
t· 
p: 

BRL-905 
~ AD0048311 

b 
IL REVIEW 

~~~QRT_.tN~v 905 
ARMY QESEARCl-ltABORATORY 
ARt:Rn~~l\1 PRfl\fll\1~ ~Rnt INO 

Contributing Authors: 

W. T. August • • 
Garrett Birkhoff 
k. J. Eichelberger. 
R. V. Heine-Geldern. 
F. I. Hill ..• • . 
William Piper ... 
Emerson M . Pugh 
J. Rabinow .• 
John E . Shaw ••. 

Ab\!rc.l•cu . .:.-..: ••• ~ L c~ Ire \ clopnn: n t C~.:11 

. •• Nav.Ra~tdtrak~atz, . 
. . .•••.•• Harvard University 

. Carnegie Institute of Technology 
• •.• Carnegie Institute of Technology 

• Ballistic Research Laboratories 
• •• . National Bureau of Standards 

. , ••• • Carnegie Institute of Technology 
.• , • National Bureau of Standards 
. • Ballistic Research Laboratories 

A. D. Solem . •. , •••• Naval Ordnance Laboratory 
• , • Watson Scientific Computing Laboratory 

, ••• , , • Firestone Tire and Rubber Company 
L. H. Thomas 
Hugh Winn .•. 
Louis Zernow • . . • • Ballistic Researc!l Laboratories 

Editor in Chief •• • • Louis Zernov- , BRL 
Associate Editor • • John L. Squ!.er. ~ BRL 

!. 

STilfFO H 
BP.L. APG. 1ID • 21005 

Department of the Army Project No. 503-04-009 

Ordnance Research and Development Project No. TB3-0134 

MAY 1954 R ·ftn.fNCE 
r.r:c ~01 vlRClllA E 

a 2 LL I ST I C RESEARCH LABORAT ORIES 



' 

• 



·' 

• 

"' . 

BALLI S TIC RESEARCH LABORATORIE S 

REPORT NO. 905 

May 1954 

CRITICAL REVIN:/ OF SH~PED CHA!W!!: I NFOrn·1ATION 

Contributing Authors: 

'tl. T. August o • • : • • • • o • • • • Naval Ordnance Laboratory 
Garrett Birkhoff • • • • • • • • • • • • • • • • • Harvard University 
R. J. Eichelberge~ • • • • • • • • • Carnegie Institute of Technol ogy 
R. v. Heine-Geldern ••• o • • • • Carnegie Institute of Technol ogy 
F. I. Hill • ••••••••••• o Ballistic Research Labor atories 
William Piper • • • • • • • • • •• • • National Bureau or Standards 
Emerson M. Pugh •• o o ~ ••• o • Carnegie Institute of Technology 
J. Rabinow o • ••••• o • • • • o • o National Bureau of Standards 
John E. Shaw o • • • • • • o •• • Ballistic Hesearch Laboratories 
A. D. Solem • o • • • • • • • • • • • • • • Naval Ordnance Laboratory 
L. H. Thomas •• • •• o • • • Watson Scientific Computing Laboratory 
Hugh Winn • • • o • • • o • • • • Firestone 'rire and Rubber Company 
Louis Zernow • o ••• • • o • • • • Ballistic Research Laborator ies 

A B E R D E E N P R 0 V I N G G R 0 U N D, M A H. Y L A N D 



NOTE ON SECOND PRINTING 

This second printing of the Critical Review has been made to ful­
fill requirements for additional copies. 

Incidental to the reprinting the following minor corrections have 
been made: 

Page 77 - Cone thickness corrected. 
Page 191 - Denominator of last equation corrected. 
Page 209 - Reference 15 corrected. 
Page 221 - Editorial note corrected. 
Page 250 - Interior changed to exterior . 
Page 311 - Howitzer caliber corrected. 
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FORKJOaD 

From time to time in every active scientific field of endeavor it 
is profitable to make a searching and critical re-examination of its 
foundations . Such a critical review can serve many useful purposes. 
There is little doubt that the field of shaped charge can profit greatly 
from such a re- examination 

We can enumerate the useful purposes which a cri tic.:ll revlew of the 
shaped charg~ field can hope to accomplish at this time . 

(1) It can extract from the welter of raw experimental data the 
reliable design bas~s which are needed by the designer. 

(2) It can indicate the areas in which reliable design bases are 
lacld.ng, or the soundness of the available information is open to 
question, or marred by inconsistencies . By so doing it can stimulate 
research people to investigate those areas lihich are in need of addi­
tional effort. The benefit to the designer is apparent. 

(3) Since the contributors are selected widely from ~aong those 
active in research and development, it can provide an authoritat ive and 
reasonably complete picture of the present position, over a l aree portion 
of the entire field, for the research worker who is occupied With less 
general aspects, and finds it difficult to keep up with the entire rapidly 
acva~cing frontier . Who among us can fail to profit in this res~ect? 

Perhaps one of the most useful contributions \ihic!1 a critical revie« 
can make, is to point out the 11 facts of life 11 to those peo!>le who have 
the impression that !l)ost answers to most questions .;,.re availahle somPwhere 
and that itls simply a matter of listing and inder.in ~ sys+.~l'l"'t.icnlly Avery­
thing that has ever been done in the field . It is perha.!'s .i.n~trncti ve to 
point out that over the years, tremendous amonnt3 of money .:1nd m:w ho1trs 
of effort have been invested in "horseless carri.ages 11 and automotive de­
velopment, and yet today its not difficult to pos~ practic~l desien 
questions which cannot be answered except by carryi.ne out an additional 
set of experiments . Even then there can be no guarantee of a conclusive 
and unique answer . The investment i.n research and development of shaped 
ch~rges, although large, has been much more modest both in money and man 
hours of effort than that in the automotive field . ~omparatively, it is 
likely that r.Je are still in the "horseless carriage" sta t;e . It is there­
fore quite unreasonable for the designer to eJ~ect to find all the rules 
laid out in handbook form The field is advancing too rapidly and the 
rules of the game are changing too quickly We hope that the critical 
review can at le~st spell out the rules l-.rhi.ch apnl :,r t.:>day and which ar-e 
li:<ely t·J continue in effect because they are firml? based . It can also 
provide appropriate warnings in th~ less firmly established areag, and 
provide a preview of things to come 

---~- .. -



Even \o.i. th this modified objective, it will· become apparent that 
during the t ime required to prepare this volume , rapid progress is being 
made in areas already covered in the review as well as in new areas of 
interest that have opened up since . Among the areas falling into these 
categories are those of wave shaping, lethality measurement, instrumen­
tation, metallurgy and the applications of solid state physics to the 
problems of jet behavior . It should be apparent that this state of 
affairs is unavoidable in a fie ld as active as this . The only hope of 
keeping up, lies i n a planned, short and long tern coordination program. 
Coordination and exchange of information such as is provided by the 
Ordnance Corps Shaped Charge Research and Development Steering and 
Coordinating Committee serves as a quarterly basis for short term co­
ordination . In this connection the Shaped Charge Journal sponsor ed by 
the Committee and published on a trial basis by the Ballistic Research 
Laboratories will serve to disseminate the new information. For tile 
long term problem, the biennial Symposia have been found very valuable . 
The transactions of the Symposia will always be very significant sources 
of information . It is apparent, however, that they do not serve the same 
functions as a Critic~l Review. Current thinking is therefore in terms 
of a continuing issuance of new volHmes of the cr itical review whose 
frequency would be deterMined by the rate of progress in various areas. 
It can definitely be said that the experience which has been acquired 
during the preparation of this first volume will help ease the burden 
of t he organization of any later volumes, and will al so help assure a 
much more prompt publication of the manuscripts ~ Many of the areas 
which are treated superficially in this volume can be expected to undergo 
critical scrutiny in any later issues of the Critical Review. 

Expressions of appreciation are due to all of the contributors to 
this first volume of the Critical Review . They are all very busy people 
who, with practically no cajolery took the time from their regular tasks 
not only to prepare their own chapters but also to proof-read and 
criticize all the other chapt ers, and to modify and remodify their own 
chapters in accordance with the criticism of t he other contributors and 
outside critics . Althoueh this procedure delayed the complet ion vf tho 
final draft of the Cri t.Lcal Review, it is expected that the resultant 
improvements will compensate for the del~v . 

Among the aeencies whose criticism was f ound to be valuable, we 
would like to mention the Naval Ordnance Laborator y, Picatinny Arsenal, 
and the Office Chief of Ordnance, ORDI'J.. . Mr ., Mark V. Massey and 
Dr . L • • l. Littleton of that office, were particularly helpful in suggest .. 
ing material to be added and in providing some of the pertinent infor­
mation., 

We are grateful t o Dr. Emerson M. Pugh of the Carnegie Institute of 
Technology, not only for making many valuable suggestions a.nd criticisms 
but for the introductory chapter and historical survey based on his inti .. 
mate and personal participation in the development of both the earliest 
as well as the very recent theoretical foundationso These include shaped 
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charge jet penetration theory as \-Jell as non- steady state collapse 

theory. The confirmation of his very earl y inferences ,regarding jet 

break-up characteristic~ by the flash r adiographs taken at BRL and 

K~rr cell photography at C.I.T. are tributes to his keen perception . 

The cont inuing contributions of the fine group at the Carnegie 

Institute of Technology are evident not only from the frequent references 

to their ,.mrk by other authors, but also from the fact that C .I. T. has 

provided the authors for tr~ee of the ten chapters. 

h'e are i ndebt ed also to Professor Garrett Birkhoff who rtas the 

first one in this country to work out the classlcal hydrodynamic 

theory of wedge collapse and j et formation. His contributions t o t he 

recent progress i n the shaped charge field are especially noticeable 

in the area of the theory of the effects of r otati on . Professor 

Birkhoff' s continued interest and advice have been invaluable in the 

preparation of . this volume, 

de would also like to express our appreciation to Dr. L. h . Thomas 

of tho Watson Scientific Computing Laboratories who collaborated in the 

preparation of Chapter II on t he theory. Computi~~ machi nes will 

w1doubtedly be 0ssential for cl.'l'icienc,v i n t he c:alculations required 

for t ho extensi ons of t he t-heor y of jet f ornation and penetration . 

Dr. Thomas has been i nst l'tunen tal J.n laying out t ne plan for the series 

of ti:eoretical calculations of successl vel;,r i ncreasi ng 3enerali ty and 

physical complexity. These will require the use of computing machines 

and we are for tunate to have Dr. Thomas's advice and guidance . 

Although this first volume of the Criti cal Review did not r eadily 

provide an opportunity for participation by British scientists we have 

not forgotten that they have a very illustrious roster of contributors 

to the present state of knm·rledge. Sir Geoffrey Taylor and Dr . Tuck 

were of course responsible for the classical hydrodynamic \'ledge collapse 

theory in Great Britain. They did this i ndependently a;.d essent~ally 

simultaneously with the work of Birkhoff in the US. I n addition 

Professor Mott and Drs. Evans, Hill, Pack and Ubbelohde are among those 

\IDO have made substantial contributions to this field . I t is definitely 

planned to invite participation by both British and Canadians in the next 

volume of the Critical RevieTtr . 

Finally, we would like to acknowledge the contri butions made by 

1-1!- . Irving Lieberman in preparing the index and Appendices on forei gn 

and American uununi tion perf ormance and desi cn data ; i'll' , Himmer of the 

Ordnance Technical Int elligence Section f or su!Jplyinr, lar r;e amounts of 

data for Appendices , He•;;sr s. J. E. Regan and J . Simon i n the pr oof 

rc~ding of the final text and the weapon 3ystems Laboratory for the 

material on tank armor in Appendix IV. 

U .v • .f~SSlFIED 
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The cooperati on of many other people, too numerous to name , in the preparation of the material for publication is also gratefully ac­lmowledged . In particular 9 howeveri the work done in this cormection by Mr . John L. Squierj the associate editor, warrants special attention. His supervision of the final manuscript preraration and proof reading as well as his attention to the many details of figure preparation and pagination constitute major contributions .to tile value of this volume . 

L- ZERNCM 

Edi tar- In-=Chief 

I ,. 



TADL.E OF CONTENTS 

Page 

FOHE'wO!ID by Louis Zernow • • • • • • • • • • . . • • • • • • .. • iii 

CHAPTER 

I 

II 

III 

IV 

v 

VI 

VII 

I ~!TRODUCTION f • • • • • • • • • • • • • • &:1erson N. Pueh 

~r,,·rus CiF TH::!:Orl.Y . . . . • G. 13irkhoff, L. ]. Thomas 

LI NER PERFOFU-1A~fCE . . . . . • • • • . . John .!!;, Shau 

THB UfFUL:ED iiiufrlEAD . • • • . • . . • f!ueh Winn 

rHE E~LOSIVE CONPOilENT ·-F 5H:i.PiiD C.tA.~U!!S . . . . . . . . • • . . . . . . . . A.D. Solem, w. 'f. August 

FUZES FOR .JHAPEIJ- CHAH.J!: MISSILES • .. " • .. • .. • • • • .. 0 . . . . . J. i1abinoH, ·,.;i lliam Pi per 

TIIE .:.::FF.::;CT;, OF ROTATION UPON S:t:\PED GHA.tGE JET.:.~ • • . . . .. 

1 

19 

45 

103 

119 

139 

. . . . . . . . . . . . . . . . . . . Louis Zernow 177 

APPE~mr :: TO CHAPTEt1 VII: Derivation of the Expression for 
(;.) I;J T.!!:ffi.lS t)f CHARGE PARAMETEiiS • , • .f. P . Llei tel 210 0 

VIII SPI '! ~J?.fl'ENSATI J!: • . • . . . . • • • 1L J. Eiche1cerger 215 

.,. X DLFEAT Q!i' SHnPb.D C:I..LGr; ':1~\POJ:S • . • t • • v. rieine-Ge.ld&rn 255 

X Tt:miT~·fAL BALLJ:STlC !11-Y;C'l'IVr:i·JF.SS 0F 5H.rtPED CHA.!~GES .ti/IA..1NST 
TA!·lY..S • • • • • • • • • • • • • • • li. I . liill 269 

. . .. . • • j • • 299 

~PPENIJLi II • • • . • 311 

. . . . . 
APPE:--JDI ~ IV !:>OVlET .\..11-lOrt • , • . . . . . . . . . 
.L!DEX " . . . . . . . . . . ~ . . . . . . . . . . 

319 

325 

335 

vii 





CHAP'l'ER I 

IN'ffiODUCTior~ 

Emerson N. Pugh 

Carnegie Institute ·of Technology 
Pittsburgh, Pennsylvania 

Need for a Critical Review 

High cxplos:i.ve chaq;es with lir.ed co.vit:i.es pos~:css the property of 
produci ne deep hole3 in t arget mat er ial s against whj.ch they a-re exploded. 
This r emarkable property was utilized by pr acti cally all of t he belli­

ger ents in ~orld War II in a number of di f f erent 'tTeapons and demol i tion 
devices : r ocket grenades, rifle grenades, hand eren~des, r ecoi lless 
rifle pr ojectiles, standard antitank ~ln pr0jectiles, engineers de­
molition cha-rges, cable arzd beam cutting devices, e tc. For security 
r easons t his class of high explosive charges was les ig)'lated "Shaped 
Charges " by the Br i tish and American Armed Services. In s,ite of the 
fact that this designation i s misleading it is still the mos t co~~0nly 

used term for these char ges with lined cavities . Anot:1er term, 11 HEAT 
round 11 (Eigh Exp l osive Anti - Tank ), which i~ 8.:ual ly misleading, nlso 
is fr~quently usad t o des i gnata r xncis th.1t employ the lined cavit y 
char ge. "Hi::•\T r ound 11 is mi sleadinr beca'..lsc it :..u·· osts tint tre j ets 

f !'o:n thesE; char ges "burn thei-r t·1ay th-rough U:e ::mr.or p l a t e", ":hen i n 
fact , the process of penetration does not involYe any chemical reaction 
and the t emperatures of these j ets have practically no effect upon this 
process .. 

v.nile a Hide vc:.riet y of lveauons and de:nol it.ion devices wer e rr.anu­
facbred for use d\lr i ng \·torl d L'a.-r II , they wer e not as ·,;idely used as 

should have been expected f r oil their knor:n notent ialities . 'J'J:.e r e ­
s tricted u~e of these devices 1-1as di:te pe.t· tly te lack of unders tandi ng 
of thzir c:..pabili t i es and partly to the short.co11ings of tLe \-raapons as 

manufac t ured. Lack of reliabi l ity v1as undoubtedl y one of the chi ef 
reasons for t heir lack of p opularity. Their poor performance l~hen they 
were used in projectiles shot from rifled guns was another reason. 

Modern research and development has been pointing the w~ to the 
elimination or reduction of many of t hes e shor t cor•tings arrl ther e i s 
every reas on to b elieve that much more p rogress in this dir e c tion i.s 
possibl s . The pr l 11ciples involved in the l ined c:wity char.:,e certa:i.nl 'l 
offer grea t potenti alities f " r the i.nt•)rovement of convention'{). ·.:ear: ens. 
I! the wn-s in Korea and Indo-China can be t el<en ~s t:;.....,ic1l of '\\hat ··•:!.: 
be expected in the next sev e-ral year s , convent ional ·.;e~-oo"lf ' ·Till ba of 

very gr e1t importance, At tho 1953 symposium on sha~ed charGes ~t t l~ 

Aberd0en ?rovinf: G-round, it 1r10,s fJOinted out by CoL Del Ca:nllo U1at, 
even if nuclear weapons are used in an a.ll- out war, conventional weapons 

1 
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should still play a decisive role~ since they may be used to cr~d the enemy until he i.e vulnerable to attack by nuclear weapons o 

The importance of achieving maximum effectiveness with the sh~P8d charge devices makes the compilation of a critical review of great import ance . This Critical Heview is designed to provide up-to-date information concerning what is known and what is not known about t hese charges . It is also intended to stimulate curiosity and motivate research ~ It is hoped that the references supplied will be sufficient to make it ·relatively easy for the research worker to find original papers on any part of the subject that interests him ~ For this purpose a brief historical review of the development of the subject should be valuable . 

Unlined Charges 

As early as 1792 it tlas known that when an explosive was placed in contact with a target plate and exploded, a deeper hole would be made in the target if the explosive contained a cavity in contact with the target ~ This remarkable fact apparently has been forgotten and rediscovered several times ~ Althour~ knowledge of the cavity charge effect is very old, the fact that a much greater effect could be pro­duced by lining the cavity with a thin metal liner was not recognized 
until the 1930 8s• . This now seems hard to understand since liners were used in the cavities of explosive charges at least as early as 1910 . The failure to recognize the importance of tho liner for making deep penetrations must have been due to two f~ cts; first~ the liners must be woll designed and well fabricated and second , the charges with these lined cnvities must be detonated at some distance (standoff) from the target to exhibit their remarkable penetrating power , Though charges with lined cavities require standoff~ charges l-rith unlined cavities produce the greatest effect when they are detonated in direct contact , with the tarmet A well made liner placed in the cavity of the charg~ and fired at optimum standoff . can increase the depth of penetration produced in a given target > '::he discovery of the effectiveness of the liner was purely accidental. After this discovery several years elapsed 'before a reasonable explanation of the phenomenon was obtained o 

*The Germans appear to have recognized the importance of the liner as early as 1924 as noted in my brief history ar)d)bibliography printed in the back of B~RoL . Report Noo 8379 Novo 1951 U o The information on thi~ is sketchy and was not available until after World War IIo It apparently-had no influence on developments in this countr,y or Englando This chapter is based upon my recent studies re-evaluating developments in the U ,S~A , 
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Remarkably t-Jell designed weapons and demolition devices \fere in 
general use for sometime before an explanation of the effectiveness 
of the liner was obtained. The early att empts to cxpl~in the action 
of the liner failed because they 1\'Cre attempts to shot._r how a quali ­
tative theory that had been devised for the unlined cavity could be 
modified to account for the effect pl·oduced by introducing a liner~ 
Success came only .vhen it Has r e c oc;rizcd that the l'rocess of per.e­
tration by the lined cavity charge is entirely different~ fron that 
of the unlined charge . Since the two processes are so different no 
further mention \>I ill be :nade of the unlined cavity charges except to 
show how they did lead to the accidental discovery of the effect of 
the lining. 'The earliest liners "'e re introduced only to support or 
to protect the ch:=trgc or to help form the cavity in the charge. 
Recoenition of the effectiveness of these liners in producing pene­
trations CMte much later . 

Early Use of Liners 

Charles E. :·lunroe in 1888 stacked dyna1li tc sticks around an 
empty tin can and blevr a hole in a safe door . According to t1unrce 
the tin can served only to hold the dynamite in l')lace. German and 
United Kingdom patents vlere issued to the i~estfalish-Anhal tische 
Sprcngstoff-J\ctien-Gesellschaft ('liASAG) of Berlin for hollow charges 
to be used for blasting operations in mines, for torpedoe~ and ex­
plosive shells, '.:'he Ger.nan pate nt application \>sas dated 14 Dec. 1910. 
The United Kinp,do:n patent, accepted in 1912, shows a projectile loaricd 
-vrith high explosive having a conical cavity lined with thin steel, 
brass, or zinc. It is cle arly stated, however, t hat the sole purpose 
of the liner is to protect and sup~ort t he e>..~losive vmile it is being 
shot out of a gun ;Ti th high velocity. Paraffined paper liners are 
suggested to protect the explosive from moisture when it is to be used 
for mine blasting4 

Early manufacturers of detonators had found t ha t the effect of 
detonating caps is hi rrhest, .i.f " t ho ext>l osivc is co:nrressed only softly 
in its part close to the !"lOint of j rniti on ::md co:nprC!sscd strongl~' in 
its par t l ocTle;d 2.t the 1--ott o:J of tl:e CJ.p. 11 In 1~21 l. Andr ea Scl:ulze 
took out French patent No . 532,753 to ac co:npl i sh t his resul~ c!~eaoly b ;,r 
forcing a conically shaped tool up into tte bottom of the detonator c&p. 
The tool permanently defonned the light metal casing, which surrounded 
the explosive, leavi~g a conical cavity lined with the t hi n Metal of the 
casinr. According t o Schul7.e, however> the sole purpose of the process 
Has to produce a highly compressed e>..-plos ive ric;ht at the bottcm of the 
cap v1hich he claimed would make it a much more efficient detonator. 

-::-T:Je ·'"~'~ •r 0:d.J'l:l. tiors , .. \., uired ~ o 01J11.in tre t.heory .ff) r l!ncd charges are 
'!a:.,;.t.: ;l)r ., _ ·.li r l.:,' \i iue ranre of liner thicknesses arounc t.he on tirnu:n 
t.hickness. ..ten l innrs ~rc ;·"lc.ic thinner .:.nci t!:ir.ncr, U.c 1 roccs s cl~anr,es 

r a'Ji dl y but smoothly to that of the unlineJ cav i. ty 
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Thus .Schulze inadvertentlY produce~ an explosive~~harge with a metal­lined conical cavity. Since the efficiency of detonators was being determined at this time by the depth of the hole they could produce in a lead plate, it is not s~rising that these detonators performed well in tests. At almost the same time, Wilhelm Eschbach obtained German patent No. 172,9~ (Dec . 1921) for mak~g detonators by a technique that was almost identical with that of Schulze . Eschbach's primary purpose was, like that of S9hulze~ to compress the explosive in the bottom of the capo However Eschbach did recognize that the cavity might provide added effectiveness He said nothing about the fact that his cavities were lined with thin metal .. 

