c. Be nonhygroscopic 
d. Be cheap and 

available 
e. Re relatively ash­

frel'. 

2-168 

NOTE: see "Manu-
facture of 
Propellants, ' 
paragraphs 
4-4 through 
4-6. 

The black powder, so widely used until now, 
may be supplanted by a smokeless powder, 
such as IMR powder, which is superior in 
most respects. The energy content of IMR is 
almost double that of black powder. 
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Figure 2-122. Initial velocity (va) as a junction of time and parachute diameter 
(vo = 1,000 fps) 

--

The amount of charge used will determine the 
velocity reduction. It would seem that sufficient 
reduction of velocity could be achievect by using 
enough powder to eliminate the need for ex­
ternal decelerating devices. There is a prac­
tical limit to the amount of powder that may be 
used effectively. If too much is used the can­
ister will be ejected before burning is com­
pleted, reducing the ejection pressure. Since 
most of the charge energy is used to decel­
erate the canister, rather than in shearing the 
base plug, a rough estimate can be made to de­
termine the amount of velocity reduction at­
tained using a given weight of powder and a 
given initial velOCity. For IMR powder, the 
available energy is 348 ft-lb per lb x 103. With 

a 5-lb load and 1,000 fps initial velocity, the 
total kinetic energy available to the canister 
at ejection is 

where 

vI = initial velocity 
v2 '" final velocity. 

Using 1. 7 ounces of IMR powder, 

E = 1;: x 348 x 103 = 36,800 ft-lb 
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Figure 2-123. Initial velocity (va) as a junction oj time and parachute diameter 
(va = 1,200 jps) 

36,800 ft-lb = i (3i.2) (v 12 - v22) 

v2 = 730 fps 

2-304. Direction of Future Designs. While the 
design of this shell has reached the stage where 
it can be frozen and put into production, the 
design is by no means optimum. The only es­
sential parts of the shell are the shell body, 
base plug, candle, ejection charge, and suspen­
sion system. Any method of eliminating any or 

all of the remaining parts is desirable. In­
vestigation is proceeding along these lines. 

One major line of study is improvement of the 
mechanical properties of the illuminant candles 
to the point where no supporting cases are 
necessary. With the elimination of this metal 
part, cigarette burning, and, consequently, more 
light output might be achieved. 

Another major field of study is the develop­
ment of new types of suspension systems. One 
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Figure 2-124. Initial velocity (vo) as a function of lime and parachute diamete r 
(D = 1 ft) 

promising system is the employment of rotahng 
airfoil blades instead of a parachute. This de­
sign has unique advantages, including better 
storage properties, cheapcr production cost, 
greater strength, more heat resistance, smaller 
total volume, higher dp.ployment values, and 
decreased weight (because several metal parts 
such as split sleeves, shroud cleat, and plate 
and cable are eliminated). Preliminarycalcula­
tions indicate that descent rates at least as low 
as those obtained with parachutes can be 

attained with a system of blades that can fit 
into the TI07 shell. 

Another line of attack is investigation of ejec­
tion powders. With ejection powders capable of 
providing enough thrust to slow the caudle 
assembly to a reasonably low value, it will be 
possible to discard the double-ejection sys­
tem in favor of the simpler single-ejection 
system. 
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2 -305. Design Elements of Mortar-Type Illumi­
nating Shell. Although howitzer-type illumi­
nating shell are preferred, as stated in the 
introduction, in some situations mortar shell 
may be used to advantage. Design problems 
peculiar to mortar shell and not already treated 
above are covered here. 

2-306. Special Design Problems of Mortar 
Ammunition. Figure 2-125 shows a completc 
mortar round ready for firing. The tail fin 
assembly includes the percussion primer, ig­
nition cartridge, and propellant increments. 
The shell metal parts consist of a tail cone 
and body fastened together by shear pins. 
Betweeli the face of the candle and the fuze­
ejection charge is an assembly of chipboard, 
felt wadding, and interlaced quickmatch that 
protects the surface of the candle from the 
pressure of the ejection charge, obturates the 
gases from reaching the parachute, and simul­
taneously ignites the nongaseous first-fire 
composition on the surface of the candle. 

Firing of the round initiates the fuze. At burst, 
the ejection charge pressurizes the nose cavity 
until the shear pins give way, so that body and 
fuze are projected clear of the load. 

a. It can be estimated that this round is 
only marginally stable because the steel boom 
and the heavy tail cone locate the center of 
gravity close to the center of pressure. At one 

I
e-TAIL FIN ASSEMBLY 

AND PROPELLANT 

PARACHUTE 

SHEAR PINS J !SPLIT SLEEVE 
BAFFLE 

time such steel parts were the only available 
materials with which to meet the stresses due 
to chamber pressure and to prevent collapse of 
the tail cone or boom (which houses the ignition 
cartridge) . 

b. Because the tail cone is empty except for 
a bit of string and tissue paper, the payload is 
less than optimum. Various :lttempts to use 
this space for parachute stowage have failed, 
for two reasons: (1) redistribution of weight 
unbalancerl the round; and (2) the parachute 
had no effective provision for vacating the tail 
cone. The candle and cont:' tumbled in tandem 
down to the ground. 

c. At one time, a cup and compression 
spring were fitted into the cone, and the nose 
was weighted to compensate so that the round 
would be stable. This device was abandoned 
because the tumbling of the tail fouled the chute. 

Figure 2-126 illustrates a complete mortar 
round similar to the 60-mlll illuminating shell 
which functions the same way at burst, except 
that it uses a time fuze. 

2-307. 4.2-Inch M335 lllumina~Shell. Fig­
ure 2-127 shows a mortar round which is com­
plete except for the propellant increments and 
fuze. Development of this shell was started by 
the Chemical Corps during the last year of 
World War II and represents a conversion of 
a chemical shell by making a removable base 

CANDLE 
-FUZE 

/' wi EJECTION CHARGE 

/ 

SUSPENSION LIN K 

Figure 2-125. 60-mm M83 illuminating shell 
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Figure 2-126. lil-mm M30l illuminating shell 

plate and inserting components copied from 
Navy star shell. Unlike mo.<>t other mortar 
shell, this shell is spin-stabilized. On ignition 
(at bottom of the mortar tube), the chamber 
pressure acts upon the pressure plate to force 
the brass obturating cup outward, where it 
engages the lands and grooves in the tube to 
impart the twist. 

The functioning of this shell is the same as that 
of other mortar rounds. The ejertion charge 
discards the shell body and f'Jze, so that the 
remaining components can separate in the air­
stream, where the parachute will open and 
suspend the burning candle. 

IGNITION AND 
PROPE~~ANT ASSEMB~Y PARACHUTE 

In this design, the swivel attachment brought 
the shroud lines so close to the candle that 
heat and flame tended to destroy them. In an 
effort to solve this problem, the Navy used 
steel aircraft cable for shrouds. Army ex­
perience with steel cable has been unsatis­
factory because (1) the heavy steel shrouds 
often damage the parachute; and (2) centrifugal 
force and setback kink the cables during fir­
ing, and upon shellburst the kinked cables 
tend to whip and flail and inflict damage on 
the unfurling parachute. 

In order that the loading space in the shell 
might be used more efficiently, and that the 

rl
j 

.. iJ. 
] 

SHEAR PIN SAND 
TWIST PINS 

SPLIT SLEEVE SUSPENSION ~INK EJECTION CHARGE 

Figure 2-127. 4.2-in. M335 illuminating shell 

CONFIDENTIAL 2-173 



'" I .....
 ..., "" g :::
z " o rn
 

:z
 

~
 

:E
> 

r 

B
A

S
IC

 
P

R
IN

C
IP

LE
 

W
H

E
N

 
TH

E
 

C
A

N
D

LE
 

IS
 

LI
G

H
T

E
D

, 
A

 
O

U
IC

K
M

A
T

C
H

 
B

U
R

N
S

 
TH

R
O

U
G

H
 

T
H

E
 

C
E

N
TE

R
 

O
F 

T
H

E
 

C
A

N
D

L
E

.-
--

--
-S

T
R

E
T

C
H

E
S

 
T

H
E

 
S

U
S

P
E

N
S

IO
N

 
C
.
~
B
L
E
-
-
-

o 
€ 

ff-
". 

__
_ --.:

 
~
 

~i
",
l;
;o
i~
~ 

--
-

P
U

L
L

S
 

TH
 E

 
P

A
R

A
C

H
U

T
E

 
O

U
T 

O
F 

IT
S

 
C

O
N

T
A

I N
E

R
 -

-
-

5 

". 
_ !

i?_
W "
r~

::
:;

:~
: 

TH
E

 
A

IR
S

T
R

E
A

M
 

A
N

D
--

-
'.

 _
 

~~
 

l~
~
-
-
e
~
 

I 
-
-
-
-
-
.
 

tit
" 

-
-
~
 

(S
 

--
-

IT
 

IG
N

IT
E

S
 

T
H

E
 

B
U

R
S

T
E

R
 

C
H

A
R

G
E

--
-

F
ig

ur
e 

2
-1

2
8

. 
Se

pa
ra

ti
ng

 b
u

rs
t 

pr
in

ci
pl

e 

--
-W

H
IC

H
 

S
H

E
A

R
S

 
T

H
E

 
F

A
S

T
E

N
IN

G
S

 
B

E
T

W
E

E
N

 
C

A
N

D
LE

 
B

O
D

Y
 

A
N

D
 P

A
R

A
C

H
U

T
E

 
C

O
N

T
A

IN
E

R
, 

A
N

D
--

-

'~
 

rl 
--
~
 

: 
.....

.....
... -

--
-..

. 
~
 

---
R
r
m
~
'
~
;
:
,
 .
~
~
~
 

~
J
v
~
{
l
 

. 
-

-=
 

\ ~
 -

--
S

W
IN

G
S

 
IN

TO
 

P
O

S
IT

IO
N

 
FO

R
 

D
E

S
C

E
N

T.
 , <>
~ 

~,
~,

 
fu

 --
--

_ 
>

,'
.\

 ,
~,
;;
.~
~ 

,v
 "'.

'~1~
~~--

.. 
~~f

:¥ 
.~

 ~"..
.::;.

,~':.
 

':\:~
~~!i~

~~1~~
~ 

(4
 

n <
::

) 

:2
: ,., - CJ
 

rn
 

:2
: 

-
-
f s:
 

r-

• .: 



.~ -J ,"' 

CONFIDENTIAL 
arrangelllent of parts mi~ht tIC silllplifi(',j tll 
low!'r tlw co::;t of manuia{'tlll~, the s('j"u',ltinl-': 
burst prine iplp was t'st;.iJlbiH'd. FeatuJ'('s of 
tht' st'paratlllg bunit principle are displayed in 
figul'l' 2-128. A scparatin~ char(.(c i::; placed in 
the ('('ilkI' of tht' ::;11('11 to st'paratl' the two 
halvt'.; [rom each other at the ::;hl'ar rill(.(s. 
The resultant oppm:itC' motions of til{' two 
halves allow til(' p,:rat' hull' to be pLu'l'd in tht' 
real' half and to be yanked out when it reaches 
t.he lil1llt of the suspension cablc. Thc front half 
of the shell i::; the rase for loading till' eandk; 
tillS eliminalps tilt' doublp conlainer forllll'rly 
required. In arldl1ion 10 housing the parachu\(" 
the tail COlle suppurts th(' sctback weight ()f 
thc candle directly; thu::;, i:iplit-sll'PVC suppllrts 
an' not needt'd. 

I<'igure 2-129 illustrateii a completp round de­
signed to fun!,!ion by the separating bunit prin­
e iple. The shell metal parts consist of Ill(' tall 
conp, ttl(' body, and the fuze adapter, all of 
which are fastened togp(lwr with shear pins. 
The' lJaffJp plate' that protpe'ts tllP pal'achutt' 
has a COIll1pctilln on ib other side for the' sus­
pens ion C :lble. In ttlls des ign thp cable is 
threaded through copperclad steel tubing and 
formed into a tigbt coil, so thal it functiollH a.'; 
a shork absllrber. The separating chargp is 
assembled from the rear and retai ned by til(' 
('able l'OllllPclllr with sufficient de,H,l:lCe fIJI' 
gas to ent(>r the cabll' cavity and press against 
the baffle platt' to shear the pins. Thl' body 
contains the lllumlnant composition and thus 
becomes the candle assembly when the sh(>ll 
separates. 

Therc arc still somc design refinement:;, such 
as the follOWing, necess~ry in this type of she'll. 

a. TIl(' ~;Il()('k absorber occupips valuablf' 
spac('. It st ill must be proved that the elH'rgy 
u,.;ed to straighten out the tough steel coil is 
absorued dUrilll' the shock of parachute open­
ing. This design should be compared to that 
without the sho('k ahsorber. 

b. Til(' sl'paratilll' char!,!;l' shuuld be acces­
sible for inspection during long-term sur­
vpilbncp. A sug~pstpd solut ion is to omit thp 
centt'ally located separatilll' charr>;e :\Ild t tllllake 
the sint;lc nos~' cilargp perform the flllll'tiuns of 
both. Thc use of a slow-burning pl'opellant and 
st rOl1!':er shear pins on the fuze adapter than on 
the tail cOile may make this fea::;ible. Howcver, 
test firings of this arrangelllent have bcen 
limited, and thp slH'ar strel1!':th prupurthms 
l'Pquirpc\ for proper contl'lll are nut ypt known. 

l'. TIlt' weight of the stcel tail cone of the 
fill-stabili:t:ed round moves the position of the 
('cntcr of (.(ravity tOll far to the rear. Other 
materials Illay lie suitable instead 01 steel. 

Fi!,!;ure 2-130 illustrates a complptp nlOl'tar 
l'nund helllg developec\ with an all-plastic shell 
blxty. Both the tail cone and the canUll' hody 
arc made of a phenolic -type pla::;\i('. Sample 
tail (' ones (molded of t; lass -fi llpd phenolic) 
were tested for the ability to withs\;lnd a Ilon­
destl'u('tive load of 6,700 psi, eqllivalenl to 112 
percenl maxi mum rated pressure of til<' mor­
tar. It is considered that this static criterion 
results in an overdrsi!,!;nrd part. But modifi­
cation will have to wait for considerable bal­
listic t'xperienee in the absence of any realistic 
dynamic test lllethod. 

TAIL FIN ASSEMBLY PARACHUTE CANDLE FUZE 

SHEAR PINS 

SUSPENSION LINK CARTRIDGE EJFCTION CHARGE 

Fit;lIrt' 2-129. 8o-mm T2j.J IIl{(J/Iil/alil/~ slw/l 
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In ,thi:-> slw,ll Ihe slren~th of the randle caM' 
presenli'd a Hper ial problem. In addition 10 
withHlandin~ the setback load, the raHe musl 
:->land lip undel' Ihe pressures rrealC'd by the 
pressi!.~; of the composilion. II was slaled hy 
the devC'lopment contractor, aIter initial lest 
of eandll's molded with ['hopped-~lass filwr, 
that Ihe ('andll' ('ompllsition IClldC'd tu craek tllP 
case upon ('urin~, The experit~l!{'l' of Picatinny 
Al'sl'nal indie atl'd Ihal SUI' h (' rackin~ is lllost 
likdy a I'p,;ult of I lllPI' upo' ("ul'lng of thl' 
ll101dpd casp. Pieatinny abu sU!-\~l'stcd Ihat 
phl'nnlIes otl1l'1' than ~lass-filled could lH' lls('d 
fOl' [wltl'r !11oldability and bdtcl' control 
of burning characteristic;.;, bCl'aus\' ,.;ptllaek 
stl'l'sses arl' nut as Sl'v('rp ill til<' c:tndll' C[l';(' 

as ill till' tail {'tlIH'. Further work along thpsl' 
lilll'S by tllp l'lllltral'lor pl'odul'l'd :t satisfactllry 
rasp llluldl'd of all aslJl'stos-filll'ci phpllolic. 