The first to recognize the importance of liners in the cavities of these charges seems to hav" been R 1'1_ Wood (2) a A young woman had opened the door of the coal furnace in her home and had been killed by a ~ll copper pellet that severed an arteryo As technical expert in the en­suing law case Wood demonstrated that identical copper pellets were formed and projected at very high velocity by detonators having cavities lined with thin sheet copper . The cavities in the detonators used by Wood were so shallow that the liner remained intact; that is, there was no separation into jet and slug as is observed with smaller angle cones. Thus Wood performed the first experiments on the effect that was later called the Misznay-Scbardin effect 

During the period 1940- 42 1 a number of patents were applied for on projectiles which used lined- cavit,y charges. The claims in these patents all show that the inventors erroneously expected the liner to form a single high- speed projectile, like tbat studied by Wood. The first of these appears to be French patent Noo 113, 685 (applied for on 27 Novo 1940), · issued to Berthold Mohaupt 3 Henry Mohaupt and Erich Kauders, which was · assigned by them to the Sageb Society of Switzerland. The first American patent, which was issued to J ~ c. Gray, ,.1. E, Thibedeau, J . H. Church and G ~ J . Kessenrich, was applied for on 10 March 1941. Henry Mohaupt came to America and was responsible for arousing the interest of the u. S< Army Ordnance Department in the principle . He applied for his U. s . patent No . 2,419; 414 on 3 Oct, 1941, and sold it to the u .s ~ Army: 

Once recognized the principle was incorporated with amazing rapidity into many practical devices . Most of this development work in the United 1 States was done by Army eng1neers in cooperation with engineers and scientists from private companies . Patents No 2j427; 989 (for the M9 rifle grenade and MlO machine 191n grenade) and No ~ 2 413 680 (for the M66 and !167 howitzer prQject1les} were issued to G, W Blackington and J o J . Calhoun, Budd Company engineers e Dates of application were 19 Au g. 1942 and 21 Nov . 1942 respectively - Patent No o 2, 4661 752 (for the i-16 Bazooka*) was issued to Lieut ~ E. G. Uhl and Lto Col a Leslie A. Skinner, of the Ud S. Army Ordnance Department ~ The date of this application was 22 Septo 1943o 

*The MlO shaped charge head was used in the Bazooka 
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....... ______________ ~ 

These patents were each assigned to the United States government 't·Tithout 

cost. Each of the weapons was in production before or shortly after the 

date of the corresponding patent application. According to Col. C, 

H. H. Roberts, th~ M9Al rifle grenade was devel oped before and the M6 

Dazooka was developed just after he joined the Office of the Chief of 

Ordnance in t1arch 1942. The grenades and hm-:itzer projectiles '1-lere in 

quantity production by this date. 

The demolition charges, i ncluding the M3 with a 9.5 in. diam. steel 

cone and the M2A3 with a 6.5 in. diam. glass cone , were developed between 

1942 and 1943. Dr. c. 0 . Davis, working for DuPont on an Ordnance con­

tract, provided much of the design information needed for these develop­

ments. He and his assistants , sta'rtinp \vOrk in Sept. 1940, provided 

rules for optimum liner an;:les, liner thicknesses and charge diameters. 

They also provided empirical scaling la't-rs that Garret Birkhoff later 

sho1·J8d to be theoretically sound. Corning Glass Co. developed the glass 

cone to take the place of steel cones, since there vras then a critical 

shortage of steel. Work similar to that done at DuPont was also being 

done by W. M, Evans and A. R. Ubbelhode working for the British ~~nistry 

of Supply. They appear to have been the fi~st to recognize that the 

holes were formed by same kina of jet and that the slug, which could be 

recovered, played no part in the penetration. They also developed photo­

graphic methods for determining the character of the jet and for deter ­

mining its velocity. 

Coordination and Expansion of u. S, Research 

J. B Conant of Harvar d inspired the organization of the Explosives 

Research f.aboratory (ERL) which opera ted on the grounds of the U. S. 

fureau of Hines at Bruceton under an N.D.R.C. contract with the Carnegie 

Institute of Technology '1-Tith W. N. ,Jones as supervisor. 

The shaped charge studies at ERL l-Tere started in Sept. 1941 under 

the direct SU!)ervision of D. p. r-;acDougall. a. B. Kistiakmvsky' t-rho l·laS 

stationed at 8ruceton as head o~ Div. 8 of N.U .R.C . , also participated 

acti vely in the 't-rork. These two visited Evans and tbbelhode in 1941 ani 

br o'lrht bo.ck man:,r useful ideas for r esearch. 

!-1acDou (Tall ' s experiments, started in 1941, were beautifully designed 

to find many of the answers, By shooting into steel target plates 

through predrilled holes in the first plate he demonstrated that the jet 

has a much smaller diameter than the hole it produces. He collected 

steel jets and found they consis ted of small steel fra~ents that obviously 

had not been melted in the process. l'.'i th a rotating drum camera he 

demonstr.J.ted the existence of gradi ent s of velocity 1vi thin t~e jets .. 

The Ballistic Research Laboratories 1-1ere busily engaged on high 

priority Ordnance problems. Dr. J . C, Clark, who had been doing X-Ray 

research at ~1ichigan State and had been cor:L"'liSsioned as an AriT\Y Captain, 

was brought in to devE>.l op the .new flash radiography of Slack and Ehrke (3) 

to aid the study of these proble~s. 

5 



Because of the secrecy restrictions and the lack of an effective system of liaison, the various laboratories \~rked almost independently until January of 1943 · Each l aboratory had its own theory which seemed to explain its own experiments , To remedy this lack of coordination, a joint Army, Navy, N .. D.,R"'C.- CoPJ.mittee on Shaped Charges was set up The committe.e consisted of CoL C~ H M~ Roberts, chairman for the Army; Lieut, Commander E He Ohl (later replaced by Commander Stephen Brunauer) for the Navy; and Dr ~ G., B Kistiakovrsky (later replaced by Dr . D. P. HacDoue3.ll) for theN D .n ~c . This committee performed three very important functions; 

1 ~ They organized a s.yste~ for distributing reports within the security regulations . This system included exchange of reports \ofi th Great Britain 
2. They organized ~posia that were attended by representa­tives from each group o 
3~ They persuaded the N ~D .R~ C ~ to place new contracts for research in areas that vrere not being covered adequately <~> 
The Gulf Research Laboratory at Harmarville, Pa. was awarded a contract under Dr Horris t1uskat to develop a Hfollov;-through 11 projectile, 

The Carnegie Institute of Technology was awarded a contract to develop metho<is of defeatine shaped charge '.-tear ons . Orie;inally the theoretical part of this defense contract '1-ras under Drs Frederick Seitz and Otto Stern \vhile the experimental part l.Jas under Dr . Turner L. Smith and t he author. Shortly~ however. the first three moved to other projects leav1ng the author and a few graduate students to carry on the l-JOrk . 
The ne~-: system for distributing repor ts \.;as an enor.nous improvement, but even so, the coverage v1as necessarily spotty and there were long delays T'ne N D R C set up a service library of all classified reports at Princeton In 19113 this contained mostly British reports but became more completeJ espec1ally in American reports, by the end of 1944 . 

The L~proved liaison and distribution of reports was certainly responsible for the rapid development of the theories in this country and in Englar.do The fact that the distribution v.ras necessarily slm-r and spotty) caused much of t he work to be done independently in the two countries and makes 1t very difficult to plot ~he logical historical development of the theory(' In viet-r of these facts, this history will be li'llited primarily to the development of the theory in this country, but v.rill show hol-1 it t-1as influenced by British developments 
InfJuence of Forei.fE_Devel£Ernen~ 

Shortly after host1lities ended in Europe> groups of scientists .:.~.r.d engineers from ingland and tl:e United States vJ.sited laboratories and factories in France and C€rmany They brought back reports sh~1ing 
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that active research on lined cavity charges had been going on in both 

countries which arrived at conclusions that were qualit atively very much 

like ours. HOlvever, the author has found no evidence that individuals 

or gr oups working in these or any other countries have achieved mathe­

matical formulations of the phenomena that were nearly as satisfactory 

as those achieved by the cooperative efforts of the United ~ates and 

Great Britain. Since secrecy prevented the scientific work of countries 

other than Great Britain from influencing our developments, here, it 

would be Meaningless to attempt to connect t heir ·1-1ork historically l-Tith 

ours. 

Em~.z:mnqe of Shaped Charge Theories in 194,.2 

Since complete objectivity in relating historical developments is 

v~ry difficuit, it seems best to abandcn the conventional third-person 

• 1 -~> rsue a more personal arproach, I ''fill, therefore proceed to 

- •. e'Uc!1 1·,,. develo'"' ."~~(mt of t..'le theory 1.n thin country frO!ll the point of 

v i _'' of , 1 <:. b·- ·rver and c>.n ac-tive participant in the process. 

;:1, Eii.. L 1',, .. .1 f reely discussed their work with the group at the 

Galf Research Laboratory and t-rith our groun, ~,orho v:cre working on the 

Carnegie Institute of Technolofy campus ~ This Has a great help to both 

groups. The field vras entirely new to all of the personnel in these 

groups. 

By March 1943 MacDougall (4) had ob~ained, from momentum consid­

erations, the equation p.Vj(V .- U) = pU relating the vel ocity of 
J J t 

penetration of the jet, u, into a target of density, p, to the density, 

p., and the velocity, V ., of the jet. From this he predicted that the 

r~tio V j/U should incre;.se monotonically 1-Tith p, His data*, taken fro:n 

drum camera records of jets passing through target plates, showed t his 

behavior . 

In seeking a principle to ~ide my search for methods of defense, 

I noticed that ~acDougall had corr ectly assumed the mass of jet hitting 

the target per second to be proportional to p j (V j - U), but in calculat-

ing the rate of momentum transfer, bad multiplied thiti by Vj instead of 

(V j - U). Correcting this gave the now v1eLl known e y_u.ation p j (V j - U )
2 = 

ptf . I multiplied the left-hand side of this equation by th~ factor 

A/A./ 1 to account for the fact t r.at due to the lack of perfect sym:netry 

J 
in the charges and their liners, as :nanufactured~ the effective area A 

on which the jet impinged must be greater than the ideal jet cross section 

A . • This corrected relation then predicted a straight line plot for 

J 

* The original plot of Vj/U versus p is found in the ERL monthly 

interim reports CF-9 (Hay 15, 1943) . 

7 



NacDougall•s V j/U data if plotted against vP • In replotting HacDougal1 1s points in this manner, I found that they fell on a good straight line , To make sure that this l-:as not just accidental I analyzed all that I could find of the relevant-r' ERL data fro'll which V j/U could be comput ed. The resulti11g averages plotted at,ainst v'P a-:ain fell on a roou straight line through the predicted intercept unity. Furthermore, it appeared that, if sufficient data were availableJ the maximum and the 1ninimum values of V j/U l-TOuld each fall on different straight lines throueh the intercept unity. The lines throuch the maximuM values corresponded to the charges with poor symmetry and therefore 1-lith large val ues for A/A., whtle the lines through the minimum and average values corres-
,J 

ponded to the minimum and averave values of A/Aj raspectively With this fact settled to my satisfaction, I started applying i.he theoretical pre­dictions to all of the othe:r data '.d'lich had up to then aj'pe1.rcd so my::>terious . T, L. S:nith and I had fas tcncJ steel target plates to a ballistic pendulum nnd had observed the total mo'llentums of jets wtose penetration was also recorded 'I'he f..tct th:tt there v1as ab$olutely no correlation between the depth of penetration <2nd tr.e total :nomcntm:~ of the ,jet producing it had been disturb:inf f.011'lt:Ver ~ this r.e\ol Velocity equation made it poss~ble to expl~n the apparent anomaly, Ln integrat­ing f U dt to find tho total penetration, I \·:as a'!lazed to find that all velocities cancelled out and left tr.e total r-enetra tion dependent onl;,· on jet and targe t densities, the ratio of areas A./A and the jet length. J Since dept.hs of penetration did not depend on velocities they should not correlate v7ith j et momentu:ns, The nieces to ;:, bir. jig-savr puzzle seemed to be fitting together, The fact tha t r.enctration depended on jet length, and in fact was proportional to it, nou provided a ready explana­tion for the mysterious fact that penetration increased Nith standoff~ for HacDou rnll had shorm that the jets lengthened as they traveled. His drum camera :neasurement3 had shown a gradient in velocity Hithin the jets 

~uall.tativcly t tis explanation Has fj ne, but .ny first attempt to account numerical~ for the penetration versus standoff curve failed because the observed penetration increased too fast with standoff to be accounted for on the basis of a mere lengthening of a particle jet ~ To account for the observed rapid rise in penetration, I found it necessary to presume tr.at the avcraee density of the jet remained con­stant during the early part of its elongation< In other vrords it * The equation predicted that V j/U should be linear uith ~ onl;r i f r//A r emained constant dur ing perfJration of the t:1q_;01J ; .l1.tes For this reason only the data that was ta!(en Hith target plates near the optimum standoff y.;ere consi.d~ rP.d This data uas scattered through the ERL interim reports (5) . 
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remained continuous and lengthened by ductile drawing of the liner 

material . Since the jet particles collected by MacDougall •a group 

1-1ere fine sharp edged particles, I presumed that break-up of the jet 

took place after the elongation had proceeded to a point determined 

by the ductility of the liner. This accounted for the slower rise in 

penetration beyond a certain standoff, for the rate of increase of 

penetration rsith standoff should decrease when the jet is broken into 

particles. Now I could understand l-lhy the penetration produced by 

* copper and aluminum liners continued to increase up to relatively 

large standoffs, since these metals are much more ductile than steel. 

I attributed the drop in penetration beyond the optimum standoff to 

A/A .increasing as the s quare of the standoff. Hith perfectly 

J 
symmetrical charges and liners A/A. = 1 and the nenetration should 

** J 
not drop off ~rith s tandoff. The occasional shot that gave a large 

penetrat ion at large standoff Has presu.ned to be evidence for this 

point of view . further proof was found in the fact that approximately 

the same avera~e A/Aj and the same variation in A/A. were obt ained 
.1 

from both the P versus S curve and the V ./U ver sus VP curve. 
J 

These s teady and non-steady theories of jet penetration together 

'trith the experimental correlations were reported (7) in June 1944. 

Two \'o'eeks later I received a copy of a British paper (8 ) t hat treated 

the penetration by a steady state jet. It contained t he sa~e forn of 

velocity equation and the same form of penetration equation as I had 

obtained. This paper by Hill, Hott and Pack differentiated bet,.;een 

fluid and particle t ype j ets , f or which they obtained different tro­

portionality constants. These different propor tionality constants 

vlere supposed to account for t he observed differences in penetrations 

that were obtained v1ith liners of different mater ials,. HoHever , 

penetrat ions do not correlate with melting points of liners in the 

manner required by thei r theory. The paper did no t discuss s t andoff 

effects, I r eal i zed (9) t hat if fluid and pnrticle j e ts s!iould be 

treated Hith different !1roportionality constants as proposed in this 

Hill, Hott, and PJ.ck ::-apcr, m:·' theory should be modified, tccause the 

continuous jets with negligible strenr,th sho'll d to t reated like fluids 

*'"~ 

until they break up into particles. This modification lvhich consisted 

of introducing into ~Y velocity equation a proportionality const ant, A, 

proved to be unimportant for it did not affect any of t he correlations 

that had been obtained with experimental data. It only affe cted the 

* Convincing proof of this is no\or found in B.R .L . radiographs. (6 ) 

~* L. Zernow has recently shotm good char ges n:ive good penetrations 

at very long standoff. 

~ ~~ Recent considerations make it appear that this modification was 

undesirable, because t he model used by R. Hill, N. L. Mott and 

D. C, Pack to represent the p article jet wa s unrealistic. 
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______________ ....... 
esti~ate as to how close to the original position of ~~e liner base the jets broke into particles. 

It ~ras gratifying that the theory accounted for the \~ell kncnm f act that depths of penetr a tion into armor ;.:ere almost as great as in mild steel, since the penetration by a g~ven charge should depend only on tiB target density. However, the fact that penetrations into armor were somewhat less than into mild steel showed that some modification based 11pon target ~trength ~hould be introduced into the theory; Sor.e shots J. 1to l ead cylinders, sho• .. rjnr m: ch deerer total penetrations than \o7ere p! .rticted by the theory, had clearly demonstrated the need for such a moo i fi.cation 

•hcDo1•fall ca1•ly rccv":nizea (h) that r:onotr·a.tions by the front of tho jt:t depended l"rgely upon the target density uhile total penetr a­tions depended on target strE;neth. lie presumed that the a~ditional penetr.:ttion into soft targets t-Jas due to residual momentum" continuing to open the hole after the last fast jet part i cle had struck. Eichel~erger demonstrated (10) that the r ear of the jet 1-:as r esponsible for the deep penetrations observed in lead. By placing amor plate (1/2 in3 thick) at various depths in a s tack of l ead plates, he found that a ver y small total penetrati on rlas obtained -r;hen the 'lr."lor w1s in the proper position to stop the rear of the jet. In~ firs t paper (?) I incl uded a crude empirical attempt, based upon 11acDougall 1s assump­tion, to ~~ke accolli~t of the target str ength. 
The di fficulty in accounting for the strength of the target could be avoided by using a standard target material to absorb the rear of the jet after the front of the jet had been absorbed by any target "'lq,terial that :ms being tested. Thus in searching for target materials useful for defense, I cm~loyed standardized Mild steel tarPet plates to me"sur.;! thl'~ residual renetrati?n. 'lhc use of the residlal nenetra.tion as a r.:c!:\ns of tc.3tin_. r1a terials "',::\de it possible for me to develop "' jth ~. L .L irernan (11) ~ a 11 rcsidt•al penetration theory'1 t-1 ich should be practically independent of target strengtho .. ctually this "rcsldu.al penetration theory11 and the velocity equation applied to the front of the jet are the only ones that should be called "density laws," since they are the only ones that have succeeded in predicting result.; with :nany materials. 

*This point of vieH was retained by the author until Eichelberger pointed out that the lmv velocity tail-end of the jet was responsi ble for the added penetrations observed in lo-r1 strength targets ., 
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........ ______________ ~ 

Using the residual penetr ation technique with more than a hundred 

different materials, Eichelberger showed that practically all of them 

foll owed the theory to within the accuracy of his experiments. Accord­

ing to this theory, the thickness of target, t, re~ired to absorb a 

given length of jet is proportional to 1/ VPi, while the weight of the 

protective material is proportional to pt. Thus the weight required 

for protection is proportional to p(l/ siP) =&IP and materials with low 

density provide protection \vith the least weight. This is the reason 

tha t we very early proposed the usc of aluminurn armor, Of courne, 

\lith very 10\v densi tics the t hickness r equired is ver~r ere at and t he 

\-:eie;ht of t he devices f.or f3.StEning the matcrhl ~reat.ly reduce this 

advantage. 

In cooper:.ttion '.·i i t h ? • R. ~mith of tr.e f l intkote Conpany, a 

m:ixture of gravel and pitch J"'astic called HCR (hollou charge resisting) 

was developed . It had a lm·: density ar.d provided so:netvhat better pro­

tection than was predicted by the residual penetration theory , Pro­

tective panels of HCR vrere buil t for tanks and tested, but the war 

ended before final t ests Here completed. 

In 1945 R. Heine-Geldern showed (12) that glass affords much better 

prdtection than the density law predicts. He then shov1ed that this 

accounted for the stopping pm-1er of HCR 1-1hose gravel vTas mostly quartzite . 

Heine-C~ldcrn has explained the stopping power of glass by the fact that 

in addition to being very hard so that the jet makes only a small diameter 

hole, it bounces back and disrupts* the jet that is passing through this 

small hole. (13) 

Jet Formation 

Historically, a fair qualitative picture of t he process of jet 

penetrat i on had been ottained by MacDougall (4) before anyone had 

obtained any reasonable mo:iel for the process of jet for mation . Both 

the IIill-Hott- Pack and my penetr ation relations '!>;ere developed from 

the !~acDou gall model. 

*L. Zernow and J . S:imon of t he BRL have verified the secondary 

interference with and the disruption of the jet, on passing 

through glass, by means of their very high quality flash radiographs. 
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I look back on the Shaped Charge Symposiwn held at 1703 Thirty­Second St~, Hashington, D. Q • • on Harch 29, 191.J.3, where I was first introduced to this subject, _. as · the most interesting symposium I have attended . The list-r. of individuals Hho attended that meeting assured that it could not be dulL Seeger presented von Neumann 1s theory of interacting shock i7aves as an explanation of the unlined cavity effect, MacDougall presented the ,t;RL theory of jet formation :-rith lined cavities, "1-Thich Has based on von Nem:tann 's theory f or unlined c~vi tics. He g.lso presented his model for dct r:e netration Hhich I have discussed I '.he early Sritish view of r..enetra tion uas not presented bec~use no one :~as there to sponsor it, 1'. ;..., Lav!Oon nreseuted ths I;ut'ont treor y of jet f,)r-·,ation. 
·!': 'lhe ;"linu.tes of fiiiS meetinr; l:i.st tl10 n:1.::.es of the fullo~~:. ng per 5ons as being ~)reoent. 
Joint Go"'!l:'littec on ~h.:11..1ed Ch.:lrf·cs: Lt. G.11. C,,:,.;, ~~ob~:l't:::>, Ch:lirtl~n, Cf:~lcc ·,f c:.i0!' L~ ~·w r..:n.1.nce. Lt • .L. • N, Ohl, bureau of ::~val :,rdnance G. 13. Kistiakoirsky, lbtional Defense :-:cn11:arch Co:-n:-:1:Lttce Office, Chief of Ordnance (A~my): Hark F. Hassey 

Navy Bureau of Ordnance: 
R . J, Seeger 
. • E, Land 

~ational L..'Cfensc Le!'> 3 lrch C"J'l"l' ttcc: J. l', :tacDcneall 
J 1 I . i(irk" •. ;ood 

J ol~ns . :o~ l~ins 'l'ni ve!'s.:. tr I . • • • OQQ 

ikt! 'for~ '':1.1\·ci·sit•· : 
1l ~ • r::n t 

' .. ,,.~ ,len 

J •. ! rg:.er 
:: ~:1S Le1;:1 
J<l!'L.:.n ~ ch~·l,l r..::cc' i1d 
~ P Kcr.t 

lev::>lor-rr.c!:t and !1roof -<"rvices , .l.h.r<!e·Jn ~t..-vin~ \.lro~mct: C .~ Haw~k 

i~ I Dufont deNe~ours and Co : c. 0 .. !h.vis 
\J . i:. Laws(Jn 
Leslie .• ~eely, Jr . 
t·:clvin A. Cook 

Ficatin:1y Arsenal: 
J . 1· • Givens 

llulf Research: 
~'iorris ;·!u skat r. . , Parker 
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!3oth of the theor ies of jet for,rn t :Lon ·~ere ingenious and anpeared 
to explain ::any of the experirr.ental results . F::U .. cxperirrcnts f av0r ed 
the F::(L theory, DuPont experi'tients favored the wPont theory. The 
dicussion teca."no ver y hea tc<.i , At one point , a me111ber of t he group said 
to Ki stiakorTSk.r, "Then yon do not believe in exper iment al evidence, 11 

t o which he <;:uickl y and emphati call y r·ejoim:d , "Ye s I do , \vhen properly 
interpreted ." Tho r ejoinder l.;as a c l assic t.hat conld not be f or gotten; 

A f evr rreeks later I was for tunate to bo vis i tine J .*c. Clark at 
B. R. L. when he obtained his f i rst r.ood r adiograph (lu) of a collaps­
ing liner , We had just been car rying on a lively discussion of t he 
merits of the t\-10 theories and had f avor ed opposite sides of the question, 
Hhen the negative came out of hi s dar k r oon1 still Hot, he held it up to 
t,he l i'ght, t~e looked l ong and hard and sirnultanoously agr eed, "They are 
bot h Hrong . 11 

Bi r khoff vi sited Clark a Heek or so l a t er and af t er looking at t he 
radiographs i s said to have -v1rit t cn do~m hj s hydr odyn'l.'!lics theory (15 ) 
on the spot . 'fuck in Lngland obtaj.ned radiogr 1phs much l ike Clar k ' s, 
which pr <ll'lpt ed Sir Geoffrey Tayler (16) t o f ormulate a hydrodyna"''ic 

Footnote continued f r an pr e ced b1P,;page. 

' Carnc eie Instit ute of Technologr : 
Emerson M. Pu gh 
Freder i ck Seitz 

Explosiv~s Resear ch Laborator y : 

H. A. Paul 
b:ugene H. Eyster 
Geor ge H. Messerly 

At the June 30 mee ttng, this same group 1.,rero i n at tendance and t he 
followi ng na'lles 1-1er e added to the list of those present .. 

J . E . Hayer 
Capt. J , C, Clar k 
L. R. Lit t leton 
J . von Neumann 
Col. S . D. Smit h 
M. F. Roy 
w. Kehl 
E. B. Wil son 
otto St ern 

-r.· These r 1.dioiTanhs \vere obtained on a cooperative program betr;een 
D'..l 'Pont (" 'l'. i. . 3 . fee l ey ) and DRL (Dr. J. C.. Clark) • 
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theory almost identical Hith Birkhoff's . The two reports bear dates less 
than a month aparto 

Taylor ' s (17) st~dy of the explosion of a long cylindrical bomb re­
sulted in his theorem \~hich made the predictions of the hydrodynamic 
theory more realistic. 

i>Jithout this theorem .ne might conclude that a collapsing cylinder 
(a cone with zero ~p~x ~ngle ) should produce a jet with infinite velocity. 
With this theorem the predicted jet velocity from a cylindrical liner ~ 
only twice the detonation veJoci~·: Actually tr.e measurement of the 
velocity of a jet produced by a collapsing cylinder i::; a sensitive check 
OJ;!_ the validity of the Taylor theorem Heasurements Hi th*'~arge charges 
at Los Alamos have furnished a str:ikinr confirmation (18) of this 
theorem ., 

ilon Steady Jet Formation 

An exa~nle of how much one's evaluation of experimental evidence 
inevitably is influenced b.Y one 's preconceived ideas, is found in the 
early conclusions reached from the early radiographs of Clark and Seeley. 
Because most of the scientists examining these radiographs were looking 
for evidence for the steady-state assumption that must be made to justify 
the Taylor-Birkhoff theories, the aJ~ost universal conclusion was that 
the collapse angle remained constant throughout the collapse processo It 
Has then necessary to invoke a new phenomenon to account for a secondary 
jet issuing fran the slug long after the collapse proce~:?S was completed . 

It '!-las fortunate that I \·ras deep in my analysis of the non-steady 
process of penetration long before I had an opportunity to vie~1 the 
complete set of collapse radiographso Furthermore, my interest in the 
collapse theory l-ras at first only acade:nic because it seemed to be of . 
little iMportance in the defense problem. I did not hear the conclusions 
reached by others before I viev1ed the radiographs . r<ly inunediate con­
clusion \oJas that the collapse angle increased continuously throud'lout t he 
collapse process 3 slo\o1ly at first and much more rapidly at the endo It 
appeared to me that the basal elements of the liner collapsed very slowly 
anq I could see no evidence for a sudden or even rapid change in the 
processo Thus when hostilities ended in 1945 and Col o Roberts suggested 
that I continue my fundamental studies by moving ·most of my group to 
Bruceton~ I welcomed the opportunityo At Bruceton we 1-rere able to take 
over the ER1 facilities vacated by MacDougall and his groupo 

* Attempts to obtain a copy of RC 193 have met \-lith no successo My 
information consists of a brief note relayed from Taylor through Birkhoff 
for inclusion in Jouro Applo Physo 195 No o 6 pp. 563- 582 (June 1948), 
where it is included as Figo 12 5 with legend ~ on p., 570 The theorem 
appears in simpler form in Jouro Applo Phys o 23, No. 5 (Hay 1952), Eq. (1) 
p., 533-534. 
** It is suggested in this article that the failure to observe penetrat1ng 
jet velocities as high as expected represents a failure of the theoryo 
It does 7 in fact, represent a failure of the steady-state theo!"J, 1-1hich t·;as 
beingused o However, the non-steady theo!'y 1 to be mentioned later, sho-Ts 
that these high velocities should not be observable with the experimental 
arrangements reported in this article . 



.. 

Since I still had many duties on the ca!!Jpus, Eichelberger took 
over direct charge of the Bruceton group. The two of us worked in 
clo.se collaboration on the theory (19 ) of non- steady jet formati on . 
Norman Rostoker, who joined the group in 1948, smoothed out many of 
the rough spots and investigated the validity of the assumpti ons , 

Eichelberger (20) rras primarily responsible for the development 
of the techniques useu in ver ifying the theor y. 

H~~ the teclmiques of flash radiography have been improved by 
the Aberdeen fl'oup can be seen by the fact that the new radiographs 
bv H .. i. Breidenbach (21) and by Zernow et al (22) c~n leave no doubt 
that the c ollap:.>r~ angle does inc1'e2sc Hith t:i.!ne and fnrthor[!lore , that 
the contour of the collapsing HJ.ll ls not coni c::tl but cnrved . The 
Jnathe!"latical forl'mlation can bo expected t:> be ri(!ht only for those 
processes of jet fon11ation in which t he loss of energy in the f orm of 
heat can be i r:.nored. It is> however , cratif'ying th:J.t \·Then heat ener gy 
cannot be ignored the deviations of results from those predicted by 
mathem~tics appear to be in the expected direction. 

Conclusion 

It is hoped that this brief historical account wil l be found 
interesting and helpful especially to newcomers in the field. Many 
topics h~ve been left out or inadequately cover ed. The available space, 
however, does not justify their inclusion . In some cases br ief historical 
accounts are included in the chapters , as for example, in Chapter VI I 
on spin compensation. 

For tl.;o reasons the recent history has been subordinated to the 
older: first, i.~ecer.t .1-d.stor y can be fonnd in onsil-r ~v.,.ilable modern 
reports; o.nd second, it is too difficult to evaluate objectively the 
developments that nre very new,. 
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CHAPTER II 

STA'IUS OF THEORY 

Garrett Birkhoff 

Harvard University 
Cambridge, .t-1assachusetts 

L. H. Thomas 

\-Iatson Scientific Computing Labora tory 
New York, N. Y. 

§ 1. Detonation wave 

The detonation process is most easily pictured in ter:ns of U:e 
passage of a "detonation front" (see Fig. 1) thro:.·~n t:·~,. <>:q-L,;;dve , 
with the velocity v0 

in the range (1), (2 ) 5-9 i"':."ii/,.,:.c ,. , , S(:C ). i. enind 

this de t onation front, pressures p1 
of the order oi ~~. 1 ,.1:)0 atm :md 

0 0 -
temper atnres T

1 
= 2500 - 4000 C are commonly observed ( 3). ~'he total 

chemical ener gies feeding the detonation ar e of the order (1), (2 ) of 
E • 1,000 cal/gram. The detonation f r ont is regarded as a shcck surface 
followed by a "reaction zone" in 'Hhich chem~~al reaction takes place, 
and the thickness of "l'rh ich is estimated (4) t o be of the order of 
l~"ii for most solid explosives, corresponding to 0.1 micr osecor1 reaction 
time. 

From v0 , E, and an assumed equation of state, one can est£~ate 

p1 , T1 , and the particle velocity behind the detonation front by the 

conservation of mass momentum, and energy. The so-call~d Chapman­
Jou_guet condition (5~ p;ives a fourth equation, from which v0 i tself can 

be predicted. However, the equations of state of solids under high 
temperatures and shock pr essures are not accurat.el;r knm.;n (6), ::1r · s o 
the preceding method is of lbi ted pr'lctical nh•e. ~ec ~l:::;.r tf}r ! , 

§ 2 f or a more detailed di.scussicn. 

If one assumes th~t VD is a constant for a eiven exrlo~ive , so 

that the detonation front pr opar,ates b;y Hu;rgcns 1 prlnciplc (?) (just ss 
in f80:n~:tl• i cal 0ptics), one has a rational basis for 11 :3 haping11 explo3iVC 
waves ty peripheral i nitiation, or b r using corrros:t~ clnc~.:s b·1ving 
different detonation velocities in differ ent r egions (e.g., having iner t 
cores) . Actually, VD may be affected by the curvature of tl•e detonation 

front , and co!n~osi te charges are especially liable tc i'""nrfections . 

*!;ome workers ( ::ee for instance Techn. Report XIli , Univ, of Utah , ,•:a;i 

15, 1953, by Cook, Filler, and Keyes·) consider it nucessary to t3.ke 
into account a much wider band even for a first approxj.ma tion. 
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I n lined cavit y charge~ , the pr imary e f fect of t he explosive is 
through t he col lapse velocity V which i t transmits to the liner , in the 
high-pr essur e zone behind the detonation f r ont. This ve locity is 
t r ansmitted, by a co~plicated process of multiple shock refl ection, 
(8), (9) in 5- 50 tJ.Secs. The net eff ect of these mut l i ple reflections 
ha s been shmm by llostoker and l1urray (10 ) (11 ) t o be nearly the same 
as if the l i ner \Jer e rigid. The efi ect of finite cnar ge dimensions and 
confinenent are not easy to determine; Eichelbcrrer- (12 ), (13 ), (1.4) 
has made r ouFh cstiJn<J+es of these effects usinr, a crude "release wave" 
concept iJhich involvts an c,rtpirlc:tl P'tra""le ter K estimated by other ex­
per iments. Related cst:bnates of the clep.mder.ce V = f(C/1) of casi ng 
fra@llent velocity on the charge to mass ratio C/>1 may be found in the 
cl assified l iteratur e. (15) , (16), (17), (18), (19) 

Eo1.;evcr , even f or Pl:u.e llncrs, the (f,' nti t1.tivc ~cct racy of the 
nredict.i.ons is .lllCcrLain. 'ihe c:<i<..nsi.0n oj· l lv ·ln1.lvs.Ls to conical 
liners in cybnJ rical c'1:3.i.!l[;f. )H' e:;cnt s •' orr1j.d ·:i•ln neu di.ffiClll tios. 
J... specin.11y , tl te appl i cabll it.y of an::tloc;o11.s fq1•mulas near the apex, the 
base flan ge , and to deeoly fluted liner !'> (~ § h, 11) sho• tlci to vie'l-.ed 
Hith skepticism, until much more nroJ,J,r uss has been nade . 
c 
S 2. Jet forn.1.i i..on : 11 7.(!ro order" t.hcor 'r 

In the case of conica l liners uith cone angle 2a the Si."llplcst 
picture is to assume that the liner collapses Hl t h a const~nt velocity 
V

0
, and in a cons tant direction. Applyinc Dernou1Ji 1s equati on t o 

a movin-- refere nce frruae, this direction bisects the anclc 20 bc t'I-Jeen 
the nor .·1al to the uncoll-:tpsed 1 i ncr, and the norn:'l.l to t:JC collan::>ing 
liner C,ee Fi ,... , 2a ). If 0ne U1cn neclccts intcrn:1l s ht..\lr .:;trcs~>es and 
shoc ks (increase of entropy), one obtnin:; the steady_ s t·,tc hydr')dyn::unical 
theory of jet for.':lation. According to t hi::> thcor.r, t,he col l'lpsin::- cone 
divides into a hi r:;h S}"lee~l .J.s~ nnd a sloHor slu r- , \·:hose mass -ratio i~ 
(in ter11s of ·1 he nnf'l e ~ cetHecn the colhp3Tr1 H :-tcr and tbe axis). 

(1) mj/m5 = (1 + c 0s :)/(1 - caD ~) ~ cot 2 (~/2) } 
~mel ·Hho.:;e vc.locittcs arc rcspcctivel~.' 

(2) 7. = v 
J 0 

cos (( 2 
sin P. ~ J 

Din oL2 
cos f72 

As the details of this theor y have been puuliohcd·:'·:: \·'C :.!Jall not 
r c:9eat them here ~ 

~ i'.stimc.tes -of V
0 

(x) ,a:r vary by ))~~ or more , derendinp; on :\. 
·:~- See (20 ) f or ·i he derivation , '11tc f'>t'.'t uDccl lie:-.:: i~ that Given 
in (21), e cywtionG (Sa)- Ct- ) , p. 5.?1.~. 
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\ve recall, hovrever, that if <!n incompressible wedr:,.re-shaped liner is 
considered, the complete velocity field may be fow1d by conformal mapping 
(22). This has sometimes led to the erroneous impression t.r.at i:'lco:npres­
sibili ty must be assumed in deriving equat ions (1) - (2). In fqct the 
assumptions needed to derive (1) - (2) arc the folloHing (cf. B 4~. 

( i) Steady st::tte f low, in a taoving r eference frame, Strictly 
speakinr, this requires a plane detonation 1:ave, and a liner Hhose thick­
ness is inversc:!.y pro.;>ortional to the distance from the cone apex~ 

(ii) Shear forces are negli gible. Since the yield stress of mild 
steel is only 8, 000 a t:n. 

(iii) Isentro'Olc, shock- free flmr (cf. § ~;). 

(iv) Constant oressure on the lir.er near the Gtarnation point J, 
the s ame inside and outside t he liner. 

(v} Asymptotically uniform f l mv in the liner, jet, and slue; , ::n;ay 
from the stagnation point J. 

l"ro:n the precedi:t;~ ossU".r'"~ti cms , it i'ol lmw i.lJat, r elative to axes 
moving with the collapse (stagnation) point J ~ \·Te have the Bernouilli 
equation (by (i) - (iii), and hence (by (ivJ - (v)) the same ce~tive 
velocity in the jet, slug, and collapsing liner (see Fi;:r. 2b) . 

The equations (1) - (2) have been confir.ned experimentally near 
the apex of the cone. Especially is t his true of the predictions that 
the jet length should equal the Glug length, and of the initial Vj. 
However, "near the base of t he cone, the collaose ansle increase s rapidly, 
the observed m./m is considerably larger (23)* than that ~redicted by J s 
(1), and the jet becomes several times longer than the slug. He shall 
now attempt to rationalize these facjfs, follmring ideas first explicitly 
formulated by Pugh. (21), (24), (25)~~ (26) 

§ 3. Jet formation: "first order11 theory 

In H.E.A.T. shell Hith conical liners (Fir,. 1), it is obvious that 
C/H, the charge/mass ratio in a cross-section, decreases from infinity 00 
to a snall qu81ti ty, GG one moves along the liner axis (x-axis) rr·an 
apex to base~ Hence (cf . § 1) the collapse velocity V (x) may be ex~ectcd 
to decrease correspondingly, in a Hay l·Jhich can be rou~hly p redicted . 
It llould be desirable to have accurate direct experimental measurements 
of V (x). Hm1ever, inferences from X-radiographs are not accurate, and 

0 ~<*-~~ 
the"pin techniques" ~27)' " A seems difficult to apply.,. 

-r-- 'l'his Has found in 1943 at Bruceton. 
*'~ See (25), Hhere the theory purports to prcdlct everything fro;, 
mj/m and vr 
*-l...,~'l'he data ;.Jere reported py Dean Hallory of the No 0. 1 , 
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If one assumes that (vi) there is negligible momentum transfer 
after the initial phases of the collapse process, one concludes that 
each liner element from the rin~-shaped zone with initial position x 
~oves with constant velocity V

0
tx) in a str aiGht line until it reaches 

-ll 
the liner axis. Since the collapse direction bisects the initial 
angle between the initial normal to the collapsin? liner and the normal 
to the original cone, one can predict from V

0
(x) and t he initial collapse 

angle, the shape of the collapsing liner at all times. The predicted 
collapse profile agrees with observation, at least qualitatively ~ 

As emphasized by Pugh, J.Jicltelborger and Hontoker (30), (22) l·lho 
originated the preceding 11first order" theory, the inferred local 
COllapse anp;le ~(x) and _local relative velocity V

1 
(x) on tJ:e axis Hill 

increase and decrease markedly as t .'C M.ove from apex to base. By (2), 
the increase in f (x ) accentuates the jet vel ocity •:r-v~ient , so that 
v

1
(x) decreases to a fraction of its i nit i 1J va l ue . r~ 

~!itr t hin cones , the rel:l t ive chnn!:c in ~ (x) and v
1 

(::) per lir.er 
thi~kness is small; hence it sce.':ls r ca son:1bl e to a ssume that the theory 
of S 2 i!:i loc:lll~- annlicable to t hese ~unntities. At least, this 
assu;nption .::ives a s in:;)le basi s :or cal ct:.lat inf" , as functions of x, 
tl:e vcloci t :· Vj (x) of jet f ormation and mass .. ratio m/x)/M(x). 

§ 4. Apolicability of tt:eo~ 

The group at Carnegie Tech. h::.s !'Ltuli 5':cd (_;.2 ), (33), ( )~) 
exper:imental evidence confirrd.ng the ilea that the jet mass and velocity 
gradient can be predicted approximately by the preceding "first order" 
theory. Briefly outlined, t heir confirnntion proceeds as follmvs : 

''The theory has been >mrked out in detail for tr.c case Hl:crc a 
plane detonation '\>lave travels parallel to the axis of a conical liner, 
Four independent equations ~re obtaj~ect relating seven different variable 
functions of the coord inate x, where x defines the ori einal position 
of a zonal element in the tmdi::. turbed liner. These seven variables are 
listed 'b~low, together Ni th their definitions and the ~ethods of deter­
mining them. 

Variable 

dm 

Definition 

l·1ass of original cone 
element. 

Nethod of Determining Expt. 

Direct '1-le i ghing of sectioned A 
cones, 

dm
5 

i1ass of clug element. Slup sections fran sectioned B 
cones arc recovered and 
t-reighed . 

dmj Mass of jet element. Inferred from dmj : dm - dms . 

~-~~7~h-e stability of tlus method of calculation has been discussed by 
rhdson and Gardner (28); see also~ 12 bel~T o Actually, plastic forces 
cause some deflection; see (29). 

~* Very GOod data are :~iven in (31) by Breidenbach. 



Variable 

V. 
J 

v 
0 

Definition lr.etltod of f....etEX'rninins; 2xpt. 

Velocity of jet eJe nent . Neasured as a function of C 

Veloci ty of collapsing 
cone element. 

Angle defi ninc the di ­
r ection of coll apse of 
the liner element. 

Angle bctHeen coll::tp::>in0 
element nnd the cone 
axi s. 

N. with a rotating mirror 
J 

camera: 

combined with the collection D 
and weighing of sections of 
the jet. 

Difficult to neasure di rectly, 
out may be approximated from 
1:.he rclc:\se H:=tve theory. 

~ifficult to neasure. 

Flash radiographs provlco 
scni- quantl tati ve value::;. 

Experiments A, D, C, and D, (35) performed on standard charges 
with steel liners, provided sets of values \Ihich could be used •1ith 
the four independent equations to deterr.ri.ne tuo independent sots of 
va lues for V (x) and P( x). The aercement bet:·Jeen these t\IO inde-
pendent sets0 was excellent. Fl ash radiogr aphs ty Cl ark, (36) 
Breiden~ach (31) and Zernow (37) on ::>imi:L:trly shaped charges provide 
values of ~ (x) that arc in eood flaali tati ve a;:;ree.~ent ::i th the 
above sets. Experiments A, B, and C, :;:>erfor med on c ones of aluminum 
copper, and steel, wl th apex anel cs from 22° to 88° and :·T:i. th liner 
thicknesses from 0,022 in. to 0.056 in. have provided similar semi­
quantitative verifications for th:Ls l·Tider r ange of v:triables . .-iii. th 
t his large variety of char(Les, t.he values of V

0
(.x) estinated from 

"release wave 11 calculations are in f;..lr a 1;reement : 1i tl! those obtained 
by substituting the results of experime~ts A, 3 , and C into the four 
equations. Deviations appear to be in the direction expected from 
consideration of strength effects , "Helease Have" calculations also have 
provided simi l ar verification lJl th ch-trges ha v:tng ex;_)losi ve::; shaped 
very differently from those in the s Landard charse " 

Hoi·Iever, t he accuracy of the precedine "first order" hyd.codynamical 
theory is obviously limited by the val.;Ldi ty of assumptions (ii) - ( v) 
of§ 2, and the assumption (vi) of g 3J that the relative change in 
P(x) and v1 (x) per liner thickness i::; smal L de chall no~-1 13i ve an ~ 
priori dl scussion of the validity of these assumptions.·:;· The magni tudes 
of the result~ne departures from the simpli.fied picture are not knmm 
and are very difficult to estimate. 

(i) Uear the end of collapse, -vrhen the liner necl:s do:m (sec Fig. 3) 
it is hard to see Hhy the 2ernoulli equation should be locally applicable. 
Also, (v) seems.unconvincinG, and there is a considerable interchange of 
·:<-See (Jh) for a sonev1!1at differ ent no.lysis , 
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momentum between li'ner elements, contradicting (vi). 

(ii) Hetallurgical evidence indicates (38), (39) that the shear stresses are enough to heat the core ci' the liner up to 1500°F, corres­ponding to the mechanical energy of a velocity of 2500 meters/sec, or to a velocity drop from 8000 to 7600 meters/sec. Also, early Bruceton experiments (40), (41) showed that with reduced explosive energy, the ratio mj/m
5 

was appreciably altered. Incidentally, shear strength is 
increased markedly by hydrostatic pressure (h2). fhese facts indicate that hydrodynamical t heor ies cannot be used much beneath the range of explosive energies involved, especially near the tail of the jet. 

(iii) Heating by shoe~ Have5. The data of § 5 shot-r t!1at, 1Ti th jet ve-locities only 2-J ti:nes those obtained fron service rounds , such effects are crittcal . 

(iv) The explosive exerts a considerable pressure 'squeeze' on the slug, It is hard to estimate the magnitude of the pressure, but it would, of course, tend to lengthen the jet. I-radiographs reveal a high-pressure zone in the shape of an inverted cone,* and a change in the shape of the slug after collapse is complete. 
- - - - -- -- - - - - - - - -- - - - ~ - - -:WITO.FUAL NOTE 

~ince the preparation of this chapter by the authors, a useful analysis of 3l~aped charge liner collapse has been developed to \-rhich attention should be called ~ Jackson and Clark considered the Problem of Lagrange. l'he equations of motion of two pistons driven by gas confined between them, were obtained in terms of dimensionless parameters and intc~ratcd in. Alosed forn. .tostoker (CIT) obtained a similar result for :1 more l~.-:strict·:u CQGe . The Jackson and Clark sohltion rTas applied to the elenent of a shaped ch1.rge liner. The shock reflected from ti':e liner was included by using an enhanced sound velocity. The notion of the liner was taken normal to the surface, modified by a small component pRrallel to the surface due to the continuously varying pressure behind the detonation ~cont. 

Having thus obtained the mass, direction and velocity o~ the liner element, the characteristics of the slug and jet elements were obtained by the usual hydrodynamic methods . 

The equations have been coded for use with the OHDVAG and solutions can be readily obtained for any liner ;shose generator can be represented by a continuous equation, and for point or peripheral initiation: To date several cases have been computed for which experimental values are avail­able for comparison. The agreement l-ras good . 

The end result obtained is similar to that obtained by the arr Helcase wave and Generalized Shaped Charge Theories but no direct comparison of numerical results from the tHo theories has yet been made , 
>! Evident in B:n. photographs, taken by Sultanoff. For the change in the 'lu;., see l.'reidcnbach, BRL 808. (31) 



Some light is shed on .t he limitations of hydrodynamical jet theories 
by data recently released by Los Alamos (6). Among the relevant facts 
observed experimentally, the following deserve mention. 

As fir st suggested in 1945 by K. Fuchs and P. Stein, for a 
sufficiently small angle between two impinging plane surfaces (corres­
ponding to t he collapse of a t-redge- shaped liner), a jetless impact is 
possible. The critical angle is the ~ame a3 for attached shock flow 
past a wedge, and is about 30° for dural, mild steel, lead, and brass, at 
~mpact velocities of around 3 Km/sec. {Figo 4). 

Mathematical analysis shm-rs (43) that no analogous jetless collapse 
of conical liners is possible. Consequently, the use of converging detona­
tion waves and very small cone a••1gles 2a should yield arbitrarily high 

jet velocities Vj of about 2V esc u, according to the hydrodynamical 
* ~ s 0 

t heories (44) of S ~ 2-3. However, actual jets traveling at these 
speeds tend to spread laterally as if they were gaseous, and deviations 
from the hydrodynamical theory become evident for V. around 50 Km/sec . 