COLORED MAHKC:R SHELL 

2-308, Introductioll. Thp colored Illarkl'r slwll 
producl's a colored ('[oud du\' I.) v:II)(lI'l7.atllln 
and condl'nsation of tl1l' dyt', Tilt' dye is dis­
I)('I'SI'O by a burster char~l' c()nsislill~ I)f a 
high -explnsiVl' ('ore (haralol is tllP prps('nt 
standard) which is cast in thl' ('l'ntpr of thp 
pre!;spd (prl'spnt standard is 12,000 pSI) or 
cast dye, The hi~h-l'xplosiv(' ('ore is separatpd 
from Ihe dye by a doubh' roatin~ of add -proof 
blat' k paint. Unlike t1lP base -e.leel IOn s mokl' 
shell, till' cloud prodllcl'd by thl' ('ol( ''1 mark('r 
shell is not ('allspd by the l>llrn~.c .... of a dyl' 
compositinn, but th(' ('Ilt'r~y of tlH' burster 
chal'~p both vaporizes titp dye and fractul'l's 
the shell wall. 

TAIL FIN ASSEMBLY , PARACHUTE 

2-30\1 '!:!.~'0~ll !i~'~uIE<:1l1pnts~ Colorpd m:lI'kt'I' 
slwll ar(' u:.;pd in daylight as; 

a. Targ('( indicators for supporting air 
foret'S 

h. Targl'l indicators ami !-\l'Ilt'ral markl'rs 
for ~round fOlT('S 

c. Targpt markt'I's In arlilh'l'Y practu'l', 
Fi~lln' 2-131 I1111stratl's :l n'pn'sl'ntatll'(' typt' 
of colorpc\ lllarkpr shpl1. It is dpsirpd that the' 
colorpd lIIark{'r sh{'ll hp opsipwd to Ill""t tllp 
follOWing rl'f,Jllirl'n1l'nts; 

a. Shl'll bUl'st 1:.; to lJ('cur :lnywll('I'P bl'lwP('n 
!-\nlund It'\ d and 2~)0 fpt'! :11)(1\'(' ground, 

II. M,lrkpr cluud IS to Ill' dl'nsl' and compa('\, 
and is to pprs~st in J'('('()~nil,abh' form frolll 
I!) Spl'Wllls for 75-mlll to 75 seconds for 155-
mill :;/It' II. 

t'. Against any b:ll'kground, a color must bl' 
:I":lllabll' which willlJl' visibll' to air ob:';Pl'Vt'rs 
at fnllll 3,000 to 8,000 it'('t, dl'I)(,lldill~ Oil the 
('ali[)('r, 

d. Markpl' cloud is 10 form imllll'dialt'ly 
upon slIpll iJur:.;! without any build-up ppriod. 

l'. Hpd, yellow, and !'on't'n lllarklll~ colol';; 
lllllSt bl' lInl1listal-alJly rl'cl,!-\Illzabll' in hue. 

2-310. Tpl'nllnal Effpcts' LIlllltatlOns. Three 
-.-----~-- ------- -----

charac!l'I'it;\ics dptl'rminp the valul' of colored 
clouds; 

a. Color 
b, DUl'ation 
('. Sil.t'. 

'. 

Color reco!-\nitillll dqJPnds on til(' llldividual 
obsPI'\'('r and hackgnltllld, but instrlllll('nlatlOlI 
is being dpyisl'd tt' l'liminatp human t'rrol'. The 
colors whlC'h haye bt'l'll fOUlld llIost lJractical 

SHEAR RINGS 

CANDLE FUZE 

SUSPENSION LINK CARTRIDGE EJECTION 
CHARGE 

Fil.,rure :::-130. /i(i-mm T:::13 i/llimilllJlIl/~ slidl 
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\. SMOKE CHARGE 
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Fixure 2-131. I05-mm M1 colored marker shell 

to use, in terms of visilJility and unmistakable 
identity, are red, yelluw, and f(reen. Violet is 
USE-d, but is not recommended because of at­
mospheric selective absorption uf the blue end 
of the spertrum. Haze, fog, and rain reduce 
visibility. For optimum visibility, it is desir­
able to have at; dense a cloud as possible. 

Against a sl<y background all colors become 
gray and indistinguishable at a distance suf­
ficient to counterbalance the color intensity. 
With respect to the position of the observer 
relative to tne sun, it may be stated that look­
ing in a direrti OJ", normal to, or ubllquely into, 
the sun, the color of the cloud will appear of a 
lighter hue than if seen with tile sun to the rear 
of the observer. Ground impact usually reduces 
the vividness of the color because of the mix­
ture of dirt and debris in the cluud. 

The greater the color saturation, the longer will 
a given color be recognizable as a specific 
color; that is, red will IJ(: seen as red rather 
than pink. The higher tllP wind velocity, the 
shorter the duration of the cloud. It has been 
observed that clouds experience a longer du­
.rat.ion at altitudes above 1,500 feet. 

The relative effectiveness of bm'ning- versus 
bursting-type shell has not yet been investi­
gated. 

2-311. Shell Metal Parts Design. The body of 
n'arker shells is usually identical with the HE 

shell booy. The loading a~sembly is designed 
to matrh the balli~t irs of standard HE shell 
within LO.5 pounds. Both characteristics facili­
tate firinf{ in standard weapolls wlth the use of 
FE firing tables. The> coloreo marker shell 
docs not require a "pe(' wJ ranister to retain 
the dye c.omposition, but uses tile shell body 
for that purpose. Consequently, any dye chosen 
lllllSt be compatible with the metal or plalitic 
of the she Ii. 

2-312. Acr_~~!i.-(.2r..L})arts DeSign. The marker 
slldl should be des igned with a deep cavity to 
acrommodale either a mechanical time fuze, 
VT fuze, or point -detonating fuz0. Fuzing should 
be set to functwn Just above ground or in the 
air 

The explosive train should be initiated by sup­
plementary charges for mechanical time fuzes 
and by sL1ndard boosters for VT fuzes. As a 
general rule, a booster should be used that 
provides jUlit sufficient energy to transmit the 
initial shock wave to the initiating ch<'.rge 
without interlering with the operation of the 
item under development. 

2·-313. Filler Desi~ The following f2dors 
~lre to be considered in the design of the filler 
i Jr marker shell. 

a. Kind of bursteI 
h. Kinds of dyes 
c. Ratio of dyes to diluent 
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d. Ratio of burster charge to smoke chal'ge 

(static evaluation tests have been con­
ducted to determine the best ratios). 

Research has shown that the problem of col­
ored smoke is too complex to be solvable by 
varying dye, diluent, and explosive ratios. 
Basic chemical and physical control of col­
ored smoke clout! has not yet been reached. 
A research and development program to ex­
plore the mechanism of production of colored 
smoke clouds is being continued by RF AL. It 
is not known at present whether the colored 
cloud is a dust cloud or a vapor cloud, or a 
mixture of both. However, the dye composition 
is a mixture of an organic dye and a salt. It is 
believed lhat the salt is vaporized by the heat 
of the explosion to form nuclei on which the 
volatized dye may condense. As standardized, 
the colored clouds are nontoxic in ordinary 
field concentrations. 

2-314. Burster. It is known that the shape 
and/or arrangement of the burster charge af­
fects the cloud characteristics. However, no 
investigation along these lines has been con­
ducted for the colored marker shelL This type 
of investigation has only been made for photo­
flash bombs. The burster diam'?ter should be 
adjusted to propagate efficiently throughout the 
burster column, and at the same time should 
not be larger than is necessary to just burst 
the shell at high order. Paragraph 2-315 below 
describes a method of determining the weight 
of any tetryl burster required, :.;ince it is as­
sumed that the heat energy of the explosive 
furnishes the energy to vaporize the dye. The 
required weight of any explosive other than 
tetryl may be established by the introduction 
of a conversion factor which establishes the 
ratio of caloric difference between tetryl and 
the explosive under triaL In all tests to which 
this principle has been applied, the results 
have proven sati3factory. 

2-315. Determination of Weight~~ Burster 
Charge. Sufficient explosive must be included 
in the burster charge so that when it is deto­
nated it will Just burst the shell at high order. 
At the same time, the charge must not be so 
great that it causes excessive dispersion and/ 
or burni~.,,· of the filler. The following method 
was derived by assuming that the energy of 
the explosive charge is proportional to lhp 
strain energy required to burst the shell. In 

order to simplify calculations, conversion fac­
lors 3l1d constants are included in a dimen­
sionless factor (K). The charge of tetryl burster 
required is given by 

Wc = KW (Y + U) e . K' 

where 
Wc =. weight of tetryl required, in grams (in­

chiding initiator) 
K = a constant, 11.4 x 10-6 to 11.4 x 10-5, 

depending on caliber. (The exaet K can 
be found by empirical evaluation only.) 

W = weight of steel components of shell 
(excluding fuze and base), lbs 

Y ~ Yield stress of shell steel, Ib per sq in. 
U = ultimate stress of shell steel, Ib per 

sq in. 
c = elongation fador expressed in percent 
K' = ratio of caloric value of tetryl to ca-

loric value of other explosive used. 
For instance, if value of tetryl is 1,100 cal/gm 
and baratol is 900 cal/gm, the formula would 
be* 

Wc = KW (Y + U) e(11/9) 

2-316. Filler Materials. Various high explo­
sives have been tried as Lurster materials, 
such as Composition B, amatol, cyclotol, 60-
mm ignition powder, silas mason explosive, 
and others, but to date it has been found that 
baratol 67/33 produces the best clouds if initi­
ation is sufficient and over the tot:ll diameter 
of the column. 

The current method of producing colored smoke 
is to volatilize a mixture containing an organic 
dye. Non organic dyes are being investigated. 
To be suitable, dyes should have the following 
character istics: 

a. They sLould belong to one of the following 
groups: 

Azine 
Azo 
Quinaline 
Xanthene 

b. The following groups may be present: 
NH2 
RNH 
R2N 
Aryl 

---'--~~-

*For tht' relative eneq.,'Y values Df high explosives, 
see table 2-S. 
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Alkyl 
Chloro 
Bromo 
Alkoxy 
Hydroxy 

c. The following groups must be absent: 
Sulfonic 
Hydrochloride 
Nitro 
Nitroso 
Quaternary Ammonium 
Oxonium 

d. The molecular weight must not be more 
than 450. 

e. The dye must not undergo auto-oxidation. 
f, The dye should be volatile or should 

sublime readily. 
g. The dye should have good thermal sta­

bility and a high flash point. 
h. fhe dye should have a high color satura­

tion. 
Typical smoke compositions are given in table 
2-36. 

2-317. Discussion of Existing Designs. A 
method has been developed to evaluate color, 
size, and persistence of smoke c!ouJs under 
test conditions. It has been found possible to 
match satJ.sfactorily smoke clouds produced by 

static tests with ballistic tests for the same 
rounds. 

2 -318. Discussion of Future Designs. There 
have been suggestions of other approaches to 
the design of colored marker shell, including: 

a. Homogeneous propellant dye mixes and 
burning-type smoke mixes 

b. Use of base ejection shell metal parts in 
preseilt and future filler designs 

c. Application of conical, spherical, or con­
tour-shaped bursters 

d. Consideration of the application of vari-
0us methods of mass production loading. 

WP SMOKE SHELL 

2-319. Introduction. WP smoke shell has a 
filler of white phosphorus that produces a white 
cloud when dispersed from the shell by a high 
explosive contained in a metal burster tuhe in 
the center of the shell. The burster charge is 
designed to open the shell and disperse the WP, 
so as to prov ide an effective shield. A WP 
smoke shell is considered to have been de­
signed satisfactoril/ if it disseminates roughly 
a 30-feet wide by IS-feet high WP cloud, lying 
low to the ground, which serves as a shield 
for about one minute. 

Table 2-36 

Red dye* 

Yellow dye t 

Green dye t 

Ingredient 

Potas siu"" chlorate 

Sugar 

Sulfur 

Stanciayd colored smoke cCimposilions 

Red smoke 
MIL-STD-518 

42.5 

27.4 

10.6 

Percent 

rY~llOW smoke 

t'UL-STD-519 

I 40.0 

25.0 

20.0 

Green smoke 
MIL-STD-517 

41.0 

23.R 

9.~ 

~_p_o_ta_s_S_iu_m __ b_i_c_ar_b_o_n_a_te _____________ L- ______ l_9_.5 ___ ~ _____ 15_._0_~ ______ ~ ______ 2_6_.0 ______ ~ 
*Red dye: 1-methylaminoanthraquinone, 90''',; dextrin, 10%. 
tYellow dye: beta naphthalene azo dimethyl-aniline. 
tGreen dye: 1-4 di-p-toluidine anthrv'uinoCle, 70.7%; auramine hydrochloride, 29.3%. 
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2-320. Tactical Requirements. WP smoke shell 
are normally used for: 

a. Shielding troop movements 
b. Marking targets for supporting ground or 

air forces. 

2-321. Terminal Effects' Limitations. The ter­
minal effectiveness of this shell is limited by 
the resultant cloud density, which is affected Ly 
atmospheric conditions and wind velocity. 

2-322. Shell Metal Parts Design. The WP 
smoke shell is des-ignedto match the ballistics 
of the corresponding HE shell for the sallll' 
gun. The shell body is made of the same steel 
as that of the HE shell and, if possible, the 
shell body is made of the same forgings. In ap­
pearance, the shell body is the same as its HE 
counterpart, except in the following two in-
stances. 

a. No base cover is used for the WP shell. 
Since the WP is not an explosive, the problem 
of leakage of propellant gases through the base 
of the shell to cause premature detonation does 
not exist. 

b. A smooth, cylindrical, press-fit surface 
about 1/2 -inch in length is provided to the 
rear of the fli~" tl-treads (see paragraphs 2 -32 3 
and 2-325). When a fuze with a smaller thread 
diameter t.han the fuze normally used in HE 
shell is used in a WP shell, a steel adapter is 
brazed to the inside of the shell body, just 
behind the fuze threads, to accommodate the 
smaller fuze base. When an adapter is used, 
the smooth, cylindrical sealing surface is in­
corporated in it. 

2-323. Accessory Parts Design. The burster 
casing (see figures 2-132, 2-133, and 2-134) 
is made of steel or aluminum. At the present 

tillie, all standard WP she'll are designed to 
incorporate a stepl ('asing, which has a smouth, 
cylindrical, press-fit surface cOl'l'esponding 
to a similar surfacp of the shell body. The 
diameter of lhe casing surface is slif,(htly 
larger lhan that of th!' shpll, allOWing for a 
press fit. When Ilsing a stepl burster casing, 
a minimum differen(,e ill dJaIll('ter (called "min­
imum interferellc(''') uf 0.003 JllCh provid('s t1H' 
seal required, whereas use of all alUtlllllUlll 
casing requires a 0.004-inch interfer('ncc. After 
asscmbly, this press-fit seal prevpnts ll'akage 
of the WP from the shell. Cur rent desi(.';n favors 
an extruded-aluminulll llurstf'r casing that can 
be press-filted directly Into the shell body 
WIthout t1lP need for an adapter to accollllllodate 
the fuzp. This represEnts a conSIderable saving 
in weight and metal parts and a J far ililates 
weig;ht m:1tching of the WP shell totheHE shell. 

To eliminate whipping and bending of the burster 
casin[,; during firing, a circular well is machined 
in the base of lhe shell cavity. The casing is 
desi[';ned to exlend the complete length of the 
cavily to scal in the well. 

2-324. WP Filler Loading. To prevent oxidation 
of the white phosphorous filler, the shell is 
filled by water displacement, and the burster 
casing is pressed into position with a 1/8 -inch 
layer of water over the W(.1 filler. The inter­
ference fit of the burster casing prevents 
passage of air into, and leakage of filler out 
of, the shell. 