J 

§ 6. Jet break-up 

Due to the jet velocity gradient already mentioned , the jet may be i~:~o 

expected to lengthen continuously, tvhile moving ahead in a straight line. 
I n the case of well- formed (cr. Ch.III) , unrotated (cf. Ch. VDO charges 
and liners, a straight, steadily lengthening jet is in fact observed. 
However, real jets always break-up into streams of particles sooner or 
l ater (See Fig. 3). The time of break-up has an important effect on pene­
tration (cf. 9 8 below). 

~.Ji th stee 1 liners break-up ordinarily occurs Within a fevt cone *"""* 
diameters of travel (h8~, 1vhile for copper liners, as first predicted (49) 
by Pugh and later confirmed experimentally, considerable ductile drawing 
occurs, and break-up is much hter~ There are.:rmensive eMpirical data 
on the mass- distribution of jet particles (52) rrhile the existence of 

* For example, if V
0 

= 3 Km/sec o and 2a = 10°, Vj = 80 Km/sec. 

** For mathematical details, see (45), (46), or (47) ~ 
-lf->.t-ll- for experimental confirmation, ree (50) and (51). 
****See recent jet x-ray pictures taken at the 13d.L, and 

CIT data. 
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* adequate theories of the break-up of steel shell and bomb cases ~uggests 
that analogous quasiempirical theories of jet break-up can perhaps be 
constructed, within the framework of the classical mechanics of continua. 

The conditions of .fractw·e under tension are not yet very clearly 
understood. For a good theory we would need to know, in the first place, 
how the stress in the material depends not only on the strain but on the 
rate of strain and on the past history. (54)"l<-:~ 

The facts that face-centered cubic crystals t end to be ductile (56) 
and that cast iron and steel behave so differently lliider ordinary con­
ditions sugr,est that a fundamental theory rtust take account of crystalline 
and nolycryD ~all:L nc structure of the :nate rial. Further, actual fracture ~.Ht-

rnay l nvolvc an instability of plastic flo'(l or the propagation of a crack (54) 
and may, for this reason, also happen differently at high speeds. 

§ 7 • Similarity 

If the diameter is taken as the unit of length, the 11Law of Cranz" 
asserts that geometrically similar shaped charge roung;, of widely varyirg 
diameter_£ behave approximately similarly (57), ( ~3 ) ." .. ...-,t 

£he best theoretical basis for this fact consists in Lho principle 
(30, JOa) that the i nert::.al and explosive stresses involved depend mai,nly 

it,~H~ 
on the (57), (58)~'~ strain and much less on the time rate of strain. 
tllthouch this principle is not exact, and is presumably not applicable 
to the reaction zone, to viscous effects, or to jet break-up, it has 
sufficient validi t y to be very useful i n analyzing existing data • 

• ~.pplied to rotating shaped charges, i t predicts that the relative 
deter i oration in shaped charge performance due to spin, with similar 
rounds of different diameter d spiruling at ro r.p.s. , should be deter­
mined by the spin parameter rod measuring the peripheral velocity rather 
than by ro itself. This peripheral velocity c..'<.i is clearly V. /n, •,·rhere V. 

l. l. 

is the impact velocity, and 1/n the t 'llist of cL. ling (in turns per 
caliber). 

-:~ For t heories of shell fragmentation, see N. I<. 1'1ott, (53). 
-x-* For the variation in stress with rate of str ain, see ( t.'S). 
{H~Sce also the extensive te -ts by Schardin, to be reported in Vol. 6 

of the Corron. Appl. Hn.th. 
-.:-·:H:-::-ror the argu.l'!lent, see G . .... irkhoff (59), t·rhere various special cases 

.;re treated . 
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The preceding prediction is in fair agreement with available experimental data.* 

Considerations of similitude often help greatly in determining the limits of applicability of theories, 1·Thich are commonly invariant under large eroups of transformations . For instance, with explosives having the sa11e adiabatic constant y, if the liner and casing are treated as incompressible fluicls ~ then the behavior is geometrically similar w.rith reduced velocity ~V'E , regardless pf the explosive energy E, provided that thEl<ie~onation velocity is lowered in pro­portion to v'E o Hence., reductions in penetration 1-1h ich occur ~~ with dilute explosives like those aue to the strength of the target material arc probably correlated Hi th linit'ltions in the ,.. aJ?plicability of strictly hydrodynamical theories like those of 8 S 2 • 3 and B U. 

§ 8. Penetration: "zero order" theory 

A continuous perfectly formed fluid jet of density pj' movine 
with constant velocity V. should penetrate a tar e;et of density p 'llith J ·'B'" a constant velocity U, vlhich can be roughly oredicted' h-h fro:1 the continuity of pressure at the 11 stagn~ tion point11 (i.'i ..., 5), Hhere the tip of the jet is boring mto the tar{;;et , In a rcfercr..ce L'rB.rne moving 'trl.th velocity u, neglect~n8 tare:et strength and co:npress.ibility, Bernoulliis Theorem assumes the simple form 

1 )2 1 2 (3) 2 pj (V j - U -= ~ p U , 

Hence, the rate of penetration U satisfies the equation 

u "' ( p .; p) 1/2 ('.' . - u ) , 
,) ,) 

where V. - U is the rate at Hbich the ~~t ~s being used up. Solving, J ·w·~ we ge t the Hill- Hott-r>ack equation'" .. ,. 
(4) p ~ (p./p)l/2 L ~ 

J 
connecting the total depth of rc netration ? Hi th the total jet-length L; for unFor"l . incomnrcSSl"'61.0IT, ' inL -.. t..,_.._ ,.. , ... - ., .. _~-.4"lr ~ ... •. < ·--~---__..._._ _ _ 

-::- SerJ (60), vihere the contrary conclusion is reached that P/d = f(ro) j Theory suggests P/d - f(rod) c Ho1-1cvcr, "s-;:ntback" fuzes support the view expressed here$ as do more recent C. I , T. experiments, Sec (61) . ~* Early Bruceton experiments . 
·:P.H<- The method is due to R Hill , N, F . Hott ~ and D C, Pack (62) . 
~~*MacDougall and Pugh obtained this equation independently, 
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Because of the af;sumption V. ~ canst . , vrhich corresponds to the 
J 

r:'lodel of§ 2 , t.his r:1&~: be c~l1ed <>- 11 z~:::-o ortlc-r11 theory. Combining 1-1ith 
9 2 , l·:e sec th~t L = (C.:/2) esc ? i::; ;.e'1r); trr> cone slant. Height . 
Actuall;,-, tot~l ~ene i r ations several ti:nQS this depth o.re obtained at 
large standoff for reas ')ns explaine1 in S 9. Hm..,ever, equation (3) 
can be used to Llfe:r t1:e ·Jseful equations 

(5) U=V./(l + M~) 
J J 

(5') r + ~ r u2 = ~ p. v.2/(l + 2 {Pjp + p ./,1 ), 
s J J J J 

fro:n which the instantanoons penetration velocity U and s tagn-3.tion 
p-ressure P .. e-m l>t.: anproxiJ.1ntc1J infe:rrcrJ, 

•' 

'Thus ~ ;>3 ) u j ets uenetr11tine:; HI)J at :~ "t'a/""S<')C lFlWl \x;cn ocscrved bv . '- ~ 

Kerr cell nhotor,rauhy. A;;:.:.in, a 1') 'll1Tl/ll';cc steel jet. will penetrate r. 
steel target at U :: V ./2 = 5 i1."11/1J.sec, accoroinr to (5 ), f ::.vine; a 

J 
stagnation pressure p ~soo,ooo atm . , roughly. This obviously greatly 
exceeds the yield str~ngth of steel, justifyinc the hydrodyna~ical model. 

In tv10 dimensions (e. g. , for 1•'E'dbe- shaped cutting char ges ) even 
the pressure di stribution can be determined mathematically. (6h~ 

5 9. Penetr ation: "first order " theo!l 

The considerations of § 3 lead to an important modificati on of 
formula (4) due to Pugh and Fireman (65 ), (66 ), (h6) (67)*.·lhich explains 
t he observed variati on in _oenetr ation rr1i th standoff. In this modification, 
one assumes a ,eradual vari.ation in the jet vclocit,y and density along its 
length, so that Dernoulli• s Theorem is ~ocall,y applicable .. This gives 

<4a) P .. 11 VP-[ d 

Hhere P; (x) is t he 11 eff ectivc11 densit~l of the jet 'Hhen it re<aches the 
.; 

t:trget . 

Looking only at. th~ first fo.ctor in (41l) , l!C Gee that , f or different 
tarP"et materials , P ex 1/ 1/P . Thus, ·Height for "-'~ip~~t, l tM den::.ity 
materials provide the best defense against shaped churr cs, as long as 
Vj(x) ~s so lar ge that Jme tar get yield- strength is negligible. For 

mild steel, with a yield strength of 8000 atm, J this corresponds to 
V. ) / 4~0 neters/sec, Hhicr. i s not ve r i fied near the tail end of the 

J 
jet. 'l'his explains qualitatively t,;hy ,enetrations into mild steel are 
10% - lS% deeper than into armor: 'l'he latter has greater y ield strengch . 

~ The qualitative idea is in (68). 
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However, the proportionality P \..'~ 1/ 1/P has been confirmed approxi­
mately for ~a~y materials, quartz-like materials being the most notable 
exceptions . A more detailed discussion \·Till be gi. ven in Ch. I. .• 

Looking directly at (4), or at i ts refinement (4a), i t is clear 
that the improvement i n Eenetra ti on P •.fi t h standoff S may be explained 
qualitatively by the t endency of the jet to lengthen as i t progresses, 
and hence, indirectly, by the veloci ty gradient along the jet. This 
factor, rather than any overall i ncrease i n velocity, is considered 
responsible for the improvement in penetration Hith peripheral 
initiationo (69)~ (70) 

The quantitative application of (ha) r equires a successful pre­
diction of p., Th:Ls is variable , because of jet break-up, rotation, J 
and other .factors , It is convLnicnt to distinguish several ca ses , 
in trying to describe the dependence of ~cnetration P on standoff s. 

I. In the case of Hell-forned Cu jets , it is believed that 
ductile drawine makes p . constant, out to a l argo standoff~ Hence 

J 
P = P

0
(1 + aS). Other fluid jets are ler.s cf~cctivc: this nay be 

due t o loHer density, uavering, or otl;.er factors (71). 

II. In the case of perfectly <:lliened particle jets, pj decreases 
in inverse proportio~ to de , so that a formula of the type P = P ~a :~ 
is i nferred . 0 

III. In the case of unaligned jets, uhether ~ue to imperfections 
or rotation, p. decreases also i n pro orti on to S due to "spreadj_ng, " 

J P 1 + cS 
O' so that a formula of the t~ype :, = ------ is inferred~ :., 

·~urves of the preceding type can be rouehly fi ttc;d to observed 
d.1.t a; the l:trgc ex_pcr imcntal :;cattor prevcntr. more e ;~o ct conclusions 
from being dra-vm. Idcnll:;r, c::;peci.ally :i.n (~c:.:.::;c I, it mi.c;ht be po::;siblc 
to i.nf~r nn opt ·.!1un V 

0 
( -,) -~ron theorC't.; c·· J. cop;. ·.r;E'r:l.t ion:-, .ut a ~ ar~c 

amount of cmpirlc:1l >>~ork at };ruceton, during .iorld .:ar U, !'ailed to 
improve .subst:mtially on conical Jiners, 

i"'{emark L Althoush the preccdi~g "first order" hydrodyna.r.ri.cal 
theory of penetration has been applied above only to hoMoceneous targets, 
s i mple extensions z.i. ve a qu.ite adequate explano.tion of penetration into 
non-homogeneous~ spaced or laminated t arects . l'heso extensions involve 
a concept of -~~esidual penetration, 11 which \-TC have not space enoueh to 
ex))la.i.n here , 
. ., :or a discussion of this, see Chap . .:: .• , § 5. :illothcr exception is 

provided by abnormally dec!) penotrat:t on:> ·i.nto J.e:1d; sti 11 ~, nothcr, by 
the fact that penotr.' tions into r.ri. ld s t eel <U'e 10;; v;~; dCC!>Cl' than 
tho::;e into lead . These f ack; m.:ty be cor t•c latC!\.! .ri_ th differenc es in 
.::ir.ld po:i.nt, or il:i.th the concept of 11aft~rflo1·l 1 ' (cf (68) 7 and (66) p 37). 

·ri·~ ~:co ( 72) for dntn.i.ln 
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Remark 2., T·1e hole volume is harder to predict theoret-ically~ 
"Helie's Law" of the proportionality of hole volume to available energy 
(jet energy) is approximately valid* at low speeds. According to the 
hydrodyn~ical theory (64) infinite volumes could be obtained, but the 
yield-stress limits the growth of the hole. 

§ 10 ~ Effect of Rotation 

It was observed as early as 1943 that rotation caused a large 
decrease in penetration P, and that this effect was e~pecially 
noticeable a~ l arge standoff .** Typical records of Pjd a~ a function 
of w d (cf . § 7 above~ Ch. VII below) are plotted in Fig. 6. The 
reduction in penetration by spin may be attributed to lateral dispersion 
of the jet9 which decreases its effective mean density~ This lateral 
dispersion is also evident in X-radiographs .~~ Thus, the jet velocit.Y 
and momentum are about the same as for unrotated liners (77) . 

Assuming that jet particles move in straight lines, we may corre­
late with the penetration theory of & 9, 2ince the mean density p will 
he proportional to the inverse square 1/S of the standoff s . Thus, 
at large standoff s, the penetration P should be proportional to 1/S, 
and one may expect a decrease in penetration as standoff lengthens. 

The X-ray pictures sometimes shoVT a bifurcation of the jet (78) 
and a theory of the instability of a lengthening rotating jet is in 
process of construction (see § 11 (iii) below). 

§ 11, Spin compensation 

Attempts have been made to ir,tprove the performance of spin-stJ.bilized 
shell{ by usinp various non-conical$ a..'<ially s.r:nnetric liners ( cf . Ch. VII 
belovl}, However, such atte:upts have not been pror-tising at high rates of 

{HH:-~ 

spin and so the major emphasis has been on the desie;n of flu ted liners 
not having axial symmetry, 

The idea underlying the use of fluted liners is that of "spin compen­
sation" - Le o, of annihilating the angular momentum of the liner so as 
to inhibit the jet spreading already discussed (§ 10) , This is not quite 
the same as the original idea of using "offsets" (cf c Fig, 7a) to make 
m~st of the liner collapse on the axis o 

* Relevant data for particle impacts have recently been obtained a~· 
CQioT. Earlier data reported by Roberts and UbbelohdeJ (73) or (74) 
are consistent with Helie ' s Law. There is an interes~ing analogy with 
the cavities formed behind missiles entering water; cf . (75) and (39}, 
p . 12., 

*>'} See (39), Sections V, XII9 for World ':Jar II data and references. *** See (76), where a good discussion of the preceding materi.al may be 
found o 

**~~They may9 however, be adequate for slowly spinning rounds ~ Adequate 
compensation for normal ~ spin-stabilized rounds at 2000 f/s has not 
yet been achieved by any meanso 
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Gener ally sr,caking, one r:ay hope to achieve some spin compensation by us inr ~:s.vy flutinr:::> 1 in ,.h~.ch :he H~ll b thicker ::,n the forr1ar d side , a s i..'1 f ig. 7b. This is l:;eca!Jr.o the nonentu!] tran::;fcrrcd j.s nearl y nornal to the liner sur face, and ""ror-ort1onal to its th:ickness, 11 

;~ea.r the base of the liner, .,.,!·ere rot:1t.ion effects are mos t serious , one nay a l so hope to convert surr.e of the ::txial mo:nentu.1 of the expl osive behind t he shock "''ave i nto rotational ''iomcntmn, h~r llSinr, spiral flutines , r..rhose angle Hit h a mer idian plane be:cones prof.Tessively steeper , 

Ho1-rever, t he mechanism of spin comnEnsation is not yet clearly under s t ood . Thus, \·lith sever al designs 1 even the direction of spin compensation i s r eycr:>ed by ch.::mrin~ tre n:mber of fJu tine;s , and this seems lnr d to explain . Ap,ai n 1 the consideration tha.t un iform pressure of t he explosive on t he surface ~ however flutedj \Jould produce exactly zer o CO'Tlpensati onJ s h01-:s that a fair ly sophisti cated theory is required , t.;hich Must probably include a detailed discussi~n of t he explosive-liner inter act i on, perhaps by numerical methods (see 9 12 below) . 

For the present~ we ;ust rely ma1nly on Empirical data. Any success­ful thcorj' nust c.xnlain not onl•r the direction of spin compensat i on but al so its r:1:;-ni tude for t he shanes C.iscussed i n d0t:1il in Chs.p. VIIT, 

§ 12. Per turbation methods 
----------~-

~non a "'roblc•r. is too con.,lic·.ltCtt fer "'x·1ct &n'llytical solu{ ic!~, · t, i s often possible to start ~·tit!-. :.n m::.ct. colu-::io:1 o;..~ a special case or-of a simplified nroblem, and to consic.:e:r tl.o effect of sm:.1ll departur es ( 11}')~rt.urb:lt.;_onc") fro:, this solution: To the first order in the rcr b r ba­tion, \ole !1ave a linear problem, Hhich will
1 ho••ever, usually still te too difficult for analytical sol uti n. If f'lrtf.cr the linear probl e-, tnrr!s out to h.:1vc rt!•x ... rnllc v·'~l:.J.lile:s in tencral or in speci al cases , or .if so:r.e s-:->ecial cnscs, on 'lCCotmt of ;;,--:-r· :"'etry, involve only one var i:::wle, one may be ahle tc. ol>taJ.n ::.naJ yticol solutions. 

In cener al, in order to carr y out such a ~)rorra.":l, one must make dr astic res trictions on the pro':lertics of t!te !lt::tterlals involved, or on the iniii::tl eonC:.:i.tions , to obtain an exact solut1on from l·:hich to s tart . Also, one can often solve the linear perturbation er ... uations analytical ly, by sep::~.rating variables, only for s;ec1~l cases or configurations , In the end, He usually !1ave the further :.!I.Jptoxim:ltion that th~ perturbation i s taken i nto account onl.Y to the i'1rst on:irr. 

->:·~ce-r?W. A qu.nli i.;~tive discussion of this wls ~ven in (60 ) 
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"rle must therefore be very cautious in rr.a.king a.pplic?-tions o.f -vhc 
results of perturbation calculations for shaped charges, especially 
since vre do not have at all e:xact knowledge of the properties of the 
materials under the actual conditionso They do, however, where they 
can be made, give insight into the stability of the exact solutions . 

It ~·rould be encouraging if vre could obtain perturbation solutions 
starting from the steady state two-dimensional flow or axially · 
symmetrical three- dimensional flow described above (§ 2) so as to 
estimate the effects of departure from str3dy state conditions on account 

of geometrical factors or of the contintL .. ::. pressure of the explosive 
gases as well as the effects of the actual compressibility and of the 
internal stresses in the material, but onl;r sone very special cases~ 
of which we shall give three examples, hav" been treated Hi th :my success . 

(i) If we suppose the liner to be very thin and t·reak (one­
dimensional), and neglect its internal stresses canpletely, even the 
hydrostatic pressure, ,.;e may obtain* simple equations for its motion 
under continuing explosion gas pressure. If a denotes the Lagrangian 
mass variable, ~nd x(a,t), y(a,t) denote the position of a point on 
the liner, the equations of motion .:tre 

(7) a2 x/ot2 = - p ay;aa, a2 y/at2 = p dx/oa~ 

where p(t) denotes the pressure ~t ti~e t ~upposed constant in space, 
These equations are es3entially ~nstuble, in the sense ~~at any waviness 
increases exponentially, and it is tempting to relate this to the extreme 
sens i. ti vi ty of .performance to initial d cparture from symmetry ( Chs, III 
p: , V) . It should, however, co rcnarY.od that constant ~)ressuru could 
.• v·t. L.-1... r.1aintained by the gases against exponentially increasing vTaviness, 

and in the limiting case of the flmv- of gas into a vacuum, a definite 
~moo~h boundary may be maintained. 

(ii) By perturbing the e:xact solution, due to fl.ayleigh, for a 
collapsing spherical or cylindrical cavity surrounded by incompressible 

fluid, one can shor,r that the inner uall tends to be stable while it is 
being accelerated radially, and unstable tvhile it is being decelerated. 
These are the well-known conditions of Taylor instabili tyo In addi tion3 

in the case of a spherical cavity having imrard · I:'adial acceleration, 
there is an instability due to negative damping. ·'* ( 81) 

1 
( 82) 

(iii) The stability of a very long uniform uniformly <?xtending 
jet may be investigated by perturbation theory (83) . I f we SU/U03C the 
mater tal ·i.ncompre:>si 'blc, the steady motion re!Tlains r,coMet.r.;__ •·a 4 ,/ sinri.l.:l.r 
to i t~elf under long:i. tudinal extension and l<1teral cont.caction even if 
rotation and internal stresses of plastic type are taken into account 
The yield stress may evf'n chan~~ \-T.i. th time ~ as by t·:ork hardening . 

~See footnote ·N page 23, Hi~.h 1·efe!'cnces 
·:~--:.- t'he ins ta !oill ty duo to ,.eL-l ti ve danping \1<1:3 I".irot, pointed out by 
one of us. 
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In terms of t~e t and coordinates x, y, contracting transversely 
and z extending longitudinally (so that x/ (t, y/ vr, and z t, are 
unsealed coordinates), the equations for SMall changes in velocity 
proportional to u (t, v If£, and 1-1/t, take the form 

P( ~- 2yt v) 
(apxx ~) 1 apzx 

= t- + ·vr az: ax 

p (~ +2y t u) = (apxz + ~) I+ ..1:.._ arpzy 
t Ox ay !It az 

~ = L(i'Jpxz i'Jp ) 1 apzz 
p at tit ax + ~ + t2 ---a; 

• 
-vrhere yt is the angular velocity of rotation and p , 

XX Pzz 
are components of stress. 

The perturbation equations are separable in suitable variables , 
but we still have to determine the rate of chance of amplitude of 
various modes in a complicated linear syste;n •tJhose coefficients are 
variable in the time. The frequently observed bifttrcation under 
rotation may perhaps be understood •.:ualitatively, when the solution 
has been carried through. 

In jet break-up problems, the initially hirp internal hydrostatic 
pressure rapidly drops to zero and, for a rotating jet, becomes negative, 
so the assumption of incormpressibility May be not too far from the 
truth. 

§ 13 . Numerical metr.ods 

i'1ost unsolved shaped charge problems are highly non-linear, and 
cannot be solved analytically or by perturbation methods. Hence they 
must be solved numerically~ 

For numerical solution, problems can be roughly classified accord­
ing to the number of independent variables involved, and to vrhether 
they are of elliptic, hyperbolic, parabolic, or mixed type. Elliptic 
problems in n variables involve about as much l·rork (84) as hyperbolic 
problems in n + 1 variables, provided steps in the space-like variables 
are about c A t, -vrhere ~ t is tl:e t i."le stop, and c is the analog of 
sound velocity (85) . 

Thus the simplest shaped charge problems for numerical solution 
concern the collapse of plane, cylindrical and spherical cavities 
under appropriate detonation waves, and involve only one dimension 
of space, and ti~e . The order of difficulty is the sa~e as for 9roblems 
concerning the propagation of plane, cylindrical and spherical blast 
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\-laves jl on vJhich much numerical 1-1ork has been done using desk machines (86) .. 
The principal difficulty comes in knowing the right equation of state . 
Once this is known, rapid progress may be hoped far jl especially in the 
initial phases of collapse~ when the differential equation is hyperbolico 

Most other unsolved shaped charge problems are too laborious for 
desk machines 9 and require large~scale computing machineryo The newer 
automatically sequenced computing machines are 9ast enough to make 
practical the solution of problems requiring 10 or fewer arithmetical 
operations , This permits the solution of problems of elliptic type in 
two variables, or provided ti1 e natural mesh-ratio fj x/ Ll t giving 
good information is about Cs of hyperbolic type in three variableso 
i~e shall now outline some problems which fall within these limitations . 