2 -325. Sealing of Chemical (WP) Shell. The 
seal of these shells is achieved by a press fit 
and a microsurface finish of the mating parts. 
A lubricant is used to facilitate the press-fit 
operation. White lead is used as the lubric~nt 

Figun" 2-132. 76-mm TI40E4 H'P smuh' siwllusi'IR sim;It'-{Jiac aluminum IJII,.slt'f lube 
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Figure 2-133. 120-mm T16E3 WP smoke shell using steel burster tube, 
requiring sleeve and adapter 

for steel-to-steel, and molybdenum disulfide 
is used as the lubricant for aluminum-to-steel. 
Materials similar to "Molykote, type G" have 
been found satisfactory for aluminum-to-steel. 
The contact area.; of both shell and casing are 
approximately 1/2 inch in width and receive a 
32-microinch fini::.h. The steel casing requires 
an adapter and sleeve, while the aluminum 
casing, which is still experimental, may be 
cast or extruded in one piece. (See paragraph 
2-327.) 

2 -326. Comparison of Aluminum -to-Steel Clc­
sure Versus Steel-to-Steel. It is believed that 
for WP filling an aluminum-to-steel press-fit 
closure should be superior to steel-to-steel 
closure, provided that the aluminum burster 
casing can be assembled to final engagement 
without scoring or galling.4 The basis for this 
belief is that the coefficient of expansion of 
aluminum is twice that of steel, and any in­
crease in the temperature of the filled shell 
above the point at which the WP is molten and 
subject to leakage would tighten the seal by 
differential expansion of the aluminum. Al­
though lowering of the temperature results in 
a looser fit between the casing and the shell, 
the WP is solidified at low temperatures and 

is less likely to leak. From adesign standpoint, 
the prevention of scoring or galling appears to 
be primarily a matter of providing adequate 
radii on casing and shell at the entering edge 
of the press-fit surface, and suitable surface 
finish on the entire press-fit surfaces. Other 
factors that might have a bearing on preven­
tion of scoring or galling are relative hardness 
of the mating surfaces and relative wall thick­
ness of the press-fit portion of the casing and 
shell. All of these factors appear to have been 
satisfactorily met in the design of the 76-mm 
Tl40E4 shell (figure 2-132). 

2-327. Ejection Charge Design. The burster 
charge is a high explosive contained in a cy­
lindrical metal tube which is inserted into the 
burster casing. Both 70/30 tetrytol and tetryl 
are in common use as burster charges in 
present shell. However, the former is pre­
ferred because it is less brisant and does not 
tend to cause pillaring of the WP cloud as does 
tetryL Nevertheless, it is necessary to use 
tetryl in burster tubes of 1/2 inch or less in 
diameter because of loading and propagation 
difficulties. (Sec table 2-37.) Confinement 
should be kept in mind, since it plays an im­
portant part in the propagation of the 

~b STE.-".El'-'-=_-"'''-'' 

STEEL 
SHELL 

Figure 2-134. Cross sections of aluminum and steel burster tubes 
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detonation wave through a column of explosive." 
(Sel? table 2-8.) Table 2-37 gives the limits of 
propagation versus llllIlimum column diameter 
known to date. 

Tuble 2-37 

Burster explosive 

Tetryl (pressed) 

70/~lO Tetrylol (cast) 

TNT (cast) 

Bara\o\ 67/3:1 (cast) 

LlIlIlting ~:~I~U1n 
dlanwter 

-t-----

May be used III luh"" 
1/2-lnch 01' lc'ss In dl 
~UlletLlr 

Ma \' iJl~ tl~{'d in tuhes 
l:lr~l'I' than 1/2-illch di­
arneler (is L'uIl'l'lll :-;tan­
danl of reference) 

Not llsed in vhargps IPRH 
than 1/2-inch in diametel' 

Not lIsell in tuhc's !l'SS 

than :1/1 inch ill diameter." 

'Colul''''' marker shellusl' 1,1-inch ('olumn, 
uncunfined. 

2-328. Determination of Weight of Burster 
glal'ge.A~ formula similar to thaf used for the 
colored marker shell (paragraph 2-315) is used 
to approximate the weight of charge required 
to disseminate the WP cloud. 3 

Wc = KW (Y + U)e 

where the symbols have the same meanings in 
both formulas except that: 

K = 11 x 10-4 and yields we in grains 
W = weight of steel components of shell, 

excluding base, fuze, burster casing, 
and tube, in Ibs. 

Burster charges designed by this method have 
functioned favorably. The quantity (Y + Uie is 
rou~hly equal to twice the strain energy ab­
sorbed by one cubiC' inch of steel. This equa­
tion is applicable when a tetryl charge is lls£'d, 
and may be applied to explosives other than 
tetryl by applying a correction factor to the 
calculated value of wc' (Sec paragraph 2-315.) 

'The char"" usee! in \\'1' and 1 iljuid ~filkd ,IH·Ils i~ 
('onfil1pd in a I)ul',~t{'l' tuiH.', wh('n'as tIll' ch:ll"gl' USl,t! 
in thv L'ulof('d 111al'kt'r stll'1I I~ lltll :-in (.'(Jtliilh'tl. 

COLORED SMOKE SHELL 

2-329. ~trodll~ion. Two types of colored 
smuke :ohe11 arc used, the colored marker shell 
deserilJec' previously, and the colored smoke 
shell described here. Although their terminal 
effects are the same, the mechanism of colored 
smoke generation differs for each type shell. 
The c ulored c loud produced by the former is 
due to vapurization and condensation of the 
dye, while the cloud generated by the latter 
is actually tile result of burning. Both of these 
arc known as signal smokes. Four colors are 
available: red, green, yellow, and violet. The 
last of these is of limited practical use. 

2-330. Tactical Use. Signal smokes may be 
used to: 

a. Identify friendly units 
b. Identify targets 
c. Coordinate lire 
d. Control the laying and lifting of battery 

fire. 

2-331. Terminal Effects' Limitations. (See 
paragraph 2-310.) 

a. Setback may cause cracking of cast or 
pressed compositions, allowing flame to penE­
trate the composition and possibly cause det­
onatiun. 

b. The signal visibility of burning type slUoke 
shell has never been determined. 

c. Haze is always detrimental to Signal 
visibility. 

d. The effect of background is inlportant, 
but has not been quantitatiVely determined. 

e. Qualitatively, the larger the smoke doud 
the better. No density versus visibility data 
are available. 

2-332. Shell Metal Parts Design. The colored 
smoke shell is de~igneCft() mall'h the con'es­
ponding HE shdl ballistically. In [ael, initial 
design mav stnrt with a modified HE shell. 
In tile interpsts uf field interchangeability, the 
smoke shell may be idpntlcal h~1 its corres­
ponding illullllnating sllPll, with the illumillant 
assembly llH.'rC'iy repl~H'cd by smokE' canistprs 
(sc'l' figure 2-135). No ('oating or sheathing of 
tlie shell walls is .!Ceded With filler in place. 

2-333. A('cessory Parts Design. The smukE' 
(. OII1i>osit ~i~r~~ of (~'lJlOI:pJ~s-rllukp~sh;; Il is c lllltained 
III canisters within the sheil body. TIl!' canisters 
an' PJec'lt'd from tlll' base lJf the shell whl'1t the 
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shell funetions, and the bUl'n;-g dye eomposi­
tion is spread on the ground. Current smoke 
canister construction con::;ist::; of a solid wall 
container vented at the top and Lotto!11. The 
smoke mixture is i!!;nited by quickmatch in a 
flash tube, whi~h in turn i::; fired by a blaek 
powder initiator from the fuze. It has been 
found by the using services that the scattering 
of the canisters is undesirable. A steel can­
ister is recommended, since steel does not 
react with the smoke composition. Magnesiulll 
is not recommended because it burns too fast. 
Currently, plastic canisters which burn at the 
same rate as the smoke compositions arc 
being considered. To date all of this type shell 
use only a mechanical tillle fu~e 

2-334. ,Filler Design. The main considerations 
of colored smoke compc)sitio[JIi are treated in 
paragraphs 2-316 and 2-350. However, it may 
be stated here that the increment boundary 
must either be so small that no stoppage oi 
burning occurs, or must be provided with a 
material that transfers the heat of burning 
across the boundary from one increment to 
another. 

2-335. Ejection Charge. 
a. For smoke slwll using base ejection, it 

is desirable to have ejection occur at a velocity 
equal :ll1d opposite to the forward ve:.ocity of 
the shell. (See paragraph 2 -303.) 

b. It is difficult to determine the gas vol­
umes produced. However, ejection gas pres­
sure is in accordance with normal loading 

SHEAR 
THREAD 

BASE 
PLUG 

density versus pressure curve of black pow­
der. (See paragraphs 4-21 through 4-51, "Theo­
retical Methods of Interior Ballistics. ") 

2 -336. Discussion uf Current Designs. Figure 
2-135 shows the body luading assembly of the 
105 -mm M84 colored smoke shell. The using 
services are dissatisfied with the scattering of 
the canisters and the resultant dispersion of 
the smoke signal. It is abo desired that a 
marker shell be capable of pinpointing a target 
for 1110re accurate adjustment of HE fire. 
Another problem is that of sensitivity of the 
lJul'ning lype smoke composition. The yelluw 
smoke in particular has been borderline, and 
has given numerous pre matures. With the low 
order detonation uf the black-powder ejection 
chan;e and the smoke mix the pre matured 
shell does not severely damage the howitzer. 
The componenl::; are nol believed to separate 
unlilthey emerge from the muzzle, and the shell 
body does not rupture. 

PROPAGANDA SHELL 

2-337. Introduction. The role of psychlJI~ical 
warfare-has become Increasingly imj)Ql'tant. 
StrategiC use is made of warning leafletEi placed 
in the target area in preparation for heavy 
artillery attack. Surrender leaflets are eHec­
lively distributed by the same means. 

The purpose of the propag?l1da shell is to dis­
seminate information-bearing leaflets over a 

- SMOKE CANISTERS 

Figu)"c 2-135. lUS-mm M84 co/urea' ""wk<' shell 
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specified area. The area may I'ange in size 
from an isolated position a few feet in diameter 
to something as large as a town or village. 

2-338. Shell Metal Parts Design. The shpll 
metal parts used tor propaganda shell are the 
same as those used for the colored smoke or 
illuminating shell (figures 2-135 and 2-136). 
In the former case, smoke canisters are re­
moved and replaced by propaganda leaflets, and 
in the latter case the illuminant assembly is 
replaced by the leaflets. 

2-339. Accessory Parts Design. Up to the 
present time, this type of shell has been de­
signed to function with a mechanical time 
fuze. It is expected that future design will con­
sider the VT fuze. 

2-340. Filler Desigf!: To be carried in an ar­
tillery shell, the leaflets may be of any suitably 
prartical shape. Rectangular 3 inch by 4 inch 
or 5 inch by 8 inch paper sheets have been 
found suitable to be rolled into tubes and in­
serted into shell. Circular sheets of a diam­
eter equal to the 1. D. of the shell may also 
pI'ove suitable. This shell does not require 
special containers for the leaflets, but: 

a. The positioning of the leaflets in the 
shell must provide resistance to setback and 
must eliminate wrinkling of the leaflet rolls. 
In this respect, a single roll of leaflets 1l1ay be 
damaged by its own setback weight. For ex­
ample, the setback weight of a 1.5 .. lb roll of 
paper at 10,000 g's is 1.5 x 10,000 = 15,000 lb. 

b. A suggested method of reinforcing leaf­
let rolls is to insert a wedge in the core of the 
reil, which will automatically tighten the roll 
Oil setback. 

2-341. Ejection Charge. The contents of the 
shell must be capable of shearing the base plug. 
To deliver the load into the air, sufficient 
powder must be used to: 

a. Break the shear pins or threads. 
b. Provide plus 20 percent excess powder 

as a design safety factor. (See paragraph 
2 -303.) 

2 -342. Discussion of Exiljling Designs. The 
105-mm M84 propaganda shell is simply the 
M84 colored smoke shell (figures 2-135 and 
2-136) that is requisitioned in the field, usually 
by the Psychological Warfare Service, and 
converted into a propaganda shell. The base 
plug is unscrewed, the smoke canisters re­
moved, and the leaflet rolls stuffed into the 
cavity. 

Effective use has been made of the M84, but it 
has not proved very efficient, since approxi­
mate�y half of the leaflets remain crimped 
together instead of being dispersed over an 
area. The reason is not hard to find. The set­
back weight of the front roll is suffic ient to 
severely crimp the rear roll. Even a single 
roll of leaflets is slightly damaged by its own 
setback weight. The damage appears as a 
granular network of cracks with the cracks in­
creasing in number toward the rear of the shell. 

- LEAFLET ROLLS 

EJECTION CHARGE 

(FIELD ASSEMBLY) 

Figure 2-136. l05-mm M84 propaganda shell 
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2 -343. Direction o!.!uture Desig~ The l05-mm 
TI07 propaganda shell (figure 2-137) uses the 
same shell metal parts design as the TI07 
illuminating shell, but the illuminating canister 
is replaced by tile propaganda leaflets and ac­
('cssories. The illugtralion shows the use of 
split sleeves to support a stccl disk which 
prevents the setback weight of the front roll of 
leaflets from damaging the rear roll of leal­
lets. Thus, the chief problem encountered in 
thc M84 propaganda ghell, previously described, 
has been eliminated. Obviously, wlH'n the 
weight of the paper ig multiplied by the 10,OOO-g 
load, the papel' is stressed beyond it::; column 
strength and will buckle in every possible di­
rectioll until it can move no further. Initial 
success has been obtained wlth two wedge de­
signs: one is a centercore filling of loose 
sand, the other is a wooden-core a;;sel11bly 
consisting of a tapered dowel that iH driven 
into a hollow split plug to give an initial 
tightening action to tiw roll during assembly. 

LIQUID-FILLED SHELL 

2-344. Tactical Re~irements and Terminal 
Effects Limitations. Postwar development of 
liquid fillers required new chemical shell for 
various weapons. The ultimate objective is the 
design of a liquid-filled shell to be used for 
the optimum dispersion of persistent and non­
perSistent gases. The achievement of the de­
sired tc minal effects is limited by many fae­
tors, all of which have not yet been established. 
Those which have been recognized include the 
following. 

,BASE PLUG 

_. 
SHEAR THREADS 

ROLLS 

a. Erratic flight d)Je to variation between 
rotational velocities of the metal parts and of 
tile filler. 

b. Special fuzing (not yet available) iii re­
quired to make the shell function fast enough 
to preclude cratcring. 

c. Because of alterations in the shell due to 
shell des!~n and manufacturing difficulties, the 
shell fail to match the HE shell weightwise. 
Thus, the range of the heavier liquid-filled 
shell is leiiH tllaJl the range of the lighter 
HE shell. 

2-345. Shell Metal Parts ~~~~ The shell iH 
designed to match the hallistirs of standard 
HE shell as elosely as possible. The liqllid­
hlled shell uses the shell metal parts of 
standard chemical or of standard HE iihell with 
modifications to provide for fuzing and for 
sealing of the liquid filler. One example of a 
liquid-filled shell is the shell with the GB 
filler. The T77 (M121) shell, mad .. from a 
modified 155-mm HE shell, was eiitablished 
as a prototypc (see figure 2-138). The internal 
contour of the shell was changed from con­
ventional hemispherical shape to a flat bottom 
with side walls conforming to the dimensions 
of the flat base of the burster casing, thus 
preventing whipping of the casing in flight. 
To prevent leakage of the filler, one-pin'e 
construeiions without any brazed fittings were 
recommended, such as a body adapter integral 
with the shell body, and one-piece burster 
casing construction. 

Figure 2-137. 105-mm T107 pmpagallda shell 
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BURSTER 

Fi!,Tt/l"e 2-138. 155-mm M121 chcmim/ shell 

2 -346. Accessory Parts Design. The design of 
ihe liquid-filled shell burster casing is similar 
to the burster casing used in the WP shell, 
except in size. To prevent the burster casing 
from whipping, in the liquid-filled shell the 
casing fits snugly between the shell waUs at the 
base of the shell. The modification from HE 
shell consisted principally in providing a new 
nose adapter to fit the increased burster size 
required for proper dissemination of the filler, 
and of machining the interior base of the shell 
to satisfy the close tolerance required between 
the bottom of the burster casing and the wall 
of the she 11. 