§ 14 c §orne possi b~!:,._Eroblems 

The first cL:tss of such problems concerns 11 stead;y state11 plane 
or axially symmetric jet formation and penetration (§9 2,8) o These are, 
in general, problems of mixed hyperbolic- elliptic type involving two 
space dimensions. i1hen actual time variation is taken into account, we 
have a problem of hyperbolic type involvine two space dimensions and 
time. 

The axially symmetric case includes the general problem of a smooth 
conical linero The plane case includes the general problem of a wedge­
shaped linero This case also includes the collapse of a cylindrical 
detonation \-Jave on a fluted cylindrical liner, 1-lhi.ch may furnish us some 
information about the mechanism of spin campensationc 

More gen.erally, a steady state solution exists if the initial 
distribution of matter is two-dimensional and if the detonation wave 
travels in the third space dimension. The most general case \dll give 
us the spin-compensation for a fluted cylindri cal liner, and we may hope 
that the earlier part of the motion will he of hyperbo~ic type o When, 
however, the geometrical int8rference loading to the production of a 
slug and jet has to be taken into account) the problem must become of 
elliptic type . The line of demarcation should be similar to the sonic 
line in fluid flow partly supersonic and partly subsonic, and may well 
include a strong shocko 

It is tempting to do the hydrodynamical (incompressible, non= 
viscous) case first; because the differential equations are simplero 
TBus the ti·ro ~dimensional jet can be compared with the analytical solution 
(~ 2 above), \-lhile the axially symmetric case has also been solved 
approximately by relaxation methods (04)o 

However, the compressible case nay actually be easier to solve 
in the initial phases of collapse than the incompressible case , because 
it reduces the problem to one of hyperbolic type. Indeed l0\-1 com~ 
pressibility is probably a disadvantage , because it leads to a hieh sound 
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velocity c, and necessitates using a very short time step. 

It is to be hoped that the introduction of plastic forces in the 
liner will have the effect of viscous forces in hydrodynamics of smooth­

ing over shock fronts, so that ue will n,.,t need to co!':"'plicate the 
rru.merical work to take them into account (87 ); to do so would probably 
take problems involving two space dimensions and time out of range. 
At the same time, to follow a motion started nearly impulsively from 
initial rest should not get one into trouble with turbulence. (The 
actual observed formation of Mach Y1s including slip streams at 
oblique reflections of shocks in f luids may warn us not to put too much 

trust in this hope. )(90) 

The general problem of the impact of the detonation wave on a fluted 
conical liner and the subsequent collapse of the liner and formation of 
a jet and slug involves three space variables and t:i.."'Tie. Hence it is 
probably too complicated for presently available machines. 
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CHAPTER III 

LIN.E.'R PERFORMANCE 

John E. Shaw 

Dallistic Research Laboratories 
Aberdeen Proving Ground, I1aryland 

1. Measures of liner performance 

'lhe performance of a shaped charge liner would logically be 
exoressed in terms of the characteristics of the jet produced : velocity, 
length, velocity gradient, density, and mass distribution. What this 
jet accomplishes in penetrating a e iven tar get depends as much on the 
tar g-et as on the jet. Hmvever , it is difficul t to deterMine s~me of the 
jet characteristics , while penetrat i Jn into a eivcn tarect is r ead ily 
measured, and the ability to perforate a e iven target "-nd to cause damage 
behind the target is the end result actually ,-.anted in most cases. For 
this reason, liner performance is measured in terms of penetration ' into 
some homog~neous reproducible material, usually mild steel. Both mild 
steel and ·homdgeneous armor are used, but the two are not equivalent. 
Differ ent grades or types~ mild steel all eive about the same average 
penetration for a p,iven s haped char~ design but this is not true for 
homo scneous armor. It is reported (1) that t he penetr ation of a given 
jet into steel at a fixed standoff v 'lries essentially linearly Hith the 
Brinell hardness of the steel . Recnnt wor k at Ballistic Rosearch Labur~t ­
tories and f irestone i:1ciicate that the relat ive penetration into mild 
steeJ and homogeneous armor is also affected by standoff (2). The data 
shoH that the homogeneous armor is more effective at the longer standoffs. 
? or convenience in mea suring dep th of penetration targets are often made 
of stacks of plates 1/2 11 - 311 in thickness. 'fhere does not seem to he 
c..ny objec t.i.on to this p ractice if the p lates l ie f lat on each other. 

For some purposes, a bett< r measur e of liner perform:mce i.s giv~n 
by the volume of the hole or its smallect d i ameter. For most purposes 
t he.. best measure tvould probably be some factor which indicates the 
~lount of damage done behind a given target plate by the res idual jet 
and spalled m~terial f r om the back face of the pl~te. It has so far been 
diff:i,.Cl.tlt to define suc}1 a measure and more difficult to determine it 
from the tes t . In this discussion total depth of penetration into mild 
steel uill be used as the measure of liner performance, except where 
stated atherwise. 

2. Factors affecting liner performance 

Shaped charge liners have been made in a var1ety of shapes , 
including hemispheres, spherical caps, cones, trumpets and co-:nbil!~t.ions. 
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• Cones have become almost standard, -vrith hemispheres and trumpet~ 
occasionally used for special purposes. The results given in this 
chapter will be confined to simple cones except for so~e brief remarks 
in Section F 3 on double angle cone and other unusual shapes. The 
gross factors affecting liner performance are the explosive charge, 
which Hill be discussed in Chapter V the standoff, and the diameter, 
angle, thickness, and material of the cone. It is generally assumed 
that a linear scaling relation exists for shaped charge performance 
(Chapters II and VIII) and there .; ,.. " r'"'Tlsi r1Prahle a"'!onnt of ev-idence 
that a linear relation is valid.(3) For this reason, liner dimensions in 
this chapter tall 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 affectine the liner performance~ ' Details of liner 
desif~n which affect liner performance include tapered ~Jalls, the base 
flange and the presence of a spit-back tube . 1;1hen a SDit back tube is 
not used, the configuration of the o.pex - uhcther sharp or rounded -
see~"tS t•) make little difference, 

The effect of accuracy of the liner vrill be discussed in Sections 
C an ' D of this Chapter~ 1he effect of accurac·r of the complete round 
assembly Hill be discussed in Chapter IV. ~ 

3. References 

'.:here nunerical data are t;iven, references to the source of the 
data arc usually provided. ?.he references nost commonly used are coded 
as folloHs: 

NDRC Division 0 references are to inter im reports for the pe riod 
'~iven. 

E. I. DuPont de Nemours and Co. - DuPont - references give the 
date of the report. 

Carnegie Institute of Technolor;y reports are the "Fundamentals 
of Shaped Char r-es" serj es, l.:tbeled CI'l'- OHD-No. 

Firestone ~ire and Hubbcr Co. rerorts o.r.:: monthly Pror,rcss reports, 
labeled FTh.C No, 

B.. Hethods of 11anufacture 

Cones may be made by any of a mt:nter o: })rocesses: The rtost conmon 
methods used in the past are sp innine , dr!l."inr, c<stine> "'lachinlng fro~n 
bar stock, and electroforming follovred by machininp? 

1 Spinning In the early days of sha:!)cd ch~rr.e t-ror .. , \·rhen 
de·nands for cones \iere small, they Here made by cuttinf, n sector 
sheet metal and rolling it to the desired shape j or by spinningc 
methods did not produce very good cones and 1-mre soon abandoned. 
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it is reported that spun cones which compare very favorably with drawn 

cones can now be obtained. The poor performance of some of the early spun 

cones can now be better understood in the light of recent work (4) which 

sho1-1S built- in spin canpensationo 

2. Drawing When the demand for cones became sufficient to justify the 

cost of dies, cones viere made by drawing and this is the method usually used 

today for production quantities. Its advantage is low cost. Its dis­

advantage is the relatively lower accuracy in the finished cone than can 

be pbtained by machining in those cases where extreme accuracy is required. 

Since the accuracy required is relative, 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 desien on account of the cost of 

the dies. 

3. Casting Various methods of casting have been used. For a metal 

which shrinks when it freezes, casting by itself usually gives poor 

accuracy. If a suitable metal, probably an alloy, which yields accurate 

and homogeneous castings is found, casting may become an important method 

of manufacture for cones. I t has been reported by Hr . G. c. Throner, 

formerly of the Naval Ordnance Test Station, that cones cast with Zamae 5, 
a zinc alloy, gave 6.2 cone diameters penetration in mild steel targets , 

which compares very favorably with copper coneso (5') Wor k on this type 

of alloy is continuing at Firestone and at B.R.L. 

4. Machining 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 desirable. There may be same difficulty in the machin­

ing near the apex, especially on the inside. Because a cone is machined 

it does not necessarily follow that it is accurately made; what is meant 

is that accurate cones can be made by t his method if the required care 

is exercised. 

5. Electroforming Electroformed cones are ?eposited on an accurate~ 

made mandrel and so have an accurate inner surface. If machined on the 

outside, meaqs must be provided for accurately chucking, and checking, the 

mandrel when it is put back in the lathe to insure .that the outside runs 

true with the inside. Carnegie Institute of Technology has reported favpr­

able r esults with cones electroformed and peened,without machining (6). 

C. Desir able Properties of a Liner 

Aside from the fact that a given method of manufacture may be suitable 

for use 1-rith one mater ial and not suitable for another, the method of 

manufacture affeats the quality of the cone in two ways : 

The accuracy of the cone 
Its metallurgical properties 
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l o Geometrical Accuracy The formation of a shaped charge jet 

from the collapsi ng cone is a crltical processo Ideally, the walls of 

the cone collapse and meet exactly on the ax! s of the cone o If1 for 

any reason, one side of the cone ~ollapses at a faster rate than the 

opposite side, they will not meet on the axiso This resu:ts, generally, 

in a crooked j et and the point of contact of the jet wanders on the 

surface of the target, giving impaired penetrationo Thus, it is very 

important that sections of the cone perpendicular to i ts axis be true 

circles with centers on the axis and that the walls be of uniform thick­

ness around a cir cumferenceo Uniform density of the metal is a l so 

requiredo Monotone vari ations in wall thickness along a slant height 

do not seem to be so importanto Waviness along a slant hei ght appears 

to be an undesirable characteristico This i s discussed i n greater detail 

in Section D2o Axi al symmetry i n the explosi ve charge and the assembly 

will be discussed i n Chapters IV and Vo 

2o Metallurgical Properties The metallurgical properties of the 

liner depend strongly on the method cf manuta~ture as well as on the 

material and heat treatment o The metallurgical probl em is difficult 

to analyze on account of the extremely high pressures and r ates of 

strain and the excessive a~ount of plastic stra~no For these reasons 

it cannot be said that the properties of the jet are the same as the 

properties of the coneo Also it must be remembered that the properties 

of importance are those under the hi gh pressures and rates of strain 

mentioned aboveo 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 tnan might be expected 

from the "metallurgical" properties of g2.asso Nevertheless, it has been 

found possible to make some very interesting and important correlations 

between properties of the liner, prin~ipally crystal structure and melt­

ing point, and behavior of the jeto One of the most interesting features 

is a built- in spin compensat!o~ facto~ in ce~tain cases, due, apparently, 

to an unusual crystal structure which gave poor penetration in static 

firings ( 7) o 

Theory indicates that for the fast moving po~tion of the j et the 

penetration obtained i s propor'tiom~.l to tne leugth of jet and to the 

square root of the jet densityo ~ 8) The as~umption that the j et density 

is the same as that of the cone i s abou·;. as good a guess as any, if the 

jet is a continuous oneo On a~count of the vel ocity gradient the jet 

lengthens as it travelso The stret~hing of the je+. causes it eventually 

to break up i nto a seri es of particles o Thus, ir the jet di d not break 

up into particles, its length would in<"rease lloea.x....y w~ ... th time and so its 

penetration would 1ncre':!.se linear::.,Y -w"ith time aDd con&equently, with stand­

offo Penetration standoff d.a.t..-i. &.ho· ' 9) tJ::IB.+ p~ne"t.ration i ncreases with 

standoff up to a maximum value o~ penetratirlo, the corresx:-onding standoff 

being called the "optimum" st:.e.ndoff, Fi gure lo Be)·ond the optimum standoff 

the average penetration de~reases ~th standoff, ~bile the beat values 

of penetration approach au asymptot ic ve~ueo xhe ~e~rease in penetration 

from the linear value t o the asymptcti~. va:ue ~ ~e ascr ibed to breakup 
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of the jet, while the decrease frc:1 the asymptotic value to the average ·value is due to incre:>.sing spread of the jet. Thus, for eood penetration the jot should be capable of attainine a f.TC:>.t length before breakine up. The ability to do this uill be affe cted by the Mctallm:gical properties of the jet. If experimental penetrations are adjusted for the effect of density of the jet (cone), the folloHing CO!Tl?:trison is obtained: 
Copper 100% 
Aluninum ~.10;~ 
Steel 75~ 
z;nc G5,; 
Le·,d )o,:: 
Gl ass 40% 

'lhe above figures Here o~t.ained as follm·l.J . The best penetrations for t he different cone Materials Here divided by the square root of the jet (cone) density to ret penetr ation for unit density. Jhese penetrations for unit density were then divided by the penetration for unit density for copper and multiplied by 108;~, The fi::;ures t·mre rounded off to .5% . The best penetration:s , regardless of standoff and coP.e thickness, v.ere used. 'lbe NDRC and vUl ont data vrore used since these covered the desired range of materials and the relative accuracy of the cones ·Has approximately the same. Penetrations for the given metals Perc tal:en from curves given later in this Chapter. Penetrations for glass cones are ;ivcn in the DuPont reports for Fe l·ruary, Hay, October and l.Jovember, 1943, and those dated 3 February 1943 and 18 ~eptember 1943. 'lhese figure:: a re necessar­ily rough. For nost materials except copper D.nd steel the nu:nber of tests vlaS SMall and opt:i..rlllm conditions of cone thickness , etc , , -vrore :)robabl~-not obtained " The tests Here conducted dur:inc the l·rar and the accuracy of s DMe of the co nos \'Tas r robabl y poor. Hm·rcver, one may conclude that copper and aluminum h:we rr.etallurr ical properties su:->crior for s!'la:)cd charge cones , Hhile lead and f~lass hc.ve i nferior properties, A desirable material Hould have pro'"lert:ics si:1il.:tr to copper and aluminu:n and a hich density~ 

D Ex•)cri:nent:tl Results of In'l.ccuracic~; in the Liner ---- -----
Tt-~o series of tests desirned to deter:nine the effect of inaccuracies in shaped charge liners will be mentioned, 

l. Tests by Ballistic Research Laboratories . (10) Tv1o kinds of cones t-rere used in these tests . Those des.i.r,natcd 111 11 :-i9Al'l 1;ere ~19Al steel r"nes (45°, 0 037" thickness) cut dovm to 111 base diameter and loadco vJithCompos:i..tion C-3 in 1/1611 cardboard tubes 1 1/h" x 411 , The avera ··e v ariation in H::>.ll thic:.a:css of tiH~Gc <.:')ncs 1.-IJ.S :1 ')07 11 aro:mct a circumference and 0.001 '" along a slant height, 'lhe avcrGce pcnctratJ.on in mild steel tar~ets for the undeforned cones w1s J ,) cone dia:~eters . Cones desienated 11electroforrned 11 Here of copper , electrofor111cd and machined to a high der;ree of accur'lcy (about + 0 :0002H). Dase dj a~eter uas 0, 750 11 , thickness ·1.050 11 and apex an e;le 4'0° <-
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Due to the p o.:>r a ccm·ac:y of the ·xtrticular dr<nm cones , the 

n.Lerrations descri bed bclm-1 were necessarily large to prevent their 

effect beine masked b~, s tatistical fl·,tctua tions. For t-his reason the 

tests r:Je r e not of much value in establishing tolerances, Their principal 

interest is thought to lie in the effects on the jet as sho1\m by the 

radiovraphs. 

a . vlarping For this series 111 H?Al cones l-rere warped by flattening 

opposite . sides , When the Hidth of the cone betHeen flat sides l'Tas reduced 

to 15/1611 the penetration dropped to 2 9/1611 • For a lvidth of 7/8" the 

penetration 1-ras l 1/8 11 • 

b. Variatj.ons in Hall Thj_ckness For this series 111 i·i9Al cones 

~-7ere p;round to various depths on" d:i.Tferent parts of the Sti.rface. For 

Fi gures 2 and 3 the thickness un.s reduced to 0 .020 11 0ver the shaded 

portion. For Fi~ure 2 U:e ncnetrntion rras ne~J.i~ible i n each cnse. 

For Fi::ur e 3-1 , the rc.netr at:i.on L'as 1.') c:me dia::etcr ; :'or Fi'""Ure 3- 3, 

2,4 cone dia:aeters. !'or Fio1res 4 and 5 the arnount by 1·~hich the wall 

thickness \-JJ.S r educed is shmm on tl:e !_:hotop.r:l.phs. Penetrations were 

as folloHs: 

Amount Ground Out 

0 .00111 

.002 
.003 
.oos 
.007 
.009 
.012 

Pc'1etn.ti.rm 

3.5 Cone Diameters 
3.25 
3.3(\ 
1.94 
1.69 
1.75 
0 .87 

c. Shallow Gr.£_2yc~ The jet sho\orn in Fi.e;ure 6 Has obtained from an 

ele ctroforned cone hnvin;: 5 11ide s::allo~v rounded circumferential grooves 

0 .005" deep r.~-;crinec: :in the rJUtcr G1jrfnce. It is thought that the thin 

thread likE.: portions of the jet C'\"'ie frcn thz •;roovc':l port~.on of t.t:c cone 

and t he "beads" in the j et corresp ond to t he lands uct ween t be groovc.s, 

Apparently the t hin port.:i.on of the jet is stre tchinc 'Tea tly , rlhile the 

b~·xls are not stretchine a.t all . :.:er:ctr.,tt:ion of this jet t-:as not obtained, 

'1 hese tes t s sec!:"l to be~.r out the common assunption that v <:..ri.:ltions in uaE 

thiclmess <>.round a c:i..rcup1.fcrence, ,,-bj_ch disturb axbl sy-.u1etry are more 

i;nportant in causin"' decreased nenctr:1.tion than vari·ttions ~long a slant 

height, but the latter C.:lr.. be:c')me ve.ry imrort.ant , especiall y at long 

s'l~mdof.f. Since Gve r.v r .!'fort i.s T1 0 /f ucinf" r·nde to irnpr ovc J:G netration 

at lon -;er stanr: of.f , t;·,e l'C0l:i.cct:l~nt f0r acc•t:·n.cy .:tlonp. a slant heir,ht 

shonld not 't0 rela ... '<cd . 

d. Deep Groove3 '!'he cone f ro:n which the jet shown in Fif:Ure 7 was 

obtained was electroformcd. A gr oove 1/32 11 Hide and 0,02$ 11 deep was out 

half way around a circumference 0 . 270 11 ( approx:i.rta toly 1/h of the hei ght) 

fran t he base. The deflection of the jet away from the thinned side is 
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easily seen . Considering the len ~:th of the affected r.ortion of the .jet 

in relation to the width of the groove , it w~)uld sec-, that the effect 

of the gr oove is much greater than its width \10 uld indicate . 

Figure 8 sho· . .;s r esul tn from tvro 111 l·l9Al cones . On each cone, a 

rrroove 1;;211 wide and J .Old" deer was cut half way around a circumfer­

ence. r or r icure - 1 the rrroove was 'r:/3 of t he he irht from the base; 

for F'igurc 6-2, l/3 of the height from the base. The groove can be 

seen on the left side o!' tl'>e cones in the static shots at the top of 

t he fi~nrc. The effect of Uc n:roove on tl,e jet. i s easily seen in 

Figure d- 2 .and is severe ~ 1'hc effect on the jet in H.gure fl - 1 is hard 

to see, s l nce it is "'.t th~ vcr~· U:-> ?f t.hc j"t. Fr(,,, the~c r~clioJraph! 

(Fir,nres 5 and 8) one stmn.i.s\;.:; lr.:..t U1c an~':: L' l'lrt of tile c0r.e p:roauces 

••cr .:t littlr> j et. In Fic·ure Ci - 2 , the j et frui"l 2/3 of the cone at the 

a.pex end is not 3S lonf as that fr;}m 1/ 3 o! t.l:e cone at the base end. 

'lhis re~ult is in arreement wi t h the ger.P.ralized Theor y -::>f J€'t For.nation 

(11). As a 1·esult of t hi s, imperfect i ons r.e1.r the b""tse of the cone 

n!'.fcc t :J. ,.ro-:tt c!' l cntth o:~ jet than those near the apex and so are more 

i"lportant in decreasin~ penetr ation. This fact i.s el'llrhasized by the 

rc~ml t~ or tile oudd Co:n;:'an:r v10r l< describec' in the next. section. 

2. Exoeriments by the liudd Comoany; (12) In tests made in 

connection with the development of the $)'JP.'JI1 HEAT round T108 , the fudd 

Company u~ed standard liners machined to e;ive contr olled inaccuracies. 

The standard liner was of copper, about 2 3/l~" insi de base diameter, 

0 . 0(•2 11 thick, 45°. 'Jhe varintion in \.;all thickness \vas of the order 

of ) . ))l 11
, both c i rcumferentially and longitudinally. For one series, 

a circumferential variation of about 0 .005 11 \:as :nachined on t he outer 

surface; fo r another series, maximum vari:ltions of 0.01011 (0.006 11 - 0.01611 ) 

were machined on the outer surface . The v ariation WlS zer o · near the 

base and a "l~L~u~ near tte junction of the cone and spit ba ck tube, so 

that it was both circumferential and longiLudinal . A third series was 

machined on the outer surface to Five f our 0.01011 w:1ves s i.Jmtlating the 

surface r esul t:i,nr: fr om drm"inf; oreration::;. Other series wit.h eccentri-

cities in the spit back tube were also made. The targets consisted 

of 9" of green armor, follmved by mild steel, at 611 (2 .2 cc.ne dia11eters) 

standoff . Results v7ere as follows: 

lxo. Hnd~. Avp:. Pen~ Ct.d Jev . Cone ----
2() 13 .2 " 0.92 11 Control 

10 13 .1" 1.4611 0 ,010 11 lonr~itud inal 

variation 
10 10.0 11 0. 9C.· 11 O.OOS" Cir cumferential 

vari ation 

9 10 .1" 0.91'' 0.01011 Wavy wall 
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In conclusion~ one can say that~ for maximum penetration from simple cones the axial symmetry of the liner should be as nearly perfect as can be obtained especially near the base of the cone o Deviations from axial symmetry not only reduce penetration; but, in a lot with random deviations? even small average deviations may result in a large dispersion ~ Variations in wall thickness along a slant height are also important, but their effect is not as serious as those around a circum­ference o The requirement of axial symmetry extends also to the explosive charge and the assembly as well as to the conee 

E, Tolerances 

As a result of general observation and of tests similar to those described in Section D2 t.olerances on cone d:iJnensions have been recom­mended for some designs. This does not imply that there exists a toler­ance within which the cone performs pr-operly and beyond Hhich it does not perform properlyo Any deviation of the cone from axial symmetry will , in the long run, result in a degradation in performance~ either in average penetration or variabiljty~ or botho However~ it must be remembered that extreme accuracy in cone manufacture is very expensive . The tolerance allowed must be a compromise beb1een the desire for top performance from the round and what one is willing to pay for ito 

For the SDmm TlOO round mentioned in the prerious Section the follow­ing tolerances t-1ere recommended in the Aberdeen Proving Ground Memorandum Report ~ ( 12) 
0 .001" 1-taximum wall variation in transverse plane 
OoOOS" Naximum wall varJ.ation in longitudinal plane 
0.003 11 Maximum waviness 

These were simple copper cones} 45° apex angle 2 J/4" diameter, 0,062 11 Hall thickness 

Recommended tolerances for Hall th1ckness of the blank for S7mm and lOSmm cones (fluted cones, rotated) are p;1ven on pare 243, ~haptcr vrr;: . The S7m.'ll liners are about l ll/16" diameter , 0.054 thick'11ess; the l OSmm, 3 l/411 diameter~ 0 .100 11 thickness These tolerances seem a little more liberal than those quoted for the 90mm o Since the latter were determined from firings with inaccuracies of 0 .004 11 ~· 0 .,005 11 in wall thickness .. it might be possible to bri ng the SDmm tolerances in line wi 1;h the 57m.m ard 105mm. General observatio11s of mi.scellaneous test.s indi~o:~ate that, for 3/4" diameter 45° electroformed cones, variation in wall thickness should be less than o.cxnn for Oo025" thick cones and not more than 0 ~002 11 for o.o50" thick cones. 

One might expect tolerances on Hall thickness to 1.ncrease with the thicknesso Experience with small cones (3/4" diameter) has indicated that a 4% inaccuracy on 0.025" cones is more damaglllg than a 4% lllaccuracy on 0.,050" cones ~ However, this may be due to the .::ase vlith which thin ceres 
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becane out of round due to handling., It l-ras found that particular care 
must be taken with 0~01.5' 11 cones to prevent t his . The writer has seen 
no discussion about whether large diameter cones require smaller percent 
tolerances than small dia~eter cones, though this question merits con­
sideration" 

Fo The Effect of Design Para~eters on Penetratio~ 

The effect of standoff; cone thickness and cone angle will be 
presented in the form of graphs, These curves are based on data 
published by various groups of investigators working at different places 
and different times , Under these conditions, differences in results are 
to be expected~ It is to be remembered that cones available in the early 
days of shaped charge investigation were of relatively poor manufacturee 
As the importance of accuracy became known and methods of manufacture 
improved, the quality of cones L~proved and this resulted in increased 
average penetrations and smaller dispersions~ especially at the longer 
standoffs -

This subject is most readily divided into early work and recent work. 
\oJhere cyclo'tol and pentolite are quoted as the explosive, the usual corn­
positions, 6o/40 RDX/TNT for cyclotol and 50/50 PETN/TUT for pentolite, 
were used :. unless other-;dse stated ~ 

l. Early v1ork l-11 th simple cones ~ Figure 9 shows penetration of 
steel cones into mild steel targets for 30° cone angle and various cone 
thicknesses . This work \·ras done in the early part of the -vrar and the 
quality of the cones was probably not too eoodo Cones were , generally, 
l 5/8 11 diameter3 cast in l 5/811 unconfined pentolite charges of 411-5 11 

length and fired statically at zero obliqui ty. Each point was the average 
of 5 shots except where shovm on the g.rapho Curves were drawn by eye ~ 
t-rith some attempt made to keep an curves of one family of the sa:ne gere ral 
form~ For most of this vT0rk" the dispers ion_ especi.ally at lone s tandoffs, 
was large., 

The ~;,eneral charaeteristic of penetraUon s t.andoff curves for cones 
of early manufacture is a maxi1num penetration at a smaLl opti'1lwn standoff, 
the penetration decreasing sharply for larger standoffs.., The opt:unum 
standoff ~ncreases 1..rith the cone angle. 

Similar curves can be plotted for larger angle cones from the data 
given ~n the NDRC Div~ 8 interim reports and the DuPon't reportso 

From these data~ the maximum penetration for any standoff is plotted 
in Figure 10 for the different cone angles . Figure 11 shm-rs the optimum 
standoff and th~ckness as a funct~on of the cone angle, Since steel is 
not regarded favorab~ as a liner material th1s data is of limited use­
fulness,~ but material shortages m an all out uar may force the use of 
steel aeain The <iata do show that stc~.ndoff~ cone thjckness~ and cone 
angle are inter··rela ted and that if any of these is changed it ;nay be 
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necessary to change the others for best results. As an example , a com­parison of cones of different angle may not be unbiased unless the thick­ness is also changed. 

Figures 12 and 13 show penetration as a function of standoff for 45° copper cones .. Here there is a distinct difference between the two sets of data at the lon~cr stan~off~·~. rhc reason for this difference is not known pos iUvL~ly but it is probabl y due to a difference in quality of the cones, since recent vrork with cones of high accuracy tend to 
confirm t he DuPont data. 

Figures 1.4 and 15 give the result s for aluminum cones. They show the characteristic property of alwninum, the fact that penetration holds up well at long s tandoff. Due to its lov1 density one might expect that altuninum liners should be thick as compared to steel or copper, but Fie;ure 14 does not sho1v any advantage for the thicker liners . 

Figures 16 and 17 sho\oJ the perfonance of zinc and lead 
neither of vThich are at present of considerable importance. 
as mentioned previousl y , the Naval Ordnance Test Station haB 
r eported, informally, e xcellent results from a caotable zinc 

cones, 
Hmvever , 
recently 
alloy. 

2. Recent v10rk with Si."'lnle cones Figures 18-21 sho"H penetration as a fUnction of standoff for copper, steel and alu"'linum cones of a 
constant thickness for cone angles of 22°, 44°) 66° and 88°. The t endency of alUT'linum to r:udntain its penetration with increasing stancioff is evident, as is also the tendency for optL"'lum standoff to increase with cone angle. ·~ese curves do not necessarily show optimum results as the thickness may not be the best for same angles~ 

Figures 22 -24 show results obtained under conditions very different from those for the previous data. These charges v1ere fired in shell bodies or cases closely simulating shell bodies~ Thus, the explosive charge was short, in compar ison with its diaJ'Iletcr, and fairly heavily confined. The accuracy of the cones \o:as very 10od., Fieure 22 shov:s a very good pene­tration, fairly flat penetration-standoff curve, and a long optimum stand­off. Figure 23 shoi-rS an optimum cone thickness of 3%, 'Hhich is somewhat heavier than that for unconfined charees . This is in agreement with the general observation that, if the charge diameter is increased or the charge is confined, the thickness of the cone should be increased for optimum penetr ation (13). Figure 2h gives the r esults of varyine the cone angle under different conditions of constant explosive loading. The results are, therefore, not of general application. A penetration standoff curve obtained frol"' firings at the Ballistic Research Laboratories is given in Figure 25. These iiere drawn 105!Ml cones of good accuracy confined in shell cases and fired against ~ild steel targets. Pene­trations \-Jere unusually good and held up i.;ell at long standoff. 

Figures 26-28 give the results of recent firings at the Ballistic Research Laboratories and not yet reported, These were small cones, 0.150" inside diameter , of electrof ormed copper machined on the out­
side to about .000511 tolerance. l'hey Here fired j n unconfined pentolite 
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charges whose diameter was 20% greater than the cone diameter, and of a 
sufficient length (2 cone. heights above the ape~) to insurethat pene­
tration was not restricted by short charge length. The cone thiclmess 
was much greater than that usually used. Figure 26 gives penetration 
as a function of standoff 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 standoff. This is at variance with previous results for steel 
cones of smaller wall thiclmess and l'li th charges the same diameter as 
the cone, for which both optimum standoff and maximum penetration 
decrease with cone angle (Compare Figs. 10 and 11 with Figs. 27 and 28). 
However, figure 9 does show the penetration increasing l1i th cone thick­
ness even up to the maximum thiclmess fired. Figure 27 sholvs that the 
cone thickness is not critical for 46° cones, but this is not true for 
other aneles especially 20° cones. Figure 28 shoHs maximum penetration 
as a function of cone angle. It is thought that the differences in 
optimum standoff given are not of any significance, since no definite 
trend is shown and the penetration standoff curves are fair~ flat. The 
optimum thiclmess for 46° seems a misfi. t. It is possible that a trend 
in thiclmess might be shown if intermediate thicknesses between 0.033 
and 0.066 had been used. 

3.. Bimetallic cones and non-conical shapes The term "bimetallic 
cones" idll be applied to cones consisting of an inner layer of one 
metal with an outer layer of another metale It does not include cones 
the apex end of rrhich is of one metal, the base end being of another 
metal. In most cases the composite cone consists of two separated 
cones nested in intimate contact. Hol-Tever, in the case of copper clad 
steel, the two metals are bonded together. The following penetrations 
into mild steel targets by 45° cones 1.63" diameter are reported. For 
comparison, results from single metal cones as reported elsewhere in 
this Chapter, are gi. ven in each case. 

Cone 'fhiclrness 

Outside Center Inside Total " ~andoff Penetration Reference - --
St. 0.,017 11 Hl o~o4o" .035 C.D. 7 .4 C.D, 2 6 C,D. i'JDRC Di v 8 12/15/43 

Aluminum .036 7.h 2o6 
St. a03611 Al 0 .. 036" .. ow~ 5..5 3o5 Du Pont 9/18/43 

Aluminum c036 5.5 2o9 
*St. .01811 Cu .01211 .018 Oo9 4oO Du Pont 2/5/45 and 

10/1/45 
*Cu. .00511 St •• Ol8 11Cu .01811 .025 1.0 4.0 

Copper o024 l oO 4.3 
**Cu. .01011 Sto .02911 Cu .02511 . 031 le2 4.3 Du Pont 10/l/45 

Copper .031 1.2 4o6 
St. .036n Cu .03611 .044 2.5 4 . 7 Du Pont 9/18/43 

Copper o03Q 1 .)~ 5.0 
St. .01811 Cd .00611 .015 .9 3o0 Du Pont 8, 9/43 

Steel aOl5 1.3 3 .. 5 

* Copper Clad 
**Copper Clad, 42°, 2G0711 diao 
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Non- conical shapes include her.lispheres and spherical caps , trumpets , and c ombi nations • 

Radiographs indicate that hemispheres do not collapse, with the 
' formation of a jet, as do cones; they turn inside out before collapsing, the whole liner being projected as a stream of particles. Spr.erlcal caps (segments) are fragmented and projected as a cluster of particles which may be more or less focused, depvndinp- on the curvature., The follovrine data h~ve been reported for hemispheres: 

liaterial 

Dr ass 
.:>teel 

Cu 

Cd 

Dia . -
2 . 375" 
1 37 11 

1.6311 

L88" 
·::·2 .38 11 

2 ,38" 
1 ,63 11 

L88 11 

L88 11 

LJ8" 

L38 11 

Thickness 

0.021 Dia. 
033 D 
.0~2 D 
.020 D 

,027 D 
,021 D 
.026 D 
.015 D 
. 022 D 

,027 D 
o056 U 
.058 D 
.033 D 
.v4? .) 

-x ·.-Ji th Spi tback tube 
-l'r-:~ British He port 

Standoff 

2 .5 D 
.4 j) 

. 9 D 
3,7 D 

4 .. 3 D 

J .. 8 D 
J,C J 
3.7 D 
4d D 
3.2 D 
9 D 

18 D 
9 j) 

18 D 

Confine-
Penet . ment Reference 

] ,0 T) 3" OD St. i;D!{C Di v 8,6/15/44 2,? i) -r.-;;· ••• lD/Expl 172/43 1.9 D 
3,1 ;) 2" CD St< C•.S:\.D 5598 
2 6 D 2~" OD St, 
2.9 D 3" J:i :Jt. .illH.C :li v 8, 7/15 /4h J.O D 3" OD 8t, 
2.0 D 

2111 
CIT-Dtill-16 3.3 i) OD St • OSHu 5598 4 

3 . 2 !,) 21" CD :1t, l;D.tC Di v 8, 6/15/hh L6 D 7 
~roj::xpl 172/43 l.5D 

L7D .~!?iJ/i::X'pl 172/43 o.G 0 

3ome uork has been done Hith spherical sefM.ents es;Jccially by the Dri tlsl' , The results Here , renerally, poorer than those from her:ri.spheres 
The f ol1mring results have been obtained for trumpets: 

H:steri!,! ~ Thickness 
Fe 1.63" 

1.90" 

Cu 1.63" 

.021 D 

.032 D 

.031 D 

. 031 D 
,0 28 D 

-~ .=>oint initiation } 
~~*Peripheral initiation 

Standoff Penet . Shape Reference 
1.2D 

2.5 D 
LlD 

2,5 D 
3o7 i) 
S , 2 D 
1.2D 
2.1 D 

--
2.6 :J Hare from :IDd.C Di.v 8, 8/15/43 

20° to 120° 
3 . l~ D 
3 ~ 7 J Ht 1.8111 ~~d< OSRD 5598 

2~85" 
2.9 tlad . 1.50" 3/8" Dia . CI'f ·OiiD-d.J 
J .,7 D 2,50" flat 
5.2 D 3 .50" apex 
4 ,0 J l OSRD 5598 4. 9 It~·· Rad. 4 8.5" - !/' Dia. D1U •. , 
6 4 --. .... R d d unpubhsned , J .. -.c oun e apex 

l!:lectroformed D.ners of doubtful OU.:lli ty . 
1'he penetration of similar 45° cones .las 5.1 Dia 
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Interest in double angle cones has been revived recently, due 

l ar gely to ccrl..ain advantages shmm for the French 73mm round . Early 

fir ings of double angl e canes , in which the change from one angle to 

the other •·1as made abruptly, did not show any increase in penetr ation 

for the dou~le angle (14) . In tho French 73mm round, the change from 

one angle to the other was made smoothly and the liner wall was tapared. 

'rhis round gave peak performance at normally available standoffs . (15) 

11.n ·:.lmost i nfinite variety of combinations is possible. Complete 

coverage would be too lene,thy for this Chapter, especially since, 

generally speaking, the penetr ations achieved fro:n them are i nferior to 

tl1ose from cones. The fol l owing references are suggested : 

Conbina t.i ons of cones, hemispheres , and cylind€rs : 

DuPont , 18 September 1943 

CIT- ORD- 16 

OTIB ll46a (Translation of German rleport) 

OSHD .5598 
B.tL 848 

HelMet and bottle shapes (German ~'lork) 

OTIB 1148 

OTIB 1149 
HEC 2.587 

HEC 5919 

G. The Effect of Ljner Details on Penetration 

1. Tanered Halls The Br i tish Sl.l rr..,.estcd (16) that, since t he thick­

:tcss o.r· =. i :-1c r s should scale a s t~e diancter, a c one uould logically 

be t.ni. cker a t the l;ase ban at the apex. This idea has been follo;1ed 

up by sever al cr oups of investigators. Only a few r esults will be 

mentioned . 

83 



'fh5.ckness ,:~t .. ase 

" '. O.C06 
.025 

s. 0 . 

1.2 
1.2 

Penetration 

C. D. 
2.6 11-1:.;-43 
2,9 ------· -----. ----·--·------·-·· --· ----- --·--- -----------. o:; :> . ) . ..-~{ 

, ,)17 • )?9 .J27 • ) 13 

:. " ~ 
l.h 
1.4 

r / 
L .\.) 

J > ( J 5-J. I -~~ 
1

: 

2,) 
-----------·- ··--·-------- ·-·-·----··---·-·-- ·-------·--·---------.. .:1~ 

.• cport-:o t:y lire~ tone 

.JJi~ 
.029 

r!:Lr·':::c::Jr- .. ':, ,.,:t.:;c -------

.U2.J 

,031 
Double .1.'aper 

·:<-:~:1.1.ch.i.ncd f1•om d.t'o.r.m linc:r:::;, 

u ·~- .li' 

un: .. ~or:·1 

h5° Gopoer Cones 

.027·:< 
u:1.:.. form 

:,1 

un· fo.cm 

,029 
Ulri focm 

uniform 

unLform 

l.' 
1.4 

?.2 
2.2 

5.6 F'.i.'RC 21 
5.2 

. c.:tl 0.,)1 !_. , ), fr.'o;n bo.se • 

. 
n,1 ... ~y·n ~:.o'1 .. ' • --------

J.,U 
J 

·.• ./• 
~ ., 
.) .~.; S.37 Ci. l'- ••. t ·-!16 

J. 7 ~ ~~:3 ·:,·!to 

J.7 $.85 

3.7 h.75 

3.0 3.07 
).0 3 . !•3 



ir. ~cnoral, it does not see!.l li kely t ha t any ver;r zppr eciabl e 
impr ovement in performance can be obtairwd by t:-. l~ u:>c oi' lc..,;-or(:;C Hall 
cones , wit h.in the range of the above data. rlvwvvc·, it i.s 1,o:.:>.;. .. b..c .,nr:.:. 
if the rieht comt,inati on of thickness a nd t aper can t C' t'o·.:nd , ir.pr:>vcd 
r esults may bo obtai ned . 

2. 'tlires and other obstructions t-li th:i.n ~ c~vi t y . very l nr ge number 
of tests have been conducted to fi nd the ef f ect of vlir cs , CJils , s i nul a ted 
firing pins, E;tC . pL:lced Hi t hin t he cavity of the cone or on the axis in 
front of t he cone . Practically all of t hese i t,ems i\ere in connection 
with fuzing. All such obs tructions a l most invnr i.t'..l.~ly cause very seriou:; 
i mpairment of the penetrat~on, often as much as SO~ . Details will-riot 
be rr.L ven here, but those interested may r efer to NDRC Di v . 8 Interi m 
r eports 15 Februar y 1~114 , and 1) February l 9h5, DnPont r eports for 
.\pr i 1 and l1P.y 191l3 , H r esto!:e . \c_!') ort~ :.o . 16 ar.d 19, and OS!ill 5599. 

3 . Yl.an r•ns 'l'he c ffect of t he ::.a so i'J.a11gc o=: tho c one on the jet 
formati~n i s somm-rhat curious. l'i1e ~Pont \!or kcrs r eported (17) the 

fo1lm~ing data for t-i9Al steel cones 45°, 1.63 11 b1 se diame t er, flange 
2 .0 11 dial'loter , unconfined: 

Dia. of Explosive Penetr ation in HS at 111 s.o. H 

• Jo • Rds • 

1 . 63" 5~45" 4 
1 . 75 5 . 70 5 
1.88 4.50 5 
2 .,00 4 .,00 5 

As the diameter of the explosive is increased beyond the cone diameter, 
there is a slight increase in penetration fo1lo\'ted by a decrease . NDRC 
Di v. 8 (18) follo-v1ed this up, with the folloi.zi.ng r esults: M9Al steel 
cones unconfined a t 2 11 S,O .penetration in mild steel targets . 

Dia . of Explosi ve With Flange 

1 .63" 5.39" 
1 . 75 6 .06 
1.88 5.,39 
2.00 4 .,30 

For 1 3/ 4 11 diameter charges in 1 3/4 x 211 steel tubing: 
With flanges 4ol211 

Without n So33" 

Without flange 

So49• 
5 o35 
So34 

For 1 3/4" diameter charges in 1 3/4" x 2 1/411 s teel tubing: 
With flanges 4 . 33" 
1:li thout 11 5 .07" 
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Firestone reported 2 series of tests as .iollOi-rs : (19) 

Explosive backed flange 
Uo explosive on flange 
Explosive backed flange 
:Io explosive on flange 

10.45" 
18.14 
8 . 50 

16.21 

These uerc for heavily confined charges. 

Penetration 
Penetration 
Penetration 
Penetration 

Recently, Carnegie Institute of Technology has reported the 
follovring: (20) 

l19Al steel cones, penetration into mild steel targets , h11 standoffe 

Not confined Confined 2 1L411 steel 

Dia . Explosi ve 1.1i th F'lange '..ii thout }'lan&e iii th :t lanee 1,/i thout f lange 

1 5/81t ' 5.9 5 .4 6.6 6.5 

2 6.4 6.7 
\. 

5.5 6e4 

2 5 .1 4.4 3.6 3.6 
The CIT data are in partial disagreement with those from DuPont 

and NDH.C. The figures for the unconfined charges, Hi t h flanges, 
suggest that the disagreement may be due to the change ~n standoff. 

The CIT explanation of the flange effect is briefly as follows: 

The velocities and the velocity gradients along a jet are quite 
sensitive to the times of arr ival of the release Ha ve_at the liner. 
Since the release vrave is initiated at the cnarge boundary, any change 
in the geometry will consequently cause a change in the velocity and in 
the velod ty gradient. Vli th the larger diameter charge, Hhich has an 
explosive belt, the major portion of the release vtave is in:i. t iated 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 
process. This small portion of the r elease wave produces a greater 
gradient in the velocities of the rear elements of the jet, 1-lhich 
contain a large fraction of the jet mass . To be of benefit, the 
magnitude of this gradient should be neither too great nor too smalle 
If it is too laree, this portion of the jet vrill break up Quite rapidly 
and become ineffccti ve. If it is too small, proper lengthening •·rill not 
be achieved for efficient penetration. This, in essence, explains the 
observed optimum charge di~eter for a liner of given base dimension. 

Consider the 211 diameter char;:;es, completely unconfined. As 
explained above, most of the release \>Tave has been initiated along the 
side of the charge. The part of the i·Tave originating from the base 
affects only a small portion of the cone, thus, the short delay caused 
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by the confining action of the thin flange is a second order effect and 
can be neglected, as the penetration depths indicate., vJhen 1/411 steel 
tubing is used as lateral confinement, the shock conditions are altered, 
in that the release l-Tave from the lateral surface is delayed considerably. 
Under these conditions, the position of the release wave propaeating from 
tho base of the charge affects a greater portion of the liner and plays 
a more important role e The slight delaying action caused by the base 
flange is enough to increase ·the magnitude of the velocity gradient at 
the rear of the jet to the point where break~up begins to occur~ The 
effective length of the jet tdll then be somewhat greater for the charge 
without the flange than for the charge l-rl. th the flange . The observed 
penetrations show that this is the case~ With the charges having tho 
heavy base confinement but no lateral confinerilent, the effect will be to 
nearly eliminate the initiation of a release wave from the charge base c 
The consequence vrill be vecy little gradient. in the velocities of the 
rear elements of the jet~ \·Thich will lead to a shorter jet and Jess 
penetration ~ When both lateral and heav.y base confinement are intro­
duced we alter the shock conditions so that there is the combined effect 
of an increase in the impulse available to the liner and the absence of 
any release wave initiated from the bas~ of the charge . This results 
in a still shorter jet) The penetratio~ data substantiate this . BRL 585 gives a radiographic study of the effect of the flanges, as a follow 
up to the ND~C penetration study., ~~en the diameter of the explosive is 
the same as that of the base of the coneo (See Fig. 29) The radiographs 
shOlv that, near the end of the collapse process, the cone proper pulls 
loose from the flange at a point near the base. The flange ring appears 
to rel!'.ain stationary Hhile jet and slug move fonrard through the ri.ngo 
~ihen the flange is backed by explosive to half (See Fig . 30) or all of 
its uidth, the portion of the flange so bucked is projected foruard as 
a cylinder of fragme:nts J cor..vorg;int; to',.;ard the axis at its front end . 
There has been some tendency in the past to interpret these radio;raphs 
as indicating that the cloud of fra~ents interrupted the jet ~ 'ihat a 
target so nebulous as the cloud of fragments could interrupt the jet 
seems somewhat incredible.. 1'he only thing the radiographs show is that 
uhen the flange is backed by explosive , the jet either is intorrupted 
or is very short, and l-1hen the flange is not backed by e:>q>losivc, fue 
jet is normalo l~o evl denco subs t.antia tlng any explanation is si ven by 
the radiographs. 

4o Effect of spit-back tube~ For some types of fuzing; a small tube 
called a spit .. back tube, is attached to the apex end of the conojl 
extending away from the cavity. The portion of the apex inside the 
spit-back tube is removed , For M9Al steel cones in unconfined charges, 
the presence of the spit-back tube caused little change in penetration 
or a sl:i.ght docrease o (21) :For copper liners in confined charges, 
there was no ch~~ge or an increase up to 20% (22), 

S. Sffect of annealin~ Results of tests to deterwine the effects of 
annealing and of hardening steel cones (23) . sllow that the penetration 
from drawn N9Al cones is not changed by annealing but that it beco::r.es 
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proe.cossi vel;,· less as the hardness is increased. Jra\'Il copper cones (24) 
show no change \>I:!..th annealing. Iicsults at the Ballist:.c Research Labora­
tories shmr that car.t beryllium copper cones, whose normal penetration 
was lou, were improved by annealing; electroformed copper cones ware not 
affected by annealing, except that, when the annealing tenperature was 
increased to lh00°F, the c""~ nes blistered on tho inner surface, with a 
decrease in penetration; and that cones made by a shear forming process, 
\.zhich worked the metal so severely that its structure rTas impaired, were 
improved by annealing o A complete and interesting discussion of the 
effects of annealing on copper cones are contained in a BRL report (29) . 