The same considerations of construction of the 
burster caSing apply as in the WP shell; how­
ever, the sealing requirements are more strin­
gent. The interferences of all present or antici­
pated shell sizes are tabulated below. All con­
tact surfaces are steel to steel, that is, steel 
casing to steel shcll, and have a 32-microinch 
finish. 

105-mm 
0.003 to 0.005 

155-mm 
0.003 to 0.005 

8-inc-,h 
0.010 to 0.012 

2-347. FiUer~ Desig.!.!.: GS agents are odorless, 
colorless, water-like liquids. l 

2-348. Burster Charge. Sufficient charge is 
required to open the shell and to disseminate 
the liquid, which is either ill the form of a 
persistent or a nonpersistent gas. 

2-349. !>j.!'ection of Future Desig!.!: In ordcl' to 
match HE and liquid-filled shell weight wise, 
component::; in the latter sllf'll will tend toward 
lighter-t11an-::;teel Illctals. Improved closure::; 
are teill~ developed to reduce any occurrences 
of leakage. 

THE CHARACTERlSTICS OF PYROTECHNICS 
COMPOSITIONS 

2 -350. Introduction. Previous portion::; of this 
section have desc-rited the design of pyro­
technic items from the engineering viewpoint. 
Without minimizing the important engineering 
aspects of pyrotechniCS, it is obvious that the 
most carefully designed item cannot accomplish 
its purpose without an equally well designed 
pyrotechnic composition. Therefore, a dis­
cussion of the chemistry of pyrotechniC com­
positions is in order. 

2-351. Constituents of Pyrotechnic CompOSi­
tions. The constituents generally employed in 
p-yrotechnir composition::; are listed below; they 
are dasslfied as (1) oxidizing agents, ~2) fuels 
(or reducing agents), (3) color inten::;ifiers, 
(4) retardants, (5) binding agents, (6) water­
proofing agents, and (7) dyes for smokes. 

a. Oxidizing Agents incl~de nitrates, per­
chloratcs, peroxides, oxides, chromates, and 
chlorates. Thesc are all substances in which 
oxygen is available at the high temperature of 
the clwmical reactions involved. 

b. Fuels include metal powders, metal hy­
dride::;' red phosphorus, sulfur, rharcoal, boron, 
silicon, and silicides. When thcse ::;ubstances 
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arc finely dividcd, t1H'y readily undf'rgo all 
pxotllcrmal oXidation with Ill(' fonnat ion of 
th(' ('OzTt'spollding llxidps and thf' evolution of 
radiant t'npr[';y. 

('. Color Intl'nsifjf'l's an' mainly hi[';hly 
('hlorinatt'd nl'[,;alll(' cOlllpounds, such ;11' 
l]('x;tc!lloropthanf' (C2C IG), h('xa('hlorobenzelll' 
(C6CI(l), polyv inykhlol'idp, Aro\'hlol's. 

d. H~'_t.~!Iclllllt:-; lIlrludp ill\)Jl~aIUl' salt,-;, pla:-.­
tics, n'~in:-;, waxps, oils, 'I'hps\' al'e ust'd toslllW 
dowll tht' Z'\':tctilJIlS 1H'(wl'pn thp oxidizillg agt'llt 
and dH' puwdf'l't'd nidal tu ('ont!'ol till' burning 
raIl', SunH' bphav\' nH'l'dy as illl'J'! dilut'll(l' whilp 
otlH'l's pal'(jcip;l(P in (hl' rl'al't ion at a nll'ch 
"Iow\'r 1'.1((' than t/!t' main (,\lIlSti(Ut'lItS. 

t'. Bindinli AI;':(,llt~ ilH'ludp Z'l'l'ins, waxes, 
pla"III'l', nils. Thcl'l' arf' added tu prl'vf'llt sl'l;­
z'pg:III<JIl :lIld tll ohtain lllO!,(' unifoZ'mly Illl'ndl'd 
('ulIIposilluns. Tlu'y also senT to mak!' lillf'ly 
dll'llkd pal'li<'ip~, adheZ'f' (ol'ach other whf'lll'om­
pn'sl','d Into PYl'utp('hnic itCll1I;, and hl'lp to ob­
talll lllaXlIllUIll dt'lll'ity and t'flkil'!lcy inburning. 
nimh' r~, I n'qUl'llt Iy d!'!>f'lll'itizl' IlllxtUI'PS which 
,11'(' lltltt'rwls!' "(,IlSlt 1\'(' to impact, fri!'lion, aml 
,., LI t 1('. 

1. ~lt"qlr,Jl)llllf 1~(,Il~-; illcludl' n'l'ins, 
,,"IX"S. phst Il' s, • ,I b, d Il'hroillal Iltg 1'1llull<llll', 
TI:,"~,' art' u,,('d as Pl'tlt",'tll'!' C()atlll~s Pil 

Illl't.d,., (suciJ a,~ 1Il,lgll('Sllllll) tu I'('du(',' (h!'lr 
J'{';ICllPIl III atlllll,.,plit'l"l(, mUI,.,tur!'" 

g, D1'~l_"r Slllt'!'."::" :-.ul'll ,IS aZll and an­
Ihraqulnull(' dy!',." 

Many III the abm',' :-.uhsLu]('ps p,'rlurnl Ill(lrt' 
than Ollt' fUllctllln, thus Sllllpll[Ylitg tit!' \'lllll­
pO~ltlOll of some pyrotl'Chnl(, Il1lx(url'S, 

2 -352, Properlips lIf TypIC al Py rot t'C hill(' Com­
positions. MosiPY-r-,:feciwl(, (.unipllsltl';lll' -,~in 
be defined as physical mixtures of flllPly­
powdered compounds and elements, which UPOIl 
ignition readily underf:o ('hemical reactions in 
which a considerable amount of hea.t, light, 
smoke, and/or !>ound are produced in a rela­
tively short period of time. The amount of 
heat evolved may vary frolll as little as 200 
calories per gram for a delay fuze composi­
tion to 2,500 calories per gram for a photo­
flash composition. The reaction temperatuH'l' 
attained may vary from 200°C for smuke ('om­
positions to well over 3,500a C for photoflash 
mixtures and metal dust flashes. A ('ompar;!>llll 
of ~lome of the properties of typic"al pyrotechnic 
com'Jositions with similar properties of a fl'W 
of lie better known explosives is given in 
table 2 -38. 

Flares, signa/:-;, SlllOk('s, tl';I('('I'S, and illullIi­
nating s/lf'll an' pyrutl'('hnic ('ollJ[l(}sitioll!>, which 
an' gpnPl'ally IJl'('s!':f'd into candlc "asps alld 
which burll in l'il~arl'ttp fashion trom (111(' !'lId to 
tlw other :It rdativPly !>Iow burnilll', ratl'>;, Tliu", 
whilt' the alllount pi l'Ill'!'[';V at the Uiljll'J' limit 
is considerable ,11](1 OltPlll'xtl'l'IlIt'ly dallg(,I'ollS, 
it Jl' 1I0t r('Il'ased ill ,e;ll dpstJ'ul'tll'(, a ta:-;hioli 
as is till' t'llt'rgy llf all ,'xplo!>il'!', j'url!JPI'nlOJ't', 
til£' all",ulII of ga!>!'uu:-; product:-; frlllll till' bUI'Il­
ing (ll'l'ot('cl!nit' \'OIll[lOSit illlls il' ;11>(11'('(' iallly 
Ipss tllall that "blainI'd iJ'lllll ,'xl'lusiv('l'. For 
phlltufb:-;Il lllllllitlUllS and SpO\tllll; ch:Il'g"s, how­
PVPJ'f Inns(I pyrutpcilnic (,pnlIH):--litlons a!'p (1111-

ploYl'd which lIlay 1)(' ('xl l"l'Illl'iy dallgl'l'owi ami 
lIlay I'{'act with des( l'llt'lil'!' I' "olpll('(' hut !lot 
with th(' fort'l' thai ,'xl'losil't's I'xhiIJil, as in 
di('att'd lly til(' bris;llu'l' I"ahll''''" 'I'll" l'Y l'ot ('('Ililic 
l'l)(llllUsitioll;; do not havl' 11ll' sl'lIsitil'ity 10 hl'at 
that (/l(' ('xplu:-;il'l's do, as slJ()wn hy (llI'ir Iligil('r 
Ignition tl'lHpl'ratu!'ps. As tUI' tlH' llllpact val­
u('s, SOIllP of thl' PYl'llt('l'IliliC l'llllll'llSitilIW; 
ap!l('al' tll lI(' a,e; Sf'llsitIVI' ;Ui tlip ('xl'lo:-;iv('s, 
Although I'adiant l'lll'rgy is ('!lutted frolll ll1o:-;t 
pyro!pchnic ('ullll'osit ion:-; J(j tIll' lJ It ral' illll'(, 
visibl(" and infrared n'glOlls uf lilt' SPl'ct I'Ulll , 

until !,p(,pnlly only radiation in the visibl(' 
I'('gion (frum 4,llUU to 7,000 Angstrom Ullits) 
has bl"'ll utilizpr: In fLues, slgn:lb, phuto­
fial'hes, and tract'rs, 

2-353, Hequlrpd Charact('ril'tics 01 Pyrotpch 
nil' ComjJol'ill0n:-;, TIll' lIllpurtant - chili;":lrter-
11'11('1' -l"rqll'l'l,{j ;-11 p~'rokdll11(, compositions are 
SIlUWII In tabl!' 2-:19, 

Luminous In(Pll!>J.ty (candlpIHIW"l"), lJUrnillg ratl', 
and (',,]O!' I'alue an' the usual military l"(,­
qUII'Plllt'nts WlllCh I1lU!>! be lllP( in JlYl'lltl'chnic ' 
cOil.pusitiom; uSl'd [<Jr illllllliJlatin~ and sip;­
Jlalling pllrposl';';, Sensitivity to impact, static, 
and [ridiLHl 1'IHluid lJp l1l1J1iIJ1Ulll lor sa.tety, 
while ignitilln tf'lllpl'l'aturp, ip;nilibilit,v, sta­
bility, and hy[';roscopic ;ty an' in1\lor\alll 111 df'­
terlllining til(' c('rtainty of functioning, Standard 
tests have IIp('n dl'vl';upl'd for nlCaSlll'in[,; these 
charade r i:-;t ic'!>. 

2-354, Fact\)Z':;. Atfl'ctin~ Li~h( Charactl'ristics 
and StabiLty, Son1\' of the fa",;")rs -whi;:l;-~ii{p('\ 
t-h(;-light ('har,I('\('ril'tics and !>tability of pyZ'o­
(f'chnic compostliuns are shown below, 

a. Granulatilln Dj 1l1~rpdi('Pts 

1. A\,l'ra~,' parti!'!p diallH'tl'r 
2. Spel'itic surface 
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Table 2-38 

Comparism/ of some properties of pvrotcclmic compositim/s /dth !'xplosiucs 
--

Composition 
'------',-,~ 

l)~'IJly 
BariulIl chrolllate, (I[ no 
gllron, '7, 10 

------------------
Del,.y 
Barium chromat(', '7. 60 
Zil'Couiull1-nkkd alloy, (X 2[, 
PuhtHSiuJl1 per~'hlorate, (Xl 14 

-, --

F)1!!'!: 
Sodium nitrate, (' 3R ttl 

Mah'lll'shllll! t/:., GO 
Lanlin:H.~, % G 

-----
Snlok..Q... 
Zinc, (" 

1(' 

Potassium I'er~hlon\t(', % 
llex'lI'hlorobenzen(', % 

Photoflash 
B'arium Illtratl', % 
Aluminum, % 
Potassium pl'rchloratC", % 

Black powder 

1-­

l 

. 

TNT 
-

HDX 

* G-se('ond value 

Table 2-39 

69 
19 
12 

:30 
40 
30 
--

.-

Heat of 
reaction 
cai/gram 
------

480 ._---

,1(17 
---

1<156 
-----

(lin 
--_., 

2147 
-----

684 
r---

luGO 

1210 

I 

--~----I-----l-~-'----
I 

Bnsance 
Gal' !,;rams lr:nif ion Impact 
vulume I'and tl'mpprature HM: PA: 
('chiram c rushed DC' r m; lIlC II 
------ ---- ---- ------

I 
1:1 0 6GO ... 12 

-~----- ,------- ---- ------- --,------

12 0 ,185 56 2;1 
----.. _- ' ------------ ,-------

74 
, M~ 60 1[0 

.----- -I ------

62 H 475 2:3 15 
,--------- .-

15 '; 700 100 26 
C---' --

272 H 288 32 16 

1000 48 475 100 14 
----_.- f---' 

GOO GO 260 13 f, 

3. Particle shape 

Important characteristics of 
pyroteclmic comPositions 

r-------~--, ~rtainty ~ 

4. Particle size distribution 
b: Burning surface area 
c. Purity of ingredients 
d. Flare case material and shape 

Military Safety I ~nctioning e. Loading pressure 
f. Prei:ience of moisture 

Luminous Sensitivity 
intensity to impact 

Burning rate Sensltivity 
to friction 

Color ..,raiue Sp'lsitivity 
to s tali'; 

(Smukes) I If'llitioll j 
Color tcmperatllr" 
visibility L. ____ 

2-188 

IhTJiitibility 

Stability 

Bygrl);; copie it)' 

lIeat of I'l'al'!ioll 

Effic·ie'lll·.\' 

g. De!\ree of ('onfinement during combustion 

The average particle diameter, i:iper:ific sur­
fare, shape, and distribution affect the burning 
rate and luminous intensity. The burning sur­
face area will influence the total luminosity. 
The purity of ingredients and the presence of 
moisture are important to the shelf life of the 
stored l'omoosition. The type of flare r:ase 
material and its shape will affed the burning 
pffir iency. Tile loading pressu!"c and rler;ree of 
{'onfir,ement will influenr:e the burning rate. 
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In addition, the heat of rea('tion and tilt' bUr/ling 
rate 0f composition are of fundamental im­
purtance, sinre suffieient heat must be evolv€rl 
to makE' the composition burn propagatively and 
the ratp of reaction must be rapid enough to 
more than ('ompensate for heat losses. 

No one of these factors can be said to be more 
important than any of the othprs, and all must 
be given careful consideration whpn formulating 
a pyroterhnic composition to meet sppcific 
requirf'ments. 

In any compOSition, thr· building block is acom­
bination of flllely-powdered oxidant and fuel; 
therefore, the chemistry of the mixture is 
primarily the chpmis(ry of the reaction of 
these two typ€s of ingredient. For an illuminant 
that will give a yellow flame, sodium nitrate 
and magnesium are used; for a green flame 
composition, barium nitrate is used in place of 
the sodium nitrate; and for a red flamp com­
position, strontlum nitrate is used. 

2-355. Factors Affectlllg Luminous Intensity. 
Since the luminous intensity of these compo­
sitions seems to depend primarily on the 
amount of magnesium present, one would ex­
pect that the intensity values for all the com­
positions would be apprOXimately the same. 
II is known that the values are not the same, 
but range from 119,000 candles to 780,000 
candles for the optimum rombinations of po­
tassium n :trate and sodium nitrate, res per -
tively, with magnesium. The difference in 
these luminosity values can be explained by 
the contribution that the metal of the oxidant 
makes. It should be noted that rertain salts, 
when heated to excitation, give emissions in the 
visible region. Since sodium has the most in­
tense lines in the visible region, it might be 
expected to contribute most to the luminous 
intensity. PotaSSium, which has practically no 
emission in the visible region, contributes little 
to the total luminosity. Qualitatively, this is 
borne out by the results obtained. The other 
oxidants are intermediate in their contribution. 

2 -356. Burning of Pressed Compositions. The 
manner in which these pressed ('ompos ilions 
b.vrn can best be shown by referenre to fir;ure 
2-139. When a pressed composition is ir;nited, 
several things ocrur very rapidly. Til!' com­
position is ra" Jd to its ignition temperature 
and, If eonditiom; are favorable, it will continue 

-'-'-

PYROTECHNIC 
FLAMl 

[ON[ ~~. 

RElictiON 20,..E 

-..... - ZO~E "e' 

PilE-IGN!tiON ZONE 

-'- ZO~E or" 
UNREACTW COIM'OSITION 

Figure 2-139. P.l'roteclmic flame 
bUl7lil1g zones 

to burn propagatively. From experimental eVI­
dence, three distinct zones have been estab­
lished. In zone A the ingredients are undergOing 
exothermal chemical reactions, resulting ill a 
volatilization of the excess fuel, which reacts 
with the oxygen in the air to form the oxide 
and to give a luminous flame. In the case of 
magnesium, the nitride will also be formed. 
At the same time, part of the radiant energy is 
preheating the composition directly beneath it, 
shown in zone B, which can be called the pre­
ignition zone. Analysis of the radiant energy 
indicates that less than 10 percent is in the 
Visible region and the remainder is in the 
infrared region. Directly beneath zone B is the 
remainder of the lInreacted composition, or 
zone C. The rate at which the mixture will 
burn will depend on the heat evolved by the 
romposition, the rate at which heat is evolved, 
the partir.ie size of the mgredients, their 
thermal conductivity, the degree of consolida­
tion, the type of rontainer, and diameter of 
('harge, and the state of the reaction products. 
Obviously, sufficient heat must be produced 
by the mixture to heat the ingredients to a 
state of exdhermal reaction, and the rate lIIUl:'t 
be suffiriently rapid to Illore than l'OmpPllsate 
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[01' 11(';lt losst's, and to make tlw compositlUn 
burn propagatlvl'ly. 

2 -357. PrOp0l't IPS Df Ailimi THTIll and Magn0s~UT!I: 
Alu!~I!,IUI)lFl~(,!I' .. In tht:' prL'l'pdir~ dIScussion, 
the only ful'! strpssed was Illagnl'sium. Binary 
mixturt's similar to tl1OSI' preparf'd with Illag­
nf'siUlil have In'l'll prepared with otllPr [uels 
sUe'h as alulIIlllllm, and m;lglll'sium-aluminum 
alloys. Tlwy hav,' not givpn as high a luminous 
IIltenslty as thosl' in which lI:aglit'sium wa:,; 
uSl'd. Sincl' aluminum has a hit:hl'l' Iwat of 
rl'action with oxygl'n than 'naglll'sium, il might 
be expt:'ct0d In givp a grl'atpl' llllllllWUS In' 
tenslly. A comparbon Df tlip phY:';l[':!l propPr­
til'S and Iht'rlllal parallll'lq's of th!'s(' two 
metals, shown in tabtt' 2-,W, will Indicat" why 
~.IUll\IIl11m is Ilot as t:'ft l('It'nl as maglll'slum. 

Table :!-,J(I 

SONl!' phrslcai propcrtil's (///1/ t/i,Tnllli 
paramdcrs (!f mahlll'SIIUlIllllli ailllllmlim 