'l'hese results may be summarized as follows: 

Anneallng, if not carried to high temperatures, is neither harmful 
nor beneficial w1less the mcta.llure:Lcal condition of the Li.ner is very 
poor. 

If the metalJu.cg,ical condition of tho lioor is very poor, annealing 
is beneficial. 

Hardening of steel liners is detrimental. 

H, Jet Velocities 

1. ~ tial voloci tx The velocity of the head of the jet is usually 
obtained from streak car:1.era records. .mat tiho camera actually photographs 
is the luminous shock in air associated vri th the head of the jete Cften 
the head of the jet is ill- defined in that it is surrounded by a shroud, 
the exact nature and cause of which is not completely understoodo 
Initial velocities ar~ apt to have a large dispersiono 

Figure 31 shows t!1e variation of jet veloci t.y rTi th ccnc thickness 
for 45° and for 80° ateel cones: Some data are available for (i:l, 100° 
and 120° cones, ·the results being similar tQ those shown " !;'J.cure 32 
shows the variation rri th cone an~!'le for 0.020 11 thickneus and for 0 .03711 

thickness. All rounds 1vere L63ii diwneter , caot in pentob.te ch:trges, 
unconfined. In draHing the curves, the points for 100° w;re i&,'l'lorcd. 
It should also oe mentioned that , for somo of the data , it was necessary 
to infer tho thickness from tho \'7eights g1 ven and this l!'.ay havo intro­
duced small errors in some of the points~ 

Figures 33 and 34 are from unpublished data recently released by 
Carnegie Institute of Technology for cones of steel~ copper and aluminumo 
These data, especially for copper and aluminum, are a valuable addi. tion 
to our knowledge of jet characteristics4 
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Initial Jet Velocity as a Functron of Cone Thickness 
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The follmving miscellaneous data are a vail<lbl& . 

Cone Jet Vel. I:o. 

Material ui a. Angle Thick. .::;-cplosi ve Hl·r/~ec , riounds ieference 

Al 1.63 45° 0 ~046" Pent 8 . 39 8 1= ,ftC, Jul. 1_5-.~ug , 

45° 

15 19h3 

Cu 1 .63 0 .02911 Pent 7.39 3 Sane 

Pb 1.5 45° 0 . 037" Cyclotol [;.50 5 .\ug 15 - Sep 15 
1942 

?b 1.5 80° 0 .037" Cyclvtol ~ . 8 2 h Sc:une 

Pb 1.5 120° 0 .037" ]yclo"tol h. 85 4 J ame 

'£here is also an interesting set of dat a on 3/8" diameter cones of 

copper and aluminum, 45°, 60° and 80° ~ngles , i n 1TRC Div. 8, 15 February -

15 June 1944. These \vere tested for use i n spit- back fuzes. 

2 . Velocity gradient The veloci ty gradient of a jet i s the r~te 

of change of velocity \-Ii t h respect to 1F ngth . Since t he lengt h is chang­

ing \-lith time, the eradicnt must be given for some specifi ed time, or 

distance. Ideally, the determination of the er adient would be made by 

mea suri ng t he velocity and posit i on of a seri es of po~nts i n the jet at 

the desired time , For ;:nrti clo j et s , appr o:ci..mate r c sulto can be obtai ned 

from successi ve flash r ac!:.ogr ap:1s . ~or soli<l jet s resul ts ca!l not be 

obtained by the usual met hod of i nstr urn.<mtc:i. t:.i on avcJ..i.labl c at the pr e::ocn t 

time. 3y r~ring jets thr ot!;:;h targets of . .;:,ffe~· .1t '..,h2. cknc.3se s or 

t hrouGh spaced ta r gets, t he l engt h and the vc l oci t y of the t ip and t.ci l 

of ~:u ccessi ve eleme nts of t h.:; jet can be obtai r!cd . 'rlm s, t :.e r.:e·m 

gr adi€nt of these E:lCmE: oi "L:; C~ln b•. detc-rn.:..nc:i , 'r.ut c~c:1 cr :.dicnt : S for 

c... di.ife t•:.mt t:L;~c \the t:l.'-:u .:;,t, u!;i.c:ll t h(. tin of t'.c ( lc·1:cr:t cm1t act · d the 

tar getj . i'o '1dj •St L:1c ~~r"- .j!.c r:-.;, o-: ·, .ll c:l c.·c.tt .; t.:> tn-: :;·.~c t i--:t- , it 

is neccs s~ry to make some a s sur:pt.i.on r.tbout t he V'<ri:~ t.i on :)f t} ~ vel .)ci t:r 
~·li. t h time.. I t is usually assuncd that the vnl oc'. ty of a .1y ~)0 ·.n t. j 11 t l:<' 

jot i s constant in t ime and t hi s has been done :i..1 comDuti.n;:;· t he r.~l~ad.:..cnts 

[$iven below. The validity of this a s sur1ptio:1 1-J .Lll l e uL3cus scd hter 

in this secti on . 

f.~ s an exar.nle, ;•i>_rurc. 35 :::;ho\ls tho r G::;ults o .:' flri::~. the J' et fror.t 
0 ... .._. ~ 

a 46 copper cone 0. 750 11 oiarnotc.r and 0 . J 25" t.!:Jic l" throueh 5 spa ced 

target~; . The fi ;.,-ur e i s a plot of j et v~loc · t y vs posi tion or dis tance 

from the base of the cone for the 5 elements of j e t uiped off by the 

5 t a r ge t s . T'ne mean g-.cadient for any e l'"! ment i s the slope of the 

straight line shown and is determined for the t i me shown on the plot, 

time being measured from the instant the t ip of t he i ni t ial element passed 

the ba~e of the cone. ,~s r:1entioncd above , t he c,'1l~ul::~.tions are ba sed on 

the ass~'llption t ilat the vc l od ty of any point i n t he jet is cons t ant . 

If t he curves ar c extrapol a.ted to the hor:. zontHl aX.:..s t !1e points -~ , B, 

G, Hhich t he CI '~' ~·!ri tors have called t he ot'l ;;in of th0 j et, .:1rc obtained. 
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For the 5 elements shown, the coordinates of the ong1ns vJere -0.41, 

-o.so, +2 .89 and +5.41 em. , t he first 3 values being essentially the 

same. It foll ows from simple considerations that the location of 

the origin for any element is independent of the time at which its 

length is measured, so that, if one point, say the tip of the leading 

element, is determined for any time, the curve for the first 3 elements 

can be dral-m by passing it (extended) through the origin A; as shown 

in Figure 36; the parts of the curve for the 4th and 5th elements are 

then added, passing through B and C respectivelyG 

Figure 36 sho'l-rs the plots for 3 different times: 100 j.J.sec, which 

was chosen arbitrarily; 41.68 j.J.Sec . , the time at which the last element 

was measured; and 21 .39 j.J.sec., the tlme at vmich the mid element was 

measured. It is seen that, as the time increases, the line tends to 

become straight, so that the Gradient tends to become linear •vi th in­

creasing time. If the gradient at any ~tme t i s V t' then tho gradient 
e 

at any later time t + l:l is given by V '( . . ) = 1/1/V t + 6 and, if 
· 1 Bt+ ~ e 

.6 becomes large compared with v-: , the latter term can be neglected 
gt 

..... ci tho r.;radient becanes essentially ~ • 

The length of the je:C, Figure-. 36 is N?. For a strictly linear 

gra<iient the length would have to be HPo The distance I1N (or ire) r:tay be 

taken as a measure of the non-linear:i ty of the gradient . Percentage­

Wise, UN decrease::; tdth the time but its absolute value is independent 

of time. Strictly speaking, the condi tion that a gradient ·become linear 

at some l ater tlme is that it be linear to start vTit h , and the condition 

that the numerical value of the gradient be 1/t is that the origin of the 

jet lie at the origin of coordinates. 

Host of the Hork on velocity gradients Has done by Carnegie Insti­

tute of Technology. (25) 1-lr,ure 37 (26) is a plot showing the results 

of a large number of firings of ;•19.\1 steel cones r eported in UDRC Di v. 8 

summary reports. Hot-rever, the time of 100 j.J.SOC. Has c!'losen merely for 

convenience in calculation and it must not be assumed that the jets 

remain continuous for this length of time. It i s seen that the gradient 

is the same for cyclotol or Comp B and pentolite, and is independent of 

the target material used. rhe follm-;ing values of the velocity gradient 

computed for a tine of 100 j.J.sec. after the tip of the jet reached the base 

of the cone, have been obtained ~ 
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1'1a.tcrio.l Dia. Angl e Thick Gradient !(e f orcnce 

~teel 1 5/0 11 120° 0.022 11 0 ,!}lll GC C . l ' I ' U"i v . S, 15 J 1.1!!C 19h3 . .!J .• J 

Steel 1 5/ 8 h5 .025 .0102 ,-.I~' - ~ .. ~')-3 
St eel 1 5/5 4~ .037 . 00~7 :I :1

- ... . t~-- 9 

Copper 1 5/ 8 h5 .037 • 011~> t...L r -· .. .:;- 6 
l·ia gnesium 3/4 46 . rJSO .0107 Bi~L ~ta 

Steel 3/4 46 .oso .0106 ~:>o.r:e 

Copper 3/4 1+6 .~)50 .OlOl.! .)a me 

Copper 3/4 20 . ~25 .:noo Same 
~opper 3/4 30 . 025 .0099 .;ar~e 

Copper 3/4 46 . 025 ~ 0103 ~<lme 

Copper 3/4 60 .025 ,0103 Same 
Copper 3/4 /16 .. 015 ,0102 

, 
::.arr.e 

Copper 3/4 h6 . 075 o~l04 Sa -r.o 
Copper · 3/4 46 . 100 . 0104 !..ame 

·11ben plotted the data :mmmari zed above gave e ssentially straight 

lines except that \·!hen ve l oci t i.es below a \Jout 0 .. 3 en /,J. s ec \·Tere 

obtained the "Ur ve uoually dippect t m-:ard thu horizontal a xis as sho,,m 

in Fi gure 3,6. It shoul d a l so be noted t na t t ho tot:\1 l ength of jet 
cannot be obtained from tr.e pl ot r:;incc the t ai l clomeflts may be too 

lO'..r in velocity to penetra t e the t :l!"Get or to rcff"'~stor or. t he fi lm. 

That the gradi ent shoul d be linear, if t he ob:servations on each 
el ement of the jet arc made a fter the element has traveled for a 

suffi ci ent t i JT:e , f ollo;.,rs from eler.snt ary considorati~ms . A unifonn 

gr adient i rn·,lies a un::.. form t »nsi l c strain w"i t n uniform stresses in 

the jet, and a non-uni f orm s train t-roul d set up non- uni f orM stresses 

uhich "t-1ould a l tor t he vt: l ocl t .i.es in such n ·:ray ::~s t o nake t he strain 

<:..nd er :1C.i cnt m:i for;.J . 

i:''or the data cr:L von above , t he on gJ.n \-J~s cl0s.-: to ~he uase of the 

cone in each cas e and t ho o-adient vms pr actically Uw same f or the 

range of co~e mat eria l s , anel es and t hickncnses cov~red ~Y the dat a. 
I f t he velocity of t he t ai l o!: t he jot car. i:.:c i. :-:crca~ed , t,he tip 

veloci t ;y and l ength rem<lia~n~ the same, the .:;r.:.tdi cn~ ui. l l lle decreased 

and the ori f:P.n moved to soT'le point behi nd t he bas e of the co.11e . 'I'hat 
t his can be done by an ap!J!'Opria t e expl os i vc .,eom(:try i s sho'lm by r esults 

ui th t he Carnegie In3titute of Tech rlOlOL::f 11 e.xpl osi ve com;x nsat ed 11 char ge 

(27), •1hicil gave a s:radient r educed uy a f a ctor of 2 . Since t he tip 

velocity -;.ras unchanged, tbe rJrigin of t he j ed:. r:1ust have been fur behind 

t he apex of the cone. P. owever, if i::croasi n3 t :1c ve l oci t y of t he tail 

of t he jet results i n a shor tened jot, t he ,:raoient !""aa•r not be changed 

greatly. 

The or:tgJ.n conrcpt inplies th:l t , if the ve loc.Lt ie!:l of the elements 

of t he jet arc constant, then all of tha t p rt of the jet 'hi ch ~·ras 

fo rmed ueh.Lnd the or i gin was m::.sscd .:-t t the or .Lg:in at some time; . Since 

this is not true it nay ba concluded t!~at, jn t he earlJ s t a r,es aftc·r 
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their formation, the velocities of the various elements of the jet c;.re 
not constant ~ Thus, the method of deterwining velocity gradients outlined above, is not valid for very early times . Some theoretical calculations 
made at the Ballistic Research Laboratories suggest that~ Hhen first 
formed, the front elements of the jet !lave a negative velocity gradient ~ 
rlfter a short time, the leading elements are overrun by those following, 
forming a bead or mushroom head, sometimes seen in radioeraphs , There 
is other indirect evidence supporting this vieu and s orne direct evidence (28) . 

It may be conjectured that, for a jet penetrating at optimum stand• off or less ~ the penetration could be im;.>roved by ei ving the for>.Jard 
elements a larger gradient) thus !'et•ni ttin6 t)1cm to attain a ?Cater 
length before being tn.pod off ,•Jhethcr this result can be achiP.ved and maintained ~or the required time is an open question, 
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Introduction 

CHl\P'J'FR IV 

liugh \'linn 

Defense !tesearch Division 
Firestone '!'ire and J~ubber Co., Akron, Ohio 

The modern shaped charge pr ojectile is int ended as an instru_1ient ol' 

destructi on ·.vhose principal objective is tho defeat of enemy fortifi ­
CJ.tions and a~ored vehicle::;, 'fo oati:;fa:::torl ly accomplish its mission 

the projectile r.mot ce cap<tble of defcatin0 its assi gned tnr _et, and of 

Jlyinr; accurately enon~h to assure a hi~h probability of str .i.king t he 

ta.ret~t ulr, h the first or s eco!id rour~d :.:'ired. :.rule f licht of the pro­

jectile is proper ly the problem of ti1e extLrior balhstician and the 

deotructi ve capacity that of the t,erm:'..na.l bullistician, the rcq\L.re­

ments of accuracy .:md of destructive capacity are so often a t variance 

that the desi gner is compell ed to make co·mpromises and to attempt ~o 

arrive a.t the be!it overall cala:~ce of ;.ccuracy and destructive potentiaL 

'l'he e ffect of various desi~n paraneters upon shaped charees has been 

described in some detai 1 tn other portions of ·t,hi n vol ume (Chapters I , 
:i:I, III , V, VII and VIIi) and ~.;ill be cliscusGed here only i n relation 

to the limitatio~s imposed upon t he designer by the realities of 

practical shell design . A:1 effort Hill be ~1ade to trace the devel op­

mont of a typical wnrhead and to point out the eenera l areas ~-:here 

compronriscs have t een made successful~. 

Self>ction o:' .:;~anon f .ype and .>i zc 

The desi gn for u spcc.i.fj.c t;ype of sh~~cd charge missile beeins l'-Jit h 

the pcrformunce specifications for the weapon s;:rstcm. The r ange, uccur ac..:r 

nne nobi l.i. t.r re·'{o.li.rcr..c r. t,s do:.crm.i r.~) ·i,ho veloo:i ty of the ;;rojocti l e :lnd 

the ty:Je of l·:e~:;>on r e -:·15.::·e:J, ~•hilc t he n!.lx..\.rr.um penetra t ion dete r r..ir.es the 

n:l.nir.:ur.1 :T\. i:c of l iner a nd cl::lr gc;. 

'i'able .: cont1lr.s t;,-;>ic.:.l o.ccur.::cy, r unce a::::d. velcc:. t ;,· dat~ for 
e ;d.Gting ::>hapGd ch<:,rt,e projectiles. 'i".oe 1'<.lllf;c sho~1.o in the table is 

that 'Nhich offers a l'a).rly hi(~l probr.bili~y for a first round hit on a 

sro ... 1.ll taq;ot ( such 3.3 .:1 t ank) anti is not to i. c confused Hi t h the :'!'~1.xi.mum 

rc:nge of the r.ti.ssi l e. 
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'IYPe 

Bazookas and Grenades 

Rockets (fixed 
launchers) 

Recoilless Rifles 

Guns and Howitzers 

\ 

Range 
(Yards) 

TABLE I 

100 to 400 

1odo to 4ooo 

500 to 2000 

1000 to 2000 

Velocity 
(fps) 

150 to 250 

1000 to 4400 

500 to 2200 

1000 to 4000 

Typical 
Ballistic Accuracy 
(Probable Error) 

+ 2 mils -
+ 1 to 2 mils 

.! c5 mil 

+ ~15 to .30 mil. -
The caliber or size of the missile depends upon its required 

destructive capac~ty, its peak acceleration and the type of weapon from which it uill be fired o Althoogh perforation of the target is a necessary condition for the defeat of a target it is not sufficiento Unfortunately, very little i s knovm about the effect of Shaped charge design parameters upon the extent of damage beyond penetrable armor and the work which has been reported is insufficient for establishing adequate criteria for shaped charge effectiveness {57), (63 ), (Chap . X) 0 It has become customary, therefore, to evaluate shap~.,;d. char ge ef fectiveness upon the basis of depth of penetration and reJa tive hoJe volume, and to trust that a provision for some arbitrary "residual" penetration-usually 2 inches of homogeneous armor - will be enough to assure the defeat of the target o Additional studies of shaped charge effectiveness should certainly prove to be fruit­ful avenues for further researchv 

'Ihe maximlL11 thickness of the armor to be penetrat ed, without provision for any "residual" penetration, quite clearly establishes the minimum diameter of the liner and charge. Based upon present standards of shaped charge performance the minimum diameter of an unrotated co:pper cone (D inches) required to penetrate a given thickness of armor (T inches) , 90% of the time 1 without rrovision for residual damage effect, may be estimated quite vTell by equation (1) o 

D = T + 2 
5 inches homoo armor, BHN .300 (1) 

The following tabulation shows the penetration level above which 90% of the rounds would fall for cones and charges of various diameter~ 
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'l'HBLS II 

D (inches) T (inches ar mor) Approx. Proj. Cal . (mm) 

75 2.5 10.5 
2.6 11.0 
2.7 11.:; 
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 .h 15.0 
].5 15.5 
3.6 16.0 
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3.7 16.5 
).8 17.0 
).9 17.5 
4.0 18.0 
4.1 18.5 120 
4.2 19.0 
4.3 19.5 
4.5 20.0 

After selecting the t ype of 'i;eapon and velocity from the accuracy 
and portability rec;,uirernents, and the mir.:imum size of cone and charge fro:n 
Equation (1) and 'l'able II, the caliber of the missile may be determined 
fran the thickness of the projectile -vralls re . ..,_uircd to •.:ithstand the 
str esses of firin[. 

Before proceedinG ·,.Ji til a more quanti tativc: discussion of tho effect 
of tho various desic;n parameters upon t i1e })enotratin(; potential of t he 
charr,c , v;o sum.narize the ;?r esent sta tc of the dcvcl•Jpmcnt of t he !w!)o­
theticnl p rojectile , 'lhe t:;'[)e of Hea~>on , peak c;..:n pressure , acceleration 
forces, muzzle velocity, projectile caliber, cone size , projectile vmll 
thickness ar.d tr.e rnateri~l of construction of the nrojcctile body have 
been te1: tntiw.:ly defined . All h<;ve been fixed as a result of a consider­
ation of the s pecifications for iieapon weiE;ht, weapon accur acy and range, 
and by the pro jectile penetration r equire:nents. "L'he type, shape, matcr:ial, 
wall t hickness , apex angle and method of mount inc of tho cone, the a1nount 
and dist r ibution of the explos ive , t he size and positioning of the booste r, 
nrovision for the fuze, and Ue n:1r.uf~cturinr. precisi on required for 
obtalnin:: the sh<!."'led charge ~erfor.nance ur cdi.ctcd in ':'able II r e <ain to 
be determir,od . 