I l __ -~~I,-~~_-J __ O~lcI~ __ ~1 
i Ele- i M.P. I B.P, : M.P, I H.P. I ,\ H I 
~~~_ ~O~l'I,J.:'..Cl:-i _~Lj"C~~,,~C;~l)_ 

Mg f.i51 1,120 I ~,l08 I :1,077 I l-I:l.~ I 
,\1 GGO :),,130 I ~,027 ~~_~ ___ :19!~GJ 

r 1--1------ -1' - -1,7}.~:'nt': 
I I I 'H 'H IAdla-/vapOI'I-
I I I (Cal. gm (Cal, 1111 b,ltn' zatlon 'I' 

I Ele- I 'HE I (\1 ~I of Itl'lllP'I(eaL I I ~l~ntJ (K~~~l n~t:'~:l), n~~~a~~~ (''C2 ~..r.~ __ : 
i 'I I l I ~I~, 71.:1 I' :.: ,:100 1,700 12,UOO I l.~OU 
: i ; I I 

l __ ,:~_t~'~_l,---,~7~(J ,~:~~OJ!:I~I~~ ,I,~OO I 

Althout-:h tht:' l1Wltlllg pOints of thp I v. 0 n1l'tals 
aI'(' qUitE' similar, the ollliing points arp mark­
edly dillerpl1t, that of aiumillll!1l bE'lng much 
hl~llPr, In addition, thp anwullt o[ heat rl'­
qUirprj to vaporizp aluminum is tWlrc that rp­
quired lor magnpsiul11. Therelore, It'ss alumi­
nUl1l is vaporized lor the S<llIll' amount llf heat 
('volvpc! by th!' romposilion, ",iving a smallpl' 
flame- and rons{'qul'ntly lE'o;s lUllll11[)US Intpl1::;lty. 
In additIOn, the, boiling point of aluminulll oxidt' 
IS Illt.>;llPl' th;!n that of magnesIUm llXldp. Thp 
hi!,:her t{'mpl·raturp ill tht:' flamc prOdlH'l'd by 

tht' C,)lltll'l1satlOn of tlit> ,IIIIIIIIIIUI1I oXld,· val'''I'::; 
pruduct's ILulll',,; o[ hl~hl'r tl'lIllll'lallll'" ;111" ;r 

ll)Wl'I'vallu'. 

2 -351l. Effl'ct ()f Spl'l'lfll' SII 1'1;1('1' 0) Ik;Il'\;llIi :;. 
'J'll(' dH;mll'al law ()f m;I:;::; ,1('fldIl ,'xl'rl'.'OS"", 
rt'a{'tion rat£' as a functloll 01 till' (,"IH"'lltl';l­
tlOn of till' rp;Ir!;lIltS. In th., :;"lltI ,;l;ltl' <'IwlIl' 
i:;t)')' uf PYI'otpchllll'S, till' .'01""'111[' :,\11'1:11'1' l)j 

thl' ing rl'd It' nls lIlay h., I' ons 1""I'"d l"lllJ:h I y ;Is 
thpir' ('(JIH'I'lltr:lt ion, TillS I:; lI:-;u,t!I~' "'I'I"'S:-'I'" 
as ('m 2 pCI' p,ram III' M2 PI'!' ~~,'am 01 111.lll'l'I;t!. 

Th(' t'qll.\twn fllr SPI'ClllC .'~lIrja('(' call lll' Wl'1t[,'11 
a~ 

wlwn' 

ti x 104 
'Olj'---

S = sppciflc su,'lace III CIII;Z. p'am 
D = dClIsity, ~m/cll\:; 
d = diallwter, microns, 

This l'quatloll IS lJaspd on thl' a:,;sllll1pilOn that 
thl' pa die les art' sphe n's, Any <il'\' lat iOll [rom 
sphericity, as in a pal'tick Ihat has cracks or 
fissur0s through it, will fl'sult III a spt'('illc 
surfac(' value greatpr than that fur a com­
parablf' splwre. 

j" figure 2-140 are showll thrpc v,lrietH's of 
finely divided mag:wsiull1 whIch ha\'e l'x;rctl" 
tlw same granulatiun, nallwly, lOll jlcrccnt 
through a No. 50 U. S. Standard SI{,\'I' a'l<i 100 
pl'J'('pnt on a No, 60 ;;ievf'. TIlf' top samph' I;; 
lIulled, the Ollt' 011 tht' low!'r nght IS ~l'ound 

and tht:' (llll' un the low('r it:'ft IS atollllZl'cI 
spherical maglll'sium. Thl' sphl'rically shapl'cI 
magnesium h,lS thp ::-;mallt'st spcc if1r surfa,"" 
thl' highE':,;t purrty, tht:' highest appal't'nt d"ll­
sity, and till' t.>;rl'atest r~'sistanl't:' lu atmll:';­
pliE'ric mOisture. Thp effect of "Ppc If Ie surlacl' 
0)' ,wt'ragl' particle siL.l' and tilt' shape 01 tilt' 
particle on til(' p('riormalH'p of a tYPical com­
position IS illustrated by tlil' exampll' III table 
2-41. 

Table 2 -41 show" till' blll'lIIng characterrstll's 
of similar l'I1llljlllSItiOlls pn'parl'd With ",round 
,llld atul1llzpd maglll'Siulll. 

It ('an Ill' St'Pll Il'lllll thiS daLI that thl' gl'lllllld 
maglll'SIUl1l which h;I~; th., gl'l'atcl' Spl'l'llll' 
!-;urfat't' ~I\ l'~ tilp ~rpall'l' llUl1IIH)U~ Intt.'Il!-'lt)" 

and th" iastl'I' llUJ'lJlllg r;lt.,. GI'TII'rally, It IS 
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FigU1'C 2-140. Magrlesium 
(lm·ticle sizes 

Table 2-41 
Effects of chmzge ill specific 

surface of magnesium 

ComEos ition \2er{'('nt by 
weight) 

Ground magnes ium 66,6 
Atomi7.ed maKIlesium ". 
Sodium nitrate 28.6 
Resin 4.8 

Characteristics of specified 
eomJl<)s itioll 

Luminous intensity (candles 
per sq in.) 200,000 
Burning rate (in. per min) 9,4 
Density 1,56 l Efficiency (candle-secunds 
per gm) 50.000 

", 

66.6 
28,6 
4.8 

178,000 
5,7 
1.65 

69,200 

true for all pyrotechnic compositions that, as 
the specific surface 01 the ingredients in­
crease, the luminous intensity and the burning 
rate increase. It should be noted, however, 
that in this instance the e((iciency of the com­
position containing the atomized magnesium is 
approximately 28 petcent higher. The per­
formance characteristics of any pyrotechnic 
composition arf) similarly affected by the spe­
cific surface of the oxidant as well as by that 
of the fuel. 

2 -359. EU('ct of Moi1!.tur(' _2!.1...§llf'lf Llf('. A vcry 
important point to be consid('r('d when d('vel­
oping a composition is the shelf life or stabi Iity 
of the mixture. The most detrllnental faf'tor to 
the :stability of a comllo:sil ion is atmospheric 
moisture. In the presence of moisture th(' 
oxidant will corrode the finely powdered metal 
and coat it with a layf'f of dther til(' metal 
hydroxide or th(' ll1('tal oxide or WIth both. 
This layer redu('('s the igllilibility of the> metal, 
with the rplc;ult that it ('ilhe>r fails to ignit(' or 
fun('tions with reduced luminou:s inten::;ity. "'or 
oxidant::;, the sensitivity to moisture can bt~ 

determined by obtaining the critical relative 
humidity at room temperature, The higher the 
('ritical relative humidity, the less ::;enlc;itive 
th(' substance i::; to moi::;ture. (Roughly, th,~ 

higher the critical rf:'lative humidity the less 
soluble the OXidant.) By ::;ubjecting samples of 
the salt to atmosphere::; of known relaliv~ 
humidity and determining the weight gam, th!' 
critical relative humidity of th£: s;.li. can bp 
obtained. Small traces of impurities in tll(, 

oxi·jant will lower its critical relative humidity .• 

The effect of moisture on· a finely powdered 
metal is determined by placing a ::;ample in 
distilled water and maintaining the system at a 
specified constant tempe;-ature. By colle('ting 
the f;as evolved at cons.ant pressure and noting 
the rate of evolution, the rate of cC'rrosion of 
the metal can be established. For atomized 
magnesium it was found that the rate of cor­
rosion in water was an exponential funct;on 
during the initial stages. 

t -= Ae
N

/ K 

where 
t -= time 
A = constant 
N = amount of H2 formed 
K = constant. 

*tintil recently, there was a reluctancl' 10 Ut'" sodium 
nitrate in pyrotechnic coml"'"itions becaUt-w of its 
low critical relative humidity. In fal'!, spec ifietlt ion 
grade sodium nitrat .. , which is " ,--,'mmercial grade>, 
has a critic-al re>lativl' humidity of less than 50 pt'r­
cent at normal temperature. 'Thcreful'!', comvosi­
tions empluying this grade were very hygrosenpie. 
This was partially overcome by tile usc nf eom­
merciaUy availablt' U. S. 1'. doublt'-rcfint'd ~(ldium 
nitrl,te, which has a critical relativ(' humidity of 
75 perecnt at normal lempl'raturc or the same as 
the purest nitrate. 
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In ,,1/1I'r words, Ihl' corrosion prurl'('ds ;It an 
In('I'I'aslllgly lastl'r rat!' with tllll(', I!owpv('r, 
"\','1' thl' t!'lllfll'r,ltllrt' r,mgt' uf 30-6~)"C th!'rl' 
was ollly :\ sllwll lIlt'!'!'a,;!' III till' raft' of ,'"l'­
!'llSII'I}' Att1l(lsph,'I'Ps of llitl'l~~(,l1 and oxyg"l1 
had slIght IlIlIu('IH'I', hydl'l~!'n had a I'!'tardlllg 
,Ift!,('t, alld (':\l'110II dillxHi<' had ;111 accd!'rat Inf~ 
<'fit','!. Thl' pI! of the S()IUtltlll alld til" SIH'rlll(, 
slI!'LH'I' "I' thl' ilI!'tal dust Wl'I'p foulld to affl'l't 
thl' I'l'c;ultc; lllatl'l'lally, Till' sm:dl!'!' thl' part Irk 
o!' till' g!'l'atpr tht' Sp('('lll{' surf:l('!' thl' Llstl'!' 
till' ratl' 01 ,'(lITUSIUIl. 

2 -360. Pr,:,l!'!"t IllI.!. Aba i nst Efl(','t s, \'I_~'l()istlln'~ 
Thl' d .. ll't!'l'luus !'ife!'t Ilf ilI\,istlll'!' "n f1lwly 
dil'jlkd maglwsllllll (';111 IH' I'('dll\'l'd by ('tlating 
Ihe m!'tal wah a Chl'lll1lalt' film. If Ihe (lIlW­
del'l'd ll1;lglH'~'olUm is tl'l'all'd III a hot aCid bath 
of puta;;:--illlll l'lll'lllllate I'llI' a ~tHlrt pel'l()d of 
tlllit', ,lIld thell wastwd thuroughly tu l'l'IlIOVt' all 
tl'ac!'s uf aCid, a thin layl'l' of chroll1a!!' I't'-

1ll:tIIlS, ,H'tin~ as an E'ff!'ctin' p!'otl','ti\'l' film 
agalllst tlloi"tu)'e. 

T'J iurll!!'!' !'educe the eUeds of IlIlllstUI'(" only 
the purl'st irljC;redient::; an' lIsed, These an' 
prlll'l'Ssl'd in iur-cOl:ditioned roollls and, wh('I', 
pressE'd into the candle cases, are ('[l\'l'red with 
a IIllllhYf.;l'o;ocopic first fire that furttll'r PI'O­
t('cts the composition, In addition to the US(' or 
purl' lllatl'l'Iais, self-hardening resins are 1'1ll­

ployed in place 01 lins('ed otl, which was pre­
\'illusly used as a bind('r and a coatillg agent 
f or the magneslulli. BE'cause of the slow COIl­

t iIHlllUS (lxldatlOll of linsl'ed oil during storal':l' 
01 ttll' pyrotl'('hnie item, lhe CI)ll1positions Wl're 
l(lund to harden and changp In their burmng 
charal'tl'l'lstics, Polyester resin:-- containing 
some styrPIll" such as Laminae, whlC'h arl' 
sl'll-hardelling at room temperature wllC'n a 
catalyst like Lupersol is added, are now used 
In plare of til(' linseed oil. Ttll'Y polymerize at 
room tcmpl'l'atuI'e withlll a rl'latively short 
period of tinlP, depelldlllg 011 the amount tlf 
catalyst, hence, vl'ry l,ittle rh~Ulg!' occurs in 
the burnilljC; characteristics uf the (,lll1lpo~itllJn 
upun sturage, 

2-361. £I_t,'a~ Se!l::!'~}'!y~)f £yru!.fC£l..t.r~~,S~m­
positions, An understanding of the effect of 
heatOntlw IJt'ha\'ior of a pyrotechnic' COl1lPO­
sition is obtained whell a small sampk of thl' 
Illlxture 1S hE'ated and the time to if,';nition 
measured, It has been found that tlw timp to rt'­
acti(lIl det'l'!'asl's with in('l'!'aslIlg tempt'ratul'!'s, 

If Ihl' Itlgal'lthlll 01 thl' tlllll' tll r('a<'llllll is 
plnt!!'d :Igainsl the 1'I"'ipl'lll'al oj tlIt' ahsolut!' 
tl'!I1pl'l'atul'l', a :-.Iraight lull' IS usually ob­
t;lIlH'd. ThiS IIldicatl's that the ),1':1('\ ion I'ate 
of the ('o!l1jlosil ion is ,Ill Artwllnius hUH'lion. 
TII is typ£' uf plot l'nahh's a ('ompa ri~l)Il of 
"al'lt)us compusitions with rpsp('('t tll thpir 
heat spnl'ili\'ity. By nwans of tlus tl'rhnlljllf' 
(whi!'h was IlI'S( applied to l'xpluslvl's and 
pUl'l' ,'(Jlll!lllunc!s and unly !'l'('('nlly to pyru­
t('('hlli!' ('ollllhlsitltlllS) :I beti!'r undcnitan<illlg 
III till' 1'I':I('tIOI1 nHTh:III1SI11 lJf pyrotechnic mix­
tures is being all'll'pd at. 

2-:Hl2. TEal'"r _:Ind Igllllt'r COll1position::;, What 
hds just bl'l'l1 s;ud allout . f1a-l:("" (.ornlj()~itiolls 
applies ('qually well ttll11lxtul'!'susedintra!'('rs, 
A standard tr:Il'!'r ('ollljlllsitlOn, H-45, c\JIlsists 
uf f)6 pI'n'pnt ,.;tl'llntiUll1 nt1I'~ltt', 37 Il,'n'l'nt 
magncslllll1-a!lllllillull1 alloy, and 7 percl'ntpoly­
vinyl l'hlol'idl', Alth()ugh strol1tium nitratp has 
b"ell thl' pl'll1cip:t1 OXIdant luI' (rac!'!' COIllPU­

sitlUns, sodium (lltr;IIl' is nlJW Ill'ing lI:OE'ti l~X­

lH'rilll!'lltall~' wtH'n gn'al!'r IUl1lllltlUS intensitil's 
an' 1'l'(IUlrl'd, 

Anotl11'1' tYIlt' ()f pyrotl'ciJnic mixtur!' that is 
impurtant IS til!' igniter compOSition, which 
indudl's lirst fll'es, As ttH' name implies, the 
functHln ul this I'llllll'llsition is \0 if.;nite thE' 
main chaq"e, Thl' 19nitl'r is fUl'Il1ulated to Pi'O­

du!'l' I\('at anti slag rather than t,l give a high 
luminosity, In fact, til(' 1.',11iter may have r('la­
tivdy btll!' Ilam!', ZllTUniull1 and titanium or 
ttll'ir hydridt's and Sll11'0I1 arc uM'd in placp of 
magnesium or aluminum. The furmer nwlabi 
are mor(' re:oIstant to 1l100sture and in addition 
arc very Ignitable, with high heals of r('artion, 
The igniter, or first fire, llluSt be' capable of 
igniting thus!' cOlllposltions with which It is in 
rontal't. Since this J11IXtlll'l' IS placE'd b('twt't'n 
thE' expused ('nd of titp main chargl' and thE' at­
mosphcre, it is adYantag('uus tll ('mpluy all Ig­
niter whirh is nOllhY~l'lls('opir, Such a com(lo­
sitltltl, whpn prpssed OV(>I' till' l'xpus!'d sllrfacl' 
lJf thl' main charge, will act as ;1 Pi'utl'ctil'!' 
c()\'('rinf.; for' (.il(' 1l10l'l' IlWiStlll'f' s('l\siti,'1' main 
chargl', A tirst firl' haVIng many 01 till'S., de­
sirabll' prO(lt'rti('s has been In llSl' lor a 1ll1I1lb('1' 
of ypal's an..:l has bN'n f"und to be vl'ry satis­
facttll'Y. TillS ClllllllllSi\iull, which is ('ul1lll1llnly 
called FF-IOIL. ('ontains bariulll nitl';lt!" zir­
COIllUIl1 hydridt .. silicon, and TNC (tt'lranitl'll­
l'~~rIJazole) is ;lddpc! to inCI'C';[Sl' till' 19nitabihty 
of tit" COlllllllSitltll\. 
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:? -:ltl:l. J{;H~!~~Hl_-";f~""l'tl'-:~'IlP_SS (II 1'.J'I'~I: .... IIJ!!'!: 
COIllI"ISltIllIiS. I ':(1 Ill' ~;ultalll{' lUI' mill!ary 
Slf~Il,ill;l\l~ ---:-llId IIlull1lnatillJ~, IlYl'<I1t'l'hllll' ('lllll­
I'llSltlllllS :tn' rlt'Sll',lIl'd to llH'L't Ihp (llllowltij, 
l'l)[lSltit'l'atlllns (tablp 2-42). 

TlliJi,' :':-·1:: 
1""------------- -1 ------.-~--~---------- .. ~-----. 
, I 

: Jlal':lllll'lpn; _I ___ ~I~ 

II~:::~:~~:~~ I'"",II,'I'''\\'''!' 
I 

II Hltrllllig r;lll' hH'IH'S pl'I' tllll1Ull' 

\'p}nr \;liUl' (l'{)}(11 H:ltll) ,I! appalTllt hlnl}lll\~ity 

!:->atul';ltltl!1) th1"III,',11 ;111 aPI1l't)Pl'l:11(' en]· 

,,1"'.[ I:I;J~" lilll'r I .. lilt' I"tal 
IUltlIHtIU:-; 1I\t('n;~lt.\· 

EIfI"I"I\('~' ~':tl1dl\':-:t·~")IHI.~ l'l'l' !~1';1I11 (t\)' 

pt'l' 111111111(1'1') Id l'PlllP<lsililll1 

(l':Hl .il~o IH' t'\pn'M!-I{'d :1M 

1'.IIHllt':--; 1)\'1' '-iqU:lrt' lIll'h (If 
hllrtllllg MlIl'tal'l') 

Til,' j.':t'IlPl'al I'LliP IS tll rll'Sit;1I lor VIsibility 
ullli!' I' thl' worst pllsslblt' conditillll, that is, 
maXllllll1ll ~;ky Ilri~ht11l'>'!;. Till' flii/(lwillg 1I0111tl­

gram (llgUI"l' 2-141) is usl'd to obtain a 1'(lul:h 
:1I)1)['oxllllatlun oj ranctl.,powl'1' rt'qlllrt'l1l1'nt" to 
UUSl'!,\'(' slj.':l1ais at various dlslalH'ps. To uSP 
Iht' nllllll\,l'al1l, tht' ('un'I' IS sPlPl'tt'rI th:lt I'''P­
I'I'SI'l1ts maximum sky i.Jri~htl\l'ss (10 3 l(lut-
1.1 mi.J('rts) and thl'\Juj.':h an alISl'lsS:! t'qul\'al<'1l1 
t., th" >-,P('(' il lI'd target dlstal!"l', S;IY I ~), nou 
yards, a 1111., IS drawil frolll an ol'oillal(' l'OI'­
l"f'S)HIllrllllj.': to tllP tlllnil1lUIll Visibility, s:l)' l~),ilOLl 
yards, 011 the llwtl'urllloglt':d rang .. :IXIS, :lIId 

prolungl'd tu 111(' jlltl'IISlty aXIs. Till' 111l'li'lIl'lI­
l"~~I('al ranj.':p IS asslIl11l'd tll 1)(' at 1(,;lsl ('qllal 
tll tllt' tal'hPt dlstallcl', III tltl' l'xamph, l'1!l'd, 
tilt' l'pl]ull'l'd luminous Inlt'Il>'lty w(lult! IJl' .\lH)Ut 
:".~) x lOt) (';\nrill's. 

2-3(34. SUlll111arJ. Spa':'" has not peJ'l111tll'd a 
lilliI'(' rI.'t:1I1I'd rlU":CllSSlOtl of tl1l' dll'nllstry 01 
p~'rotP('hnt{'s. To summariz(', it ran b(' ::;aJ(j 
that whl'1I a JlPW It,'1Il IS dl'vl'lopl'd or an old 
lin,' Improvpd IIU OIl(' lac'to!' can U(, clIl1sldl'J'Pri 
tht' 111 liS \ Important. All till' fadol's rlis('uss('ct 
mlisl bl' t:lk"11 IIltll ac('ount. TIll' lllgrt:dil'lIt~ 

lllU·,t h(' uf hIgh plIl'lly ami PI'llC"SSI'd lind,·)" 
e:!I'l'll1llv 1'()l1tl'll/lt'd (,OIHjltHIIIS. Thl' p:lrlll"ll' 
SII,I'S ;]11<1 )Jrq)"l'tlon:--. oj IIH' Ingn'dll'nts 11l1l,'1 
lI., adlllCiI"d ,Inti lu);ulI't'd to i',IIT th" dl'Sll'l'd 

lill)"lIlill~ ('h;II';\('II'I'IS\It'S, Th .. (ypt' alld SI7.1' llf 
cOl1lail1PJ' lIIllSt 1)(' sl'll,t'll'd tll I)lItalll till' opli-
11\11111 l"l'sults With till' l'Ol11p(J~;lt iOlls. Filially, 
pruvisiulIl-i tllll,,1 1)(' l1l;ujt' III sl'al till' l'OIIl\lu"i­
tlOIl adl.'llualf'!y so Ihal I1llllstlll'l' will Ill' 1')(­

dud!',!. All 01 t1H's,' ,'ollsidl')'at i OilS 1'('qUII'I' 

til(' sl'il'ntillc app)"oa('h :lIld th., lull ('xph)lla­
tion of ('ht'l1lll'al, physll'al, and t'1l1~11\('l'l'ing 

Pl"IIIl'IPi<'S, 

TIll' r('slIlts of fil'ld tl'stsr, til dl'\l'l'lIlilll' 1/J(' 

visilJility tlll'I'"hhlllds fur sq',II:d l'ldol' IIJ!ltts 
ovt'1" a two-mill' I':\ltgl' :11'1' c;unIln;!I'II.I'd III 
tab!l' 2-43. ~inl'I' Iltl' \'o]tll'I'd ]lit.,l's us\,d III 

lhl'sP tl'sts did IllIt dupli(';JI,' till' l'oltll" t'1ll1c;SIOli 
of 1J1ll'nilll', nan'C', th., 1"l',;lIlts 1lI;1)" lllIly tJ(' (,UI'­

n'('\ in urrll'!" ul l11:tglilludl', :\:-;SUIIIIIIJ~ \\';11'1'­
ll'tlgth attpl1UatlO1l 111'1'1' a t\l'll-lIl1ll' <llsl;\I\I'I' tll 
bl' l-iimilar 10 that I'XIII'I'II'II(,,'d at .1 I~l'('at 

distalll'l' (al>llllt ri to III mill'S). 

Al/1/111/II111 -,,(il/}",',' "(/IIIII"/,,I/i,'/ /'iSI/JI .. 

lro/ll 111"<1 Illlit- d/"I,/I"'I 

r----- ---
F ill,'1' 

Whitt, H,'d y,'lh,1\' L1n'l'lI 

1 
(';\HdIPjl\l\\'l'1' III ,:'.011 '111,,-,Ull l:i.~Oll :2::.(\uo 

I 

H~llll1 ttl \\ hltt' 1.11(1 
I 1,0:1 1 • :2 ~) :.:! .;~:2 

PYHOTECIlNIC I'AHACHUTE m:~lt,1\ 

2 -:16:l. 1IIII'uducli(llL Pararillll,'s :In' ;\lI'I>I':lI-:.('S 
lIs,'d til l'"dlll'" Ihl' fI't','-lli~ltt 1'l'l(1('lt~' (If a 
liody ttl d <1[',';11'<'<1 101\' v:duc. l'al'arlllltl'-tqll' 
:lIl'bl'~lk('" :11'l' ,1<'l'u<1)"II:\lI1:(' sh:ljll's, lallllt'atl'rI 
u';lIally Il'nlll tl'xlill'S illtn 1II1\lJI'I'1l~I-lIk,' ('all­
OPI('S lh'lt ai'" IlItbtl'd and l11aintail1l'd III shapl' 
by th,' pn',..,C;lIl"1' "I ('lItl'apllt'd ail. Tht:; !;<'('lllln 
wIll disl'lI:c;s f~"iIl'l":dly th,' "xt[,I'II~d :llld 11l\"l'nal 
pal':IJ\ll'II'l'S llI'l'l'Ss,Iry \tIl' c!1'SI:-;II. ;>'\01'<' d.,-
1:\111'<1 Inlol'l\\allllJ\ "II tltl' 111ll1'l' l'lItllp!t-:\ p~ll"alll­
('h't's will ht' t(lund III r,Ql' l't1 1H'P:--; ~, tl. HI 10 1 

:IlIrI 11, 

2-:l(,[i, C\lJH"'l't ul Uptll1\lIlll 1\l'IGIiI III till' D,'~ 

Sibil III I':Il'al'IIlIlt--~-\Il'l'\lrl"dFl;I1"t':-;'(; 'I'll .. J'('I­

t'l't'lll'\' l'()\'t')'S till' dt'I'l\'all(1I1 III \)ptllHlIlll Ilt'it~ht 

(If 1>1I1'lllllf~ I Lin' :llld tilt' d""II~l1 (II ;1 p,lr'l("liutl'­
sUJlJI(lrll'() llar(', llJ.lkllli~ LIS" (II llll' 'UiJ('.'pt llf 
,'pt 1IlI1lill 11t'lglil. 
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CONFIDENTIAL 
llil~ lt'kl,'II"" "JlI,1 d", 111,11 III '11,1,1111 lilt 

IlL"!llllllll 1111111' 11.1111111 I'! till' lit 11111\1 1\ \11 .t 

,'11'1'1,' III 1',1"'11'1\1 ,'","l'. 1<"llq',III":~ I,L',). 111I1I 

till..' ('(,l1tt)' t)1 \111' ,'11'\'1. d'l,,'l) lIlIdt' I" tilt 

Ilan'. 111l' I 1.11'1' ~;lI"IJld I'llI'll ,I:, "II'~'I'I\ I" lilt, 

"1'11111\1111 hl'If:1t1 11. Wlll<'11 Is [I,",' II", ;1" 1',,:,~'ilJk 

Tlil~ !'l'I, n'II('I' ~d,·,,, ',\.11.·". Iildt lilt' 111111111111111 

,';1 IHll\'llt '1\"'1 1'1"111111'01 IIII' 1' 11:; 1'.1011\1', will 1'1' 

:11 II\(' Ill'II'.111 III (1,'; H" :tilt! will hi' "'111.11 tt> 

c,.:lil 1'1' I!./, WIH'I'I' I' .. Ie; IIIl' 11111111",1' "I IlIlIt, 

\,:IIHtll'" "I illlllllll1dtlllll dl',;II'\'(1 ,II H". 

tf'. Cp 

.~ t 
/'O-..j :, 

./ II / , 

/' i 
0/ ;/ 

./ 
/ 

,/ 

/./.", ()/J/i 'n.'un l"','!~ht h'}' jlJ'('U 

1!',':tllflllfr!IO}( 

:'-:11\7. TYPI''''; "I \'.II';I,'illIl.,,..;. Til,' 111;\1,1)' IVI"'",; 

III p.ILII'illIl.,,;. til"II' ,',lllO·t 1'1I1't I till 1":11111'",;. ,1I1l1 

til"11' ,'Ii;Ir;II'I"t"I"IIl'~; ,11',' lJl'Il'II~' "'IIIIII".! :1." 

1,,11111""', 

a. A St.llldard Fbt I'al at'liul., I" t',I!l>;lrllt't.'d 

1 l'l)Ill ~i IlLJlllh,'f til w .... ·d~~l·,-;--;h.llh'd j.~dl't·:-.. ",h'll 

wllh ,Ill ap,'x :1Il\:l<' "qll.1l In :llhJ" dll'l(kd by tlil' 

!JIIIllIJ,'1' 0) i:"I','';; lilli'" II IIII'm,.; :1 11.11 (,11,(,lIlal' 

('an"!,,, wli"lI II I" 1I1l'1l11.11t'd, t::';lIally II ('1111-

\;Illl" ;1 e;lll;111 \"111 III IIH' l'l'III\'II. Illllal.,oI, II 

;tS"UIl1\',~ ,I 1ll'.II -1';II',II"tlll' ,..ILI!',', wilh ,I dlaill" 

1'\1'1' ,,) a[,tlul :3, ,I lie; 1'11",,11'11('1.'<1 dl:IIlI"I,'I', 

:\.'\ "!VII.lIlIIl'';, 1I,;Il;tlh Ihl' tjllll'k",,1 "IH'IlIIl,~ 

Iyp" (ll pal':Idllltl" wllh ,I I .'r~ ;:'"KI ,',1\'111\'1,'111 

"I dl':I!'" hul I.,,;s ,,1.11>1., lliall 11I'\~'t "h,IPI't! pal'a­

('hul",... EX:\lllpl,',..; a 1'\' ,,1.llId,ll'd l';lr.ill'<l'lp :lIId 

; III ,I'. llh il,l r n !: .1. 

11.11: : I.I! I lild III " 

.\ 11.III,t,. I III :; I, 

1111111 'III ". 

1'1'1'11l'111 1 Ii I 

.\ ',h,1I It d I .\ ~ I \ 'I',' I 

l'lllj ,I , ,',I: I" i' I" : 

t I' lIl,11 d· ,,' I, "\' 

Ii' I' 1111 .•• , 

I, \' .llj' Iii 

.\' I -II, 11111 It.t 11.1111 

"1,11 01, I II: " I i,' ill I., 
, 11\1 . II lil,11111,\1".t 

;I \ I j 1.1' il,: 1.11. d, 

~ L Ii' \" I \ ! I ;:. 1 I I '111 

I. 'j, j'l Ild: t.:IH11I'IlI P,II 

'\ I , r I . L 1 I I I ~ • I I , t .1 ( I \ ,'11 \ . I, " I . 

ill t,ll.lJlt' jIll 1111":.1 " 1111 '.1.,1 11111\, ~,L'>l k 111,ltI 

(1) Iltll"1 11 ,11 ,IIHI!t I ll\ tli ',il'!1 ""lIlltd. ul 

',II;I)I,'d P,I",I('IIIII,", ,II' 11., 10,1 ,t",11 1\,1"'. 1\1:, I" 

lilt, l.tI'I'I,' " ... 1i,II"''; 1111" .1 h,1 II pllt I't III r,'-
1/1"'" '"11 .', .... :11 lilt' 1'1 "1\'11, 1\1,11,,11 Il 1\ I"', 

\,IH'I'l' !~I'(lllll't r\ I\~ dl'~.II·.III·d 1111'qll.lilil' ~t rt\!,~t\~ 

;11 ,Ill I"'lill~ ;I~· ,I IIII' I,ti'l ,,' 1\\'1'.' 1111''.1''11:,1101" 

I'Ih\l,'II-I\'I"', wll"I'\' 1'(lIIl"'IIII'I" 1'111(> \'1 1110111111 

(t.Ij'" (II' 111'1,1'1111'.) .IIT II"IIII'! 11I".t'IIt,,1' III ,I 

(',llll)P~. 1111' 1'1I!,,!~t'dll!':'~'. til ,Illtl\~ ;1 :~tlrt ul 

,:('''11\('11'11' l'''I'(I~;Jly l(l 11I1Il'l1"1I wit,'It' I.lhl'''''' 

"II,·It a:, 1'.1111,1." Illlllid 1"""'11111,' ,111\ ,1,\1,1111.1\'," ,.: 

l)'I!'tl:'ll~, ,urllll! tY'II(', dt':--'l)~!\l'd I'll' I1I,l'IIHlIlll 

;\1' I' <I) 11,1111 II' .'1 1"'1.'111'1', 

('. l),Ir.L'~IH't·t I:-~ t'llll:~t rue!I'l. 11'\1111 ,I ~,II1:'lt' 

llll'\'t' \)\ 1\1.111'1'\ ,lit 111' ,I 11 1:\'111\ \ 11'), \ II ,\', It'\\' 

Il\t'l'l':-' :1': ll.·, ~'\:l' \\'111 .Illl)\\', III ()Iii,'], 1(1,1\\1141 

tltt· ('\l!lIjlh'x ,Illi! \'\)~,th' 1l[lt·l'.ltldll ..... III .'· .... (·wllll~ 

111,111) ",,11",. 1,,::.'IIi"I' II I,. 1I"lI.tlll' 1',111,.;\ 1'1I,'II'd 

I" III' 1[.11. hIli I', ~"lll,'1 lilli", :,Ii,IIlI'd I,) ::,11 11t'1'­

III,', lit" III'II\. II., 11\11.1111111 I:" :;IIIUi:t1' It, tllal (II 

I'.II".\\'ltlll,"" ,\"1',,1\,11,111111";: "';111111:11 I" \',11';1-

(·hlll.,:" hul u:;",I1I) WI ,1).;.,1' 111:111 .111 "qllll,II"1l1 

P;\L1I'huII' iH·\·.\U~-.l' 111 ,I I.H'k \11 :--.ylllnll'lr~ III 

1\.',11'(' III I\,.; 1111 Lilt d :-it,II"', 1'::"'1111'1<'", ,ll·t.q:(lII:tl, 

11\''.:I::,\I\,tl, 0-;'111.11"', .llId i 1"1,\11:',\11.11'. 

~ -:H,H, F,I,'I,'I'''' ,\11.','1 'Ill'. I',IL\t'lilll., D"SIl~IL 

1';11 ;"'1111),' d":"II~11 I," ,111<,,'it'd lIy 111.111\' \.ll't(lI'''. 

,;,111\,' ,,1 wltll'h ,11'.' hrl"lly ,1I11111l,'d ;\S f,\!ll)\\'s. 

a. W"ll:h\. Til,' 1',>l1\I\II1.'d 1I'1'1":hl" ,.!" all 

\,;ll'ls (I) Ih,' )n""ill::hl ,.;~':,I"111 ,:l't' "'ju.d III Ihl' 

dr:I!~ 1"1'1'1' dlll'lllf~ ,,\t',ltil'-,,\.\1I' "lI"IWII"ltllL Thl' 

\\'I'l;~hl ,,1 :I ILII''' I~, l'l'dl\("'ll dlll'llli~ UUfllllll'.. 

"I'h., <''111:1111'11 ,,1 1I1l,IIIIII !tH' 1'('1'1 w,t! d"",,"'1I1 I" 

w - ,I 2) C!l:\ \,2 ~ (\V ;J (tll' dl) 

b. Vl'l'\l',t~'. ~"I' 1'i~1I1''' 2-1-1-1 luI' 1'<,I'I(,Ity 

l'un'l' :l1l1~ d.'1 I Il!.l ItlIlS. Th,' 1'l'l,ll'lly "lju:ll'l'd IS 

1'l"l\\ltll'll'\Il.tl I,) 11\l' dl':lf~ 11'1',','. V 1 I" ('Ull­

Inllit'd h~' d.,,..lf:n l'I Ih., p.I,'k:I!~.'d IIt'Ilt. V:l IS 

;11lt'l'I,'d hy th,' "1"'111111'. ,\1 tilt' p.lt'kal'.l'. V3 is 
l'I'du"I'd hy dl',I;~ dllrll\!~ "qlllddlllf~' V.j V(' 
wh.'n "q\lllhlllll: '\I'I'UI''; I 11'';1. V:, '1.,:1 Spl"'lal 

,,~ ll~hl\1 till' 1"l'IlIlIl.tl \'<'1.ll'II), \,..;I,':\dy - S\.l1l' 

SlI"I'I'I\'d"lI) , 
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CONFIDENTIAL 
(" [)I'al~ <;,,,'111,,,,,,1, ~"I' 1"',1:1" 2 1,1:1 1"1 

1'111"'1:" III lInkl ,iI 111,11',111111'\.' 01 <'11,111"'" "I 

1';II',Il'IiIlI"~ :11'1" 11.11 P,II,ll'IllIl,', ;,It,I/lt'tI 1',11',1 

('hilI I" II 1I1'"lti", 1'1"1 1',\1',1;,1"'1'1, ,111t1 I'"IIIl,'r,'d 
pal':lsh",'I, 

, , 

, "[ 
I 

I! I 4 1 '.'1\111'" --1 

r '''i::~'~~:~':;~':~;~::'':':''''~ ,-~--'-~---.~---: 
I .,"'lI '1[:' '\,11.";1111 ' 

" 
" , ' 

I 

I ,', 
.,' 

j:{,;'IU(' ~'-J Id'. ''',It.' ('0, !JlI'11 "I rl'} Sf(,",; 

({{ J' "f" ','t! 

d, All' ,~)t'I~,:,I,ty, :"'1' "" 111':t rag rap" :~<no,' 
[or <'Ill'I'ls. 

I', PI:lIl1t'(I'~" SI'1' fl~:lIl'l' :l-1·J.l f,\1' d)ll.~tl':I' 

II'lI1. dlllll'I1>'IOILll l'h.1lI1~1':; at Y,II'lIltl" Slat',l's 

dUl'Ill,~ I Ullct 11)11 I Il[: , 

f. !-.~Jgtl~. l.'i. 1.IIW~. nUl' I" ~1I4,U):I1'il\' ,\1 
11l1l'::<, a 1I1I','p I'UIllPOIH'llt !l'nds to ('O)LII'SI' till' 

skirt of Ill!' par:H'hull'; llJ('n'ast'd l('n!~11t 1'('­

dUl'I':'; tpnckl1cy to collapst'; Illllllllllllll 1,/D ~ I, 
which \'allll' IS 1'()lIIllll)lll~: u"l'ci In :lYllid ('x,'Ps:-; 

uulk of linl's. 

g. NUlllUI'L.O!.l-,-ii,II'S, Afftocl:-; parachull' uPI'Il­
illf: eharal'tl'I'lstl(',,; mol'\.' lillI'S f!:1\'(' nil)]'!' 

{,Ollt 1'01 01 Opl'll II If: , 
h, D"ploynH'llt Mpthu(\:-;, "Calll\p~' f! I'SI" 1111-

po:,;(':,; --;?;'~atPI'---:~I\(;('-k--I'l:1d~ than "II!ll':-; firs!", 

"ranopy first" aUllw:,; thl' pal';whu\(' III S(:It't 
opI'lIiag \){'Im'(' lillP:'; art' lully t'Xlt'lllit'ct, which 
allllws til(' pll:-;sibllily of (',lIlH'Hit'IH'(' of F" ,llId 

F o ' (S('(' fle;ul'P 2-144.) 
I. H.I'l'f2'!f.' Uspd lor ("lilt 1',,1 01 SI'qlll'Ill'I' 0\ 

(it-pl"Yllll'lIl alld ,,1:-;1l I" ",,"lnoi "It;II'" 0\ ("III"PV 
UI'IOI'I' :lilli, Ill' all,,!, 111I)atl,\ll, H"I'IIIle, d,'\',,',,:-; 
llll'llld,,: I'],ISII,' lill<' 1')<>1):;, "('l1aI11 ~;IIlt'h" sl~"I'I­

('1l114~ "I' 11111':';, slt,)j'1 LI:.;('llt'lIe,lIrt:-; :tlld P,\('I\,'I 
\'{'nt;" skil'l hall(l~:. dqllll:"lllt'llt h,q::-;, :\lhi,'I'II­

tl'l' ""I'ds, 
.1, 1"'1',\:';11;., PIII"):;lt\, l't'I,']':-', t" lil,' ,1111","\1 

01 ,III lil:11 (':1111''''''' IItI',IlI:',1t ,I 1"I11'1c' al :I \',1\"11 

pn':-;:-;ul"', It 1:-; :1 q":tllty "I ":Ill"!'\' ,",Xlli<':-; tlUI 

;tfl'TI:.; :.;qlllddllll~, "1','111111'" :IIHI "LlllllltV ,'il:,,'­
act,'n"",':-;. IIII' ,'xlt'Il:,il>l, 1,1l,,'I,:-; Illd"ll 1,;(: 

.! III III I 'H j I H I \ \ : II I I )11~'"ll!! HI I'! II lit' II, I .11" /1, ',l. 
II' I) I I: . J t \ \, I lit' " , \\ I I II \, I J "I t I I ~ I I (1\ I II ,1:' I 1 I I I' t 

~~~~Hi~'. ~t.I:'.t'~'" 111 1111' ()llt'IIIIlI'. \)1 .1 11.11.lIlilltl'. 

"11',''''1' ~-IH ... 11"" ,I ill'I,',t1 1',11,1"111111""'" 

1"'11,,1"" ,,\''''1,'111 '1'1" 1"'11 ,'1111.,11' " ""',""11"" Ii, 

!" 1,'1 II ,k,,"I'II,,'d 1'1 ,,1.1;:", :t:, 1,1\1,1\\:" 

,I. ;-;1,1,'," , ITpl ":;,'111" IIIl' )',Il'I"I",,'d 11.11 ;1' 

"11' 1\.' :I \ \I", 11,:;1.1111 "I 1I'lt ',1:.' I 1'''111 II,; ,', 111-­

I ,tlilt '1', I I ]"'1' 1'"",' Ill" I iI" 1.1" t I, I" 'I\' II \( ,) ",' II \' 

ht'l \ JI'I' rI )':11', It \]'t'I' III t Ill' ,III '.1 11',lllI ! .d,'·~ ... Q\'l'J', 

h. ~1.1l~l\ ~J l't'jllT~'('IIt:~ till 111":-\ '-..1\'1' III dt'­

pltlYlIlt'll!, Wllt'!'I' 1111' llIW; ,lIT 1.1t1l .llld ,III'd)!'11 

11ll' IIl1'l'tl:1 1"1"" "I II,,' illtll, f1,II',I,'ItIlh- 1i .. 11l)t 

"f1"I1II1,:, 

" ;-;I.l!~" :1 I "1
'
1"""'111" II", ,;q,'ldd,'t! :,11.1('" 

\11"'11 IIII' \('1""1\\ ", .111,,\,' \'" Ilr,I." 1"1',',, I. 

l'\lJl~'ldt\l'cd 11) \1(' (llll"'II'lltil I~II ('1/\1;\ ,tlt'lll i{li 

tilt' 11111) "1"'11 f1,II',)c'ltlifto, 1l',IIII,'It'1 ", "''" 

"ld"I','d III I", '"1" I,,"rlll (\)3 1),1 'ii, ;0;1.11'1111\ 

III t!JI~' ~-dLqH' 1;-.. d.1l' tIl \1,\1:111\'(' \)1 ,III jll't ~,:,\IJ't' 

11,,\\ ')(ll\l,lIli llil'llll::11 lilt' 1"'1"", ,q'"III",1 11", ", 

1" l' II: tI :111' l' \"'",: llt'" I !lII',It' I ' 

d, ;-;1.1"", ,j 1"'1'1'1,,;,'111;-; II", ,'I 1II,',t! "lll'llIli: 

\,'I'"11\ III lilt, 1',II':Il'IIIII,' 1IIIl'rt' 1111' ',q,"d 
h,ll,ll~('t' J;-.. dt':--..lrll~·t'd .llhi Ilh' i.'.llldP\ '"hl':--',' 

" ;-;1.11'," ~', I "I'\",,:"lIb lilt, ,~I,',,,iI ·,,1.111 ',11,,-

Ilt'Il:--.){lll \\,111';'(' ~11;--'pl'lld"d WI'I;',lii lll: thl' .'~y~,~ 

It'll)) lLli,llH t'~~ tl\(' lil ''l~ Illrl'l' \ll t!H' C.lllt1i'\· 

1>1:1 1l1l'I "I I" 11'l11ll :-;1,-I"lItli" 1,' 1III1,'-I<lltl1> 

1111' ""!I"\ I"lt't.-d dl,IIII,'I"I, d":'c'lldlll i ', clll , ... 11.'1"' 

01 (' """1'\', 
I. ~t.tt~l' t', J'\'pl t·'-.,t'11t~. till' \'\111:,tl U~'l(\d ;-.·l.'V 

and ,;)1:11'" III th' 1',lr:t,'!tulc- \lllllllll,II,'d), 

2-:Qll, F .. I',',,, ,\"\1111', \VI,,'ll 1'" r,h'It.!I' (l,"'IIi" 

Till' <iLlt', 1"1'1I1111.1 "t.I!l'~' 

wit,'I',' 

l-' dl''''~ 1 .. 1"'" 1"1 IIII' P,I1.lc'II11:' ,II ,II~I\"II 

lll~· t.t nl 

d"lI',lll ,II ,Ill ,tt tI", ,llllllId,' III 11ll' 

1':11'.1,'11\11" 
Cil .11',1,: "II,'It''''I,'nl ,':,\.IIoI,>llt'd 1'1 wllld 

I IlIlllt ,I ,'XI','1 Ill" 'Ill 

:\ prlli"l't,'d :\1"',1 "I 1',1l',I"itlll,' "" 11I11,llt-d 

:11 :t i : II'!' II 111'; I ,lilt 
V \'t'I.wlt\ "j tilt' P,II';I,'hlll,' ,It ,I 1:""'" 

I !l:->.t,ll't. 
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CONFIDENTIAL 
descent, and the maximum shoek forc(' upon 
the system during opening. The' conditiol\s art' 
set uy figure 2-144, stagel-; 5 and 4, n'sppc­
lively. Reduced and simplified, thp :lPPl'oxiIlla­
tions are as follows. 

Diametl'1' Shock force 

DS = rW/O,03Z 

w z 
--------~--- _._----------

0.75 0.2 20 5 1.0 260 
2.33 2.0 20 6,420 2.6 1,100 
7.50 20,0 20 530 10.0 260 

23.33 200.0 20 35,875 26.0 260 

Additiunal (,llIplrical formulas al'P lurlllslwd 
by the British (as a rough guide and admittedly 
resultlllg in o\,"rdesign) as follows: 

a. It'Tlsile§tly.!lgtll ~ __ l"~b!:i£: 

or, at sea level, 

3 

192 

Tf 0 ~ k~ (;o~y 
where ks is a shock luad [aclul'. 

Shaped parachute 
Flat parachute 
Ungathered parasheet 
Gathered parasheet 

9 

32 n 

0.9 
O.J 
0.2 
0.35 

or, at'sea level, 

( D2)(Vc)? 
21 Ii 100 

2-371. Methm\ of Calculating All- D('I\l-;ity at 
t\~)' Altliuc\l', Density'o( air at:->pal!'v('li-s­
dl f'('dly PI'[)POl't \(>11:11 to Ilw PI'P:->:->Ul'l' and 
invl'I':->ely P"[))lol't1<lnal to till' aiJ:->()lut(' t('IlI­
perature. In tht' standard atmu:->phpJ'!' 

'0 0.00237B slugs 111'1' ('II It 

so that, at a pn':->slIl'l' p nllll III IllPl'('lII'Y and 
t('mpPratuI'P Tc (dl'p'PPS Celltll~I"ldl'). thp <lPII­
:->i\y i:-> 

0.002:37H x 2fHUip 
--76(J(273 ~ Te) 

Helatlve denSIty 1:-; eldinI'd as 

'0 

2886p 
760(273-~-;r~) 

Tlwrdure. at any altItude, = ,) X relatlvP 
density. A['('()!,(!lIlf~ly, thl' rL'lative c\ensitlPs 
for rel'tam altItudes an' found to be as follows. 

i He~~:-ll;---t - -I{-l'~<1t~~~:l 
i (ft) i d,'nsity I 

-------r--------
Height i Hl'lalive j 

(It) ! denSIty 

c,:uu:-I-~::: 30,000 0.374 

0.310 35,000 

10,000 0.73K 40,000 I 0.246 

15,000 0.52U 45,000 0.l[J3 

20,00U 50,OUU 0.152 

25,000 (J.44l:l 
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ENGINEERING DESIGN HANDBOOK SERIES 
The Engineering De.ign Handbook Serie! is intended to provide a compilation of principles and fundam.enta1 data to 

.upplement experience in a •• i.ting engineers in the evolution of new designs which will meet tactical and teclulical 
needs while also embodying satisfactory producibility and mair.tainability. 

Lilted below are the Handbooks which have been published or submitted for publication. Handbooks with publica­
tion dates prior to I August 19b1 were published as ZO-Ierie. Ordnance Corp. ram"hlet •• AMC Circular 310-38, 19 
July 19b3, redesignated lho •• publications a. 70b-Ierleo AMC pamphlet. (i.e., ORDP lO-138 Wa.I redesignated AMCP 
706-138). All new, reprinted, Or reviled Handbooks are being publi.hed a. 706- •• rie. AMC pamphletl. 

General and Mi.cellaneou. Subjectl 

Number 
~ 

107 

Title 
Elements of A~ent Ena;ineerins, Part One, 

Sources of E.nergy 
Elements of Armament Engineering. Part Two, 

Ballisticl!I 
L08 Elements of Armament Engineering. Part Three, 

Wea.pon SYl!ltems and ComponentlJ 
110 Expenmental Statistics, Section 1 f Balic Con .. 

cept. and Analylil of Mea.urement Data 
111 Experimental Statistic IS , Section 2.. AnalYlil of 

Enumera.tive and Clas [·ilieatory Data 
112 Experimental StatiiticI, Section 3. Planning and 

Ana1Ylii of Comparative Experiment. 
113 Experimental Statiltic8, Section 4, Special 

Topics 
114 Experimental Statistics, Section 5, Tables 
134 Maintenance Engineering Guide for Ordnance 

Design 
135 Inventions, Patents, and Related Matters 
136 Servomechanisms. Section 1, Theory 
137 Servomechanisms, Section 2, Measurement 

138 
139 

170(C) 
Z5Z 
Z70 
Z90(C) 
331 
355 

a.nd Signal Converter5 
Servomechanisms, Section 3, Amplification 
Servomechanisms f Section 4, Power Elements 

and System Design 
Armor and Its Application to Vehicles (U) 
Gun Tubes {Guns Series) 
Propellant Actuated Devices 
Warheads--General (U) 
Compensating Elements (Fire Control St:rles) 
The Automotive A::Hembly (Automotive Series) 

Ammunition and Explosives Series 
Solid Propellant.:il, Part One 
Solid Propellants, p .. rt Two (U) 

175 
176(C) 
177 

178(C) 

ZIO 
ZII(C) 
ZI2(S) 
ZI3(S) 
Zl4(S) 
215(C) 
244 

145(C) 
l46 

l47 
248 

l49 

Properties of Lxplosives of Military Interest, 
Section 1 

Properties of Explosives of Military Interest. 
Section ~ (U) 

Fuzes, Gene ral and Mechanica.l 
Fuzes, Proximity. Electrical, Part One (U) 
Fuze., Proximitf, Electrical, Part Two (U) 
Fuzes, Proximity, ElectrIcal, Part Three (U) 
Fu~es, Proximlty, El'"!ctrical, Part Four (U) 
Fuzel, Proximity, Electrical. Part Five (U) 
Section I, Artillery Ammunition .... General. 

with Table of Contento. Glollaryand 
Index for Serie. 

Section 2, Design for Terminal EHects (U) 
Section 3, Delign for Control of Flight Char-

a.cterutic I 
Section 4, De .ian for Projection 
Section 5, lnlpection A'peetl of Artillery 

Ammunition De.ign 
Section 6, Manufacture of Metallic Components 

of Artillery Ammunition 

Balliltic Mlluile Serie. 

Numb~r 

lBI(S-RD) 
l8l 
l84(C) 
Z8b 

Title 
Weapon Sy~Effectiven ... (U) 
Propuhion and Propellants 
Trajectories (U) 
Structures 

BallitHiCI Series 
140 Trajectories, Dlfferential Effect!, and 

Data for Projectiles 
160(S) Element. of Terminal Balliltico, Part 

Ibl(S) 

16Z(S-RD) 

One, Introduction, Kill Meehani.ms, 
and Vulnerability (U) 

Element! of Terminal Ballietics, Part 
Two, Collection and Analysis of Data 
Concerning Target. (U) 

Elements of Terminal Ballistic8, 8art 
Three I Application to Missile and 
Sp?Ct. Targets (1]) 

Cdrriages and ;"·lounts Series 
340 Carriages and Mounts- -General 
341 Cradles 
342 Recod SystenH~ 
343 Top Carriages 
344 
345 
H6 
347 

Bottom Carri ages 
El{uilib rato rrJ 

Elevating Mechanisms 
TraverSing MechanisniS 

Muterials Handbook~ 
301 Alun~inurn and Alun-un·,un Alloys 
302 Copper and Copper Allo~'s 
303 1-1agne9iun"l. and Magneslunl Alloys 
305 
30b 
307 
30~ 

309 
j I 0 
311 

Tltanlurn and 1'1taruurn Alloys 
Adhe~nves 

Gasket Matcn.ds (Nonnll"!tallic) 
Glass 
Pl..! stIc ~ 

Rubber dnd Rubber-Like Materials 
Corrosion and CorrOSion Protection of 

Metals 

Military Pyrotechnics Series 
186 Part Two. Safety. ProcedureB and 

G~ossary 

187 Part Thr~e, Properties of Materials Used. 
in P~'rotechnic Compositions 

Surface-to-Air Missile Series 
291 Part One. System Integra.tion 
Z9Z Part Two, Weapon Control 
Z93 Part Three, Computers 
Z94(S) Part Four, Mi .. ile Armament (U) 
Z95(S) Part Five, Countermealureo (U) 
296 Par ... Six, Structures and Power Sources 
Z97(8) Part Seven, Sample Probl.m (U) 
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ENG I NEE R I N G 0 E S I G N HAN 0 BOO K S ER IE S 
The Engineering Design Handbook Serie. i. intended tD provide a compilation Df principle. LOd fundament&! data to 

supplement experience in assist,ng engineero in the evolution of ne ... designs whIch will meet tacticu &Dd teclmicu 
needs while also embodying satisfactDry producibility &Dd maintainability. 

Lined below are the Handbooks IIIhich have beeD published or submitted for publication. Handbook. with publica­
tion dates prior to I Auguot 19bZ were published a. ZO-.eries Ordnance Corps pampbleu. AMC Circular lIO-l8. 19 
July 19b3. rede signated those publication I as 70b- lerie. AMC pamphlets (i. e •• ORDP lO-138 "' .. redeoignated AMCP 
70b-138). All nelil. repr,nted. or reviled Handbook. are being publi.hed a. 70b-serieo AMC pampble,t •• 

General and Miscellaneous SubJects 

Number 
~ 

107 

108 

110 

III 

II l 

113 

II .. 
13 .. 

135 
13b 
137 

138 
139 

110(C) 
Z5Z 
Z70 
Z90(C) 
331 
355 

Title 
Elements oC A~ent Engineering. Part One. 

Sources Df Energy 
Elements oC Armament Eng,neering. Part Two. 

Ballistics 
Element. of Armament Englneering. Part Tbree, 

Weapon Systems and Components 
Experimental Statistics, Section I, Basic Con­

cepts and Analysis oC Measurement Data 
Experimental Stiltistics, SectiDn l. Analysis of 

Enumerative and ClassificiltDry Data 
Experimental Stiltistics. Section 3, Planning and 

Analysis Df CDmparative Experiments 
Experimental StiltiStiCS, SectiDn ". Special 

TDpics 
Experimental Statistics, SectiDn 5, Table s 
Maintenance Engineering Guide CDr Ordnance 

Design 
Inventions, Pate nIB , and Related Matte ra 
Servomechanisms, SectiDn I, Theory 
Servomechanisms. Section 2.. Mealurement 

and Signal Converters 
Servomechanisms. Section 3. Amplification 
Servomechanisms, Section 4, Power Elements 

and System Design 
Armor and Its ApplicatiDn to Vehicles (U) 
Gun Tubes (Guns Series) 
Propellant Actuated Devices' 
Warheads--General (U) 
Compenuting Elements (FIre Control Series) 
The AutomolLve A.Jembly (Automotive Series) 

Ammunition and Explosive! Series 
Solid Propellants, Part One 
Solid Propellants, Part TWD (U) 

175 
17b(C) 
177 

178(C) 

ZIO 
ZII(C) 
ZI Z(S) 
ZI3(S) 
ZI4{S) 
lI5(C) 
l .... 

l45(C) 
l4b 

l47 
l48 

l49 

Properties of Explosives of Military Interest, 
Section I 

Properties oC Explosives of Military Intereot. 
Section Z (U) 

Fuzes. General and Mechanical 
Fuzes, Proximity, Electricill, Part One (U) 
Fuzes. Proximit/, Electrical. Part Two (U) 
Fuzes. Proxinuty. Electrical, Part Three (U) 
Fuzes. Proximity, Electrical, Part Four (U) 
Fuzes. Proximity. Electrical, Part Five (U) 
Section I, Artillery Ammunition--General. 

with Table of Contents. Glos sary &Dd 
Index fDr Series 

Section l, Design for Terminal Effecu IU) 
Section 3, Design for Control of Flight Char-

acterilticI 
Section 4. De sign for PrDjection 
Section 5. InspectiDn Aspects of Artillery 

AmmunitiDn Design 
SectiDn b, Manufacture Df Me~lIic ComponeD~s 

of Artillery Anununitlon ' .J .. 

Ballistic Missile Seri .. 

Number 
l81(S-RD) 
ZBl 
lB4(C) 
ZBb 

Ballistics 

Title 
WeapDn Sy~EUectivene .. IU) 
Propuhion and Propellant I 
Trajectories IU) 
Structures 

Series 
140 Trajectories, Differential Effects. and 

Data fDr Projectiles 
IbOIS) Elemenn Df Terminal Balliltic •• Part 

One, IntrDductiDn, Kill Mecbani.ms. 
and Vulnerability I U) 

161(5) Elements Df Terminal Balliitici. Part 
TWD, CDllection and Analysi. of Data 
Concerning Target. (U) 

16Z(S-RD) Elements of Terminal Balli.tic •• Part 
Three. Application to MilOne and 
Space Targeto IU) 

Carriages and MDunts Series 
340 Carriage s and Mounts- -Gener&! 
341 Cradles 
34Z RecDil Systems 
343 TDp Carriage. 
344 BDttDm Carriages 
345 EquilibratDrs 
346' Elevating Mechanisml 
3 .. 7 Traversing Mechanilms 

Materials HandbDoks 
Aluminum and Aluminum AlIDys 
CDppe r and Copper AllDYs 
MagneSium and Magne.ium AlloYI 
Titanium and Titanium Alloys 
Adhesives 
Gasket Materials (NDnmetallic) 
Glass 
Plastic. 
Rubber and Rubber-Like Materiul 

301 
30Z 
303 
305 
306 
307 
308 
309 
310 
311 Cor rDlioD and CDrrDsion ProtectiDn of 

Metal. 

Military 
I Bb 

187 

Pyrotechnics Series 
Part TWD. Safety, Procedurn &Dd 

GIDB .ary 
Part Three. PrDpertie. of Materialo 

in Pyroteclmic CDmpo.ilion. 

Surface-to-Air Millile Serie. 
191 Part One. System IntelratiDn 
Z9l Part Two, WeapDn ContrDI 
Z93 Part Three. Computer. 
Z94(S) Part Four, Millile Armament lUI 
Z9SIS) Part Five. CDUDtermealurn IU) 

Und 

19b Part Six. Structure. and PDwer Source. 
,j97(S) Part Seven. Sample PrDblem lUI 