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( 0 ) ( b) (c) 

FIG. I 
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CO~:SD .. :d. 'IIL ~ ~ Oi." LI::J:.;, P.\HA:01.uT~HS 

Althourh the effect of various liner para ~eters - shape, Material, 
'tJall thickness, cone angle; etc,, - are described in detail in Chapter IIT, 
tho projectile desicner is r.ot free to treat these parameters independent:.t.r. 
lie must be [Uided in his d:oice by the oroject~le p arameters fixed by the 
requirements for projectile accuracy . It ~s t nerefore qui t c .::.pprop:::-iate 
to treat each of these para-netcrs here in orde r to illustr:>.te ·;:J:c .-t<~nner 

in uhich a judicious choice of each of thc:Gc 71arar.wters nay be relate:l to 
the toundary considerations of the proJccble der>ir;n 

~)kmdoff Dist~ 

In n re.11 projectile tl-.e effective standoff distance is cletcrr.:incd 
by the length of the ogive; tbe vc:locit;y of ·t-nc projectile and tl:o fuze 
functionin;: time. Althouo-h the o':>tbt'.il stnndoff distance for a 1·:ell ma~e 
conical li;;cr is usually ;;ore thai1 i'o1,;.r co:1c dia;neters (36), (39 ), (41 ), 
(44) (Chap . III) (Fig, 22 7 25, 2f. ) 1 the actual !:itandoff is usuall~ lirrtited .... ~ 
to fro '1 one to three cone dianet.ers by acrodJ·na:1ic ccnsiderations :involved 
in ogive sha-.:>e ~nd size , Ho•JJever 1 this standoff !"'ay be cnourh to peMi t 
the a t taif'.:nent of arout 90y; of the penetrat~on CXr,.'€Cted at optimu.l'll standoff 
and t !.e shorter standoff has advantaces J.n certain instance ... , For exa.-~ple, 
if tl:e r>hcll ::rust be rotated at so;ne loH spin rate 1~ to 15 rps, in orde r 
to achieve projectile accuracy, the optimu..'ll s t andoff may be rcdu~ed from 
four to h:o cone dianeters (44 ). !llso , if il.c eneny e"'!P loys spaced :1r:nor 
in an effort to reduce the efficienc~r of shar·ed ch·1rp,e pro~ ctiles) the 
sp:tced :1r 10r itself may pr::>vidc tl;c incrc:.1setl effective standoff rer:uired 
for '1D.."<irnu 1 penetration (24) ~ 

Charrc Len '-iJ.2 

'l'hc length of the projectile body, and hence of the charge, is ~:lOSt 
frequently limited by aerodynamic performmcc and ;)rojc ctilc weiFrht specifi­
cations ~ In [,Cncral 1 the penetr:"~.t.ion :md the t.olc vol1J1:1e obtainee! increase 
vJith incrc~-tsinp; ch::~rgc len['th and re ·,ches 11 ma.x:un111n at about 2 or 2 ,5 
charge di::t":lCtcrs for heavily confined cr·art}1S or )I clnree d:l.al'Jlct~ ... r. f"r 
liGhtly confined or. unconfined char t er {:55) (Chapter· V, :r ·· ~~e 127) In ~10st 
cases involving rockets or projectiles :1 charge lenc th of 2 chace .... uia ,<::·~crs 
can be provided and this is sufficient ~f the ch~rees a re subjected to 
close quality control during manufacture and load~n[ The usual effect of 
reduced charge length is a loHered avera. e r cnctr a 'Lion reduced hole volume 
and an increased munber of rounds '.n.th belovt nornal :.-enet ration. (55 ), 

Char go s.~ap~ 

Existing shaped charge designs usually have one of the shapes shown 
in Figure L Although each can te made to perform sat~sfactorily1 1 (a) 
has the advanta1~es of a sol':'lel;-That e;reater C 'lSC of namtfacture) of high 
explosive loadinr~ and of bla st effect (becaune of the larger- a:nount of 
explosive); 1 (b) or 1 (c) arc sometl.laCG ncccnsJ.tatcd by the re~uirements 
for accuracy, There is some sl~r)1t ev~clence t.hat a tapered charr:e has a 
shorter optimum standoff ar.d a sJJ.r_:htly l<J.ver maximum penetration than the 
cylindrical charr:e (58).. The ~c.:2tcr a'~10tmt of explosive in the cylindrical 
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charee makes it more valuable than the tapered charge for the secondary effects of blast and fragmentation damageo 

S~lection of Liner Material 

Although depth of penetration is not the only criterion for judging 
the maximum damage to tre target 9 there is only limited infomation 
available as to the relative damage beyond the target caused by target penetration by liners of differept ~aterial. Such information as there is (63), (57) indicates that the re~ive damage decreases in the order 
aluminum, steel, copper I) The L'e.t.ative penetrating ability of various 
materials is described in Chapter III and has been the subject of many 
investigations ~11), (40), (38), (15), (1?), (22). If the type of weapon 
is such that the caliber of the projectile overmatches the penetration 
requirement for the defeat of the prospective target~ a most desirable 
circumstance, it may be possible to select aluminum or steel in prefer­
ence to coppero But if, as is most frequently the case, the penetration 
requirement taxes the penetrating ability of the projectile only copper 
can be considered seriouslye In this case aluminum sleeves (45) or bi­metal cones (43), (36) should be considered , 

Having reached a decision as to the type of cone material to be 
used it is necessary to specif.y the composition or alloyo Althoueh only 
very scanty evidence can be cited for evidence it is the considered 
opinion of those most closely associate-d ·t-ri th the art of shaped charge design that the purity of the material, or the type of alloy to be 
specified, should be that v;hich has the greatest ductility. This con­
clusion is deduced from the fact that potential depth of penetration is 
governed by the length and density of the jeto The density of the jet 
is of course characteristic of the type of material used and is only 
slightly influenced by impurities and alloying ingredients . The length 
of the jet is determined not only by the size of the cone but also by the 
velocity gradient resulting from the design of the charge and b;! the ability of the ductility of the jet material to support the velocity 
gradient, during elongation of the jet, ;.rithout rupturing . This effec­
tive jet ductilitJ' is of course dependent upon the inherent ductility, the strength and the rre lting point of the materiaL l'1uch more work 
needs 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, 

Liner Sha~ 

Liners of many different geometric shap(5 have been tested for pene­
trating efficiency (Chapter III) out experience in the United States seems 
to indicate that the best and nost consistent results can be obtained with conical liners of appropriate a.r;ex angle and wall thickness , Some very 
recent data, yet unpublished (65), indicate th_at "double an ~:le'' conical 
liners may offer certain advantages, but the performance of these liners 
has not yet been detennined sufficiently well for a co:nplete evaluation 
of their true ·rror th, 
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Cone Wall Thickness 

For each type of cone material, standoff, projectile uall confine­ment , type of explosive, shape of charge, and apex angle there is an optimum ;1all thickness. From the practical consideration of projectile design, hm~ever, pr ojectile confinement and cone apex angle are most determining a 

Figure 2 shows reasonable values of liner wall thickness for copper cones with apex angles between 40° and 45° plotted as a function of the confinement o As an approximate guide for liners of different apex angl es, or for shapes other than conical} an approxin~tely correct wall thickness may be obtained by maintainl!!g the thickness constant in an a·<ial direction (55), (12), (Chap ~ III1 1'igure 11, 2J) , 

Curves of penetration vs Hall thickness are frequently unsyrmnotrical . (58). A thicker rrall generally is to be preferred over a thinner wall. The performance of the latter is typified by an excessive variability from charge to char ge, the former by good reproducibility with only a tolerable decrease in penetration. It would, therefore, seem to be good practice to select a wall thickness about 5% greater than the optimum to assure that in production the wall thickness H:ill not be less than optimum. 

Cones Hith tapered t-Tall thickness have been studied from time to time . (Chapter III), (42), (53). Though more work in this field is desirable the available evidence indicates that tapered walls offer sli ght, if any, real improvement in the performance of conical linere. The data do show, hm.,ever, that rather Hide tolcr~nces may be placed upon the variation in Hall thickness bet~oJeen apex antl base wit:·,out reducing penetration, providing the wall thickness is held constant at each transverse section of the cone , 

For liners of shapes other t.llan conical - double angle .)1 hemispheres, trumpets, etc . , the observation that optimum Hall thickness depends upon the inclination of the surface indicates that in such c~ses tapered Hall cones may be advantageous. 

Cone Apex Angle 

1he choice of cone angle is quite important both from a performance and a mamfacturing point of view o Data are abundantly available to show that reducing the apex angle may decrease the optimum standoff, and that the optimum angle is dependent upon the cone material, wall thickness and charge length . (Ch. III, Figures, 18, 19, 20, 21, 28). 
As "1ith most other cone parameters, the effect of apex angle becomes less important as the spin rate of the projectile increases., For example, at 0 rps a 45°, 3~4 inch copper cone r-enetrates 3 inches deeper than a 6o0 cone of the same t·rnll t hickness, l.iut at 45 rps the difference is less than 1 inch (16), 
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The penetr ati ng performance of small apex cones (20°) is character­

ized by lm.;c;;rcd efficiency and increased deviation or scatter of too data . 

(33), (50) It is probable, howE:!ver , that this merely reflects the difficulty 

of manufacturing good cones of very small an[jle . (Ch. III,, Fig. 28) . 

With the precision of ~odcrn ~anufacturing methods the optimum cone angle 

for projectiles with copper cones is close to 40° or 45° . In same cases 

best penetration perfoMtance has been observed -.ri~1 20° (Ch. III, Fig. 2&) 

cones and in others vrith 6o0 cones((3) Fig. h ) ~, As a first choice a 

cone angle of either 40° or 45° nay be ..:elected and ·.rill eive good perform­

ance in projectiles l-.1ith an op,ive length of two c:1libers . 

Sharp Apex VS Spitback Tube Co~ 

In most reported cases involvin~ copper cones '1-lhere charges ::J.iffering 

.)f'_l: i.::: the rrc. ence or ::t1•::;ence of .n s::>i ttac:{ tul:e Lave L.een coraparc<.l; 

equal or ;:;l.i~htly better penetration is obtained w:~'th a !:pitback tcbe. 

(5), (19), (23), (39), (66). TI1ere is no c!'fect upon opti;:,um standoff, 

rotation or optin•1.Jf.l vrall thick;wss. In <tdditio:1 to the u:mally 'cette..t· 

;erfonnance of s~it'c~tck tut·e cones, it is easier to ;,anufacture cones ~vith 

a short spitbe1ck tube zectbn :md :naintain close tolerances tha.."l it is a 

f~harp apex cone, and less difficulty is encountered in obt~ining sound 

chan;es "'hen spitback tube cones are used . 

It is standard practice to specify hard dt·av."ll copper tubing with a 

walJ thickness of .060- .OG5 inch for spi tback tubes. The effect of tube 

diruneter has received only limited attention but satisfactorJ results 

have been obtained with tu'tes having a diameter beb.'een 20~ and 30% 

that of the cone . (27) • 

Little inf.:>rm:1tion :i.s available :1pon the effect of method of attach­

l'.ent of s:)i tl-:lack tu'cr:·s to r.oneG. ~he tub0s 'llay te i.ntegral ·"i th the cor.c, 

or n1.v h : a tt;).ched ~Y :•1e<ms cf F:oft s~l.Jt:r ~ t-ra:dn~:, bu ttt·c~fl thra::.do, 

cerwntinc; or cri:-.1ping. t1.libo.1 :•t. all met:1ods have been used only t he first 

ar.d l1st tbree are both rob -t:i.vt.:ly i'lCX~Amsjv8 ar.d uo noi re~uirt.· the 

:.pplj catior: of he<tt 1.,,:; t:,t! cor.;;!~ ~iiti. t'b.~ con:-e-;cer.t danf,~r of :::one \·i:lrp:..:f'<:. 

In any soloerine or cc,;,1Wntjng cperatio~l !;:;rcat (;are :-r.ust 'm ext;rcizeci to 

s ee trat any excess mater lal is removed l'rorn the tute and cone . £ven a 

small aMount of cement smeared on one siao of a cono has been shown to l>o 

enouf?h to reduce penetration by 40~. (6) . 

A~Sffi-iBLY OF' 'ftlli I.INER 

Hethod of AttaE,_hin~ 

Four different metbodn of cone att3.chn:ant e1re corrL'!!Only 5r:r:?loyed; 

(1) erimp cone ~·lanf!c beh·wcn o:.:ive and t ooy flangf;s {M9~2 CircrJade), (~) 

braze or cement (N28A?. or '1'205 iloclre ts), (J) cune flanGe 1·egisters in 

body and is cla!11ped fin-:1ly b~· a u,raaded rinr. or o:-;j.\'e (?-~o7, Tl08, 118~ 

HEAT P1·o,jectlles), (4) cono is pressed into the ORivc• r.rd held ir1 phce 

by a locking groove (Tll9, Tl3U ProjectiJen) Al thour.h ~acn 1r:e thoj b<1:J 

certain advantages in manufacture tb~ last two r;ethocs hClvv demonstra.tej 
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consistently good performance and may be used satisfactorily (62). 

Alignment of Cone and Charge 

For best and most reproducible performance the axis of the charge and cone should coincideo In actual practice3 howeverj the axes may be parallel but displaced1 or may not be parallelo A. large mmber of experiments have been described in which the importance of these variables is treated (1) , (u), (46)~ (49)) and the importance of ex­tremely careful cor1trol over this type of imperfection cannot be ov-er­emphasizedo 

Tilt of the liner results ~ a reduced average penetration. The lowered averac;e l.S the result of a larger number of 11poor11 shots o There are sane good shots even 1rl.th angles of tilt as high as 2o0° 3 but in general the average penetration is reduced by 50% when the cone is tilted 1°, about 20% at o5°, 10% a~ o3° and a difference in the spread ~d avera1e :(l3 netrahon can be detected between til~s of o05° and ol5 (2), \59). 

The second type of m1salignment, in which the cone charge axes are parallel but offset slightly must be controlled just as carefullyo In one experiment an offset of only .,015 inches (1% of the base diameter) reduced the .penetration significantly, approximately 20% (2). 

From the standpoint of manufacturing, h<Never, it is not difficult to maintain the coincidence of the charge and liner within oOlO inches provided the cones are properly registered and clamped in place o It is much more difficult to ntd.l ntain alignment in brazed, v1elded or cemented assemblies., However. regardless of the method of cone attachment and the care exercised ~ maintaining proper alignment it is ver,y important to be able to inspect the alignment after the cone and char~ are assembledo Every effort should be made to avoid blind assemblies of the projectileo 

BOOSTERING OF THE CHAHG£ 

The size , shape ~ locatLon and alignment of the booster have all been studied (4) ~ (28)> (19) 1 (64) . In most cases electric detonators have been used to initiate the booster , In one experiment the thick­ness of the booster was varied from 0 to 1" 1.J.i.. thout any indication of a detrimental effect upon performance (45) and it was concluded that the detonator was sufficiently powerful to initiate the charge ~ In a real projectile, however9 the detonator is enclosed 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 booster is not higho Nevertheless j experience with several projecciles has shown that the booster does not need to be large ; a pellet 1 inch in diameter and o4 inch !'ligh appears sufficient for 3o5 inch charges o (T208 E7 base element) ., 
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The effect upon penetration of the 11 head 11 of explosive, or the 

distance between the booster and the anex of the c~ne has been examined 

(26), (28), (33), (58) < 7he head of e~losive required seems to vary 

witl: the 11 order11 of the initiation, If the main charge is satisfactorily 

initiated in a symmetrical fashion the booster may be placed directly 

above t he liner ~ If, however , the initiation is borderline satisfactory 

performance will be obtained only if the booster is from one to 2 cone 

diameters above the cone ~ If the detonator and booster are adequate it 

is telieved that satisfactory shaped charge t?ffect l>:ill be obtained if 

the booster is not less than 1 ~nch above the cone~ It does seem likely, · 

however, that the effect of nis:tlign"lent of tie c cne will become increas­

ingly severe as the booster is moved tov1ard the cone , Therefore , the 

booster should be placed as far rearward in the charge as other design 

considerations pennit ~ 

Eccentric initiation of the charge has been studied extensively. 

(47), (61) For point initiation it has been shorm that the detonation 

Have front is essentially spherical Hith the detonator at the center 

of curva-1:-ure (48 ). If the detonator is :1oved off-center a decrease in 

penetration is observed but the effect is relatively small , Placinr, 

the detonator 5 inch off -center in a charr,e length of t'.-!0 cone diameters , 

resulted in a loss 1n oenetration of 20% (?) , S10ce it is not difficult 

to hold booster and detonator al1c.nment to vdth1n ,060 inch, off-axis 

initintion is not an antic1n~ted problem w1th electric or magnetic fuzes , 

but some difficulty might be exper1enced Hith a spitback type fuze . In 

the latter case initiation at a point 5 inch off-center can occur unless 

care is taken in assembly of the spit ter cone. 

CONFIN.c.11.ENT 

The relationships between cone wall thickness and projectile wall 

thickness l-7ere described earlier in this chaptero 'I'here are, however, 

other effects of confinement of consider-able interest to the designer. 

Increasinr, the confinement ~creases the hole volume preatly (8), (51). 
This effect is noted i>hether the confinenent 1s provided by increased 

Hall thickness or by a "belt" of explonvc (25) The presence of ex­

plosion products at high pressure \n'thin the cxolosive belt rct:1rds the 

expansion of the products m much the sruac ·;anncr as does a steel casinr. 

The "confining" effect of different j nert na terials is of course) pro­

portional to their density 

In early experiments with charges of dia:ne ter larger than that of 

the cone , a significant effect was noted in those cases l-rhere the cones 

were flanged (9), (lOL It was observed that Hhen an explosive belt 

is in contact \>lith the flat flancc of a cone t l:e r~ netra tion \-tas loHer 

than l-Then the flanee was reMoved 'lhe loss in penetration l-ras consider­

ably greater l-7hen the charges were heavily confined , With the typically 

heavy confinement of a 105m~ projectile a loss in penetration of 48% 
resulted '-rhen a .10 1nch flange l-tas backed by explosive (25), (26). 

Recently the results of an extens1ve study of the effect of confinement 
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upon the performance of flanged and unflanged cones have become avail­
able ~51) . The data are summarized in Chapter IIt 

FroTil these data the author drew the follOlfing conclusions : 

l o The addition of a small explosive belt obtained b.Y increasing 
the charge diameter from 1~63 to 2 ?00 inches has produced very near~ 
the same effect on penetration and hole volume as the addition of . 25 
inch of steel confinemento 

2 . i-Jhen heavy base confinement has been added to the 2 inch charge, 
the penetration is decreased about 27%. 

3· The addition of both lateral and heavy base confinement to the 
2 inch charge causes a drastic reduction in penetration performance of 
about 45% o 

4 o When the larger charge is confined laterally, the presence of 
the flange has caused a relatively small but significant decrease in 
penetration, as compared Hith a sbilarly confined charge lined with a 
deflanged coneo 

5~ The hole volume produced by the 2 inch charge is increased by 
about 50'~ Hhen lateral confinement of .25 inch steel is used (ccmpared 
lfith the 100% increase "Hhich occurs with the 1.63 inch charges); boundary 
conditions at the base of the charge have little or no effect on hole 
volume in sp1. te of the large changes in depth of penetrationo 

This experiment 1.llustrates how an apparently superficial change in 
charge design can cause profound changes in charge performance~ 1v11ile 
it is possible to explain these changes satisfactorily in the lie;ht of 
funcJ.atT\ental information i and to predict qualitatively v1hat might have 
been expectedJ great care should be exercised in designing experiments 
so as to be sure that the variable being evaluated is indeed the only 
variable under test., 

INTERNAL OGIVE SHAPE 

The internal shape of a conical or taneent orive does not interfere 
vrith the normal collapse process of the shaped charge liner , However, 
a number of HEAT she~·1 -; now being developed for the Ordnance Corp:J employ 
a tee boom.1 or spike oe;ive vJhich can reduce penetration greatly ., Ogives 
of this shape :1re of interest because they have a lorr lift and therefore 
a smaller restoring moments are requir·ed for projectile stability While 
such ogives do have a much higher drag than conical or tangent ogives at 
projectile velocities up to 2000 fps, the advantage of lmver drag possessed 
by t-he latter is much less marked at velocities of 3500 and 4000 fpso 

The effect of internal tee configuration upon shaped charge effect 
has been given a great deal of attentiono Figure 3 shows six of the many 
configurations v:hich have been tested and the penetrations each of these 
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booms permit (13), (14), (17), (18), (20), (22), (29), (30), (31), (37) 
(3S), (34), (32), (}8). A consideration of designs A to F disclose two 

important design requirements: (1) a free space not less than 0.6 cone 

diameters must be provided in front of the cone, and (2) the bore of the 

boom must be as large as the maximum diameter of the slugo It seems 

clear that near the base of the cone the collapsing elements follow a 

f.orward curved path (S2) and that cone collapse is not complete until the 

cone has moved forward a distance of nearly one cone diameter$ and that 

useful jet elements are formed during the time the slug is moving fon~ard 

a second cone diameter. If the bore of the boom is not at least as large 

as the major diameter of the slug, the jet will be pinched off when the 

slug jams in the bore and a portion of the potential penetration wi 11 be 

loste The tests reported above were static tests and it is reasonable 

to suspect that in dyna'llic firings the boom may be januned rearward toward 

the cone by the impact velocity and that this will reduce the effective 

free space. Therefore, some additional free space must be provided and 

the actual a!'lrunt required "1il1. probably depend upon the maximum impact 

velocity of the projectile. 
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CHAPI'ER V 

'l'HE E.KPLOSIVB COMPOIJEHT OF SHAPBD CWLl\GES 

Introduction 

A. D ~ Solem 
~.,.,• T, i\uf(Ust 

Naval Ordnance Laboratory 
Silver Spring., Ilfaryland 

The shaped-charge effect depends upon the pressure irnp,.'lse of a detonated explosive to accelerate the liner v~alls in the coll:l.pso process which produces the jet . The e~1los1ve is therefore fundnmental to the phenomenon and it \.s es~ential th,.,.t c!.3.I'f::O pc.ramctC'r~ be C3refull~t selected , Th;_s means tr.~t nropcr di.St1 1.h;tion, initiati~nJ aJ:d explosive, or an acicqu3.te co.mpl"O'dse ·;1 U·cse :L2.ctor::; i:..e .,.1dc 

F'v-ctu:l.:J.tul~.'J co:1siucr~tlc ex-,erie>:ce h"\S been "".lined fr«.ll \lhich it is eenerally possible t0 make adeq:.'2.te sha!'ed-c:v~rg-e designs ~ The effect of compr o:nises v7i th the ideal desien can also be os t:L"1'1a ted reas:mably \-Jell. However, the proble:"!S o!' eX7'lo~;ivcs 1.n sha:;x·d C1 a.._~gcs have n~t nl l been solved . Conditions arise wherein m:L."'lor var iflti;;r:s r.n1~~e an .:!.~p:-eciable performance cha.'"lge Y.ilich can be attributed only to the explosive . Small modif ications in charge preparation teclmique or a chanre in exploGive distribution about the liner may affect the penetrations sieni.ficantly .. The exact bearing non-uniforr:~i ty of the exnlosive charge has on perform­ance requires further investigation- Proper sh:;pinc; of the detonation v1ave i n the explosive has shm·m promise of large increase in penetration perforrtancc but has introdi.tCed additional difficultles Hhich mus t be over­come before it can be co~sidered seriously for ~~plications (1-3). 
P!'act~call~· all s tuu:i..'JO .Jf c> .. :nlosives in sha:-ed charges have been exrcr i'I\C!1t<ll - 'i his dC'CS t')t :e'1n, hO:·iever , th~t tho basic 3tudies have been ncglf cted . D~tonation U:cory l.S lJc "Lnf7 act.j v~2.'· ·-·ur:~u<Jd, ;s is 1lso the study of explosive-metal ir.te~·cct.i -,ns (~.) Ji.rc:ct ~opl i.cation of tllcse rGs~arch studies are bc:i.l!g C"1rJ'icd cut by the ..;z·: [:;L'oup in t!.eir WOr k On a t'elcaSC lTLVC ti,C·")Ij' .:l.S <l,JpliCJ to lir~Cr C::>llUf:~E.' c;) 

Detonation Theory 

~. hile detonation theorJ is .funda~~:1tal to U1c sb.:.i~r of e""q:'llosives.) only a br ief summar;r is needed .for the present :E>urposes of shaped char ges. Details can be found in r eferences (6)} (7), (8) > (9) and (10) , The connection bet\veen detonation and shnred charge tJ.-leoriu> is ~iven in Chapter I, for i nstance . Consider the simplified cnc-d~ension~l cd~e Hi th the r eaction zone Z stationary vrith re r;pect to the .:>bscrver , Figure 1. As~~e the unr eacteJ materjal (p1 J v1 , T
1

) enters the reaction zone vdth 
a velocity £ and the products (p2 .. v-2 ; T2 ) leave too zone Z with a velocity 
fD-u) . Tho LJ1"ntities F .. v, ~\nd T are thP pres:-urc specific volum.c, and te:"lper ature rw-:-.cctivcl:/ nnd tr'e subccripts 1 :tnt"! 2 re:!'e>r to the r!!.edia ahead of a.'id behind the r e:>.ct.ion z:mo Also the sy:nbo1 ~ ;nny be defined as 
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the particle velocity• that is, the difference bet-..~een inflow and outflcm 
velocities. 

'!he conservation equations are: 

Mass D D- u (1) = --
vl v2 

Momentum n2 2 
- + P, = (D - u) -+ P (2) 
vl ... v2 2 

Ener~ E + 
n2 

"" E2 + ~D - u )
2 

+ p 
·~ 1 7" + pl vl + Ccl 2 2 v2 
(3) 

Terms involving the gradient of temperature ahead of and behind the 
reaction zone are neglected . E1 and E

2 
are the internal energies of 

media 1 and £respectively and the quantity (~-cl) is the energy 

evolved in the reaction. These equations yield 
~ / P2 - pl) 1/2 

J.J = vl \ vl --v2 ) (4) 

,p2 - pl )1/2 
u = ( v1 - v2 ) 1 -- (5) 

\ vl - v2 

B2- El = ~ ( P2 + Pj(vl- v2) + ~- Q2 (6) 

'Ihis l ast equation is the :iankine-Hugoniot relation and is represented 
by a curve shaped ab:1ut as sh(,"lm in fic;ure 2 . Starting 'ln.th the un­
reacted material at t:_ (this point tdlJ. be belorl the n.::mkine- :-Iug.:>ni.ot 
curve) the r->hock and r eaction will carry the process so that the sta t e 
of the reacted material lies on the Rankine-Hugoniot curve (H-H)2 to 
to the left of A as the products emerge from the detonation front. 
Transitions to lm-Ter pressures and higher volumes are dnflagrat.ions 
and are not to ~e considered further herein. 

In the model, steady-state might exist an)'l'rhcre along the (R-H)
2 

curve above the point of tangency. But in practical t hree-dimensional 
situations, rarefactions from the boundaries ahrays reduce the process 
to this point of tan~ncy. It is the only stable propagation velocit,r 
and this condition leads to the e~3tion for the sound velocity in the 
products (the Chapman-Jouguet c •m0.i tionl) : 

P - p , l 2 
I 2 1 \ 

C2 "" v2 I . (7) 
\vl - V2 f 
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the detonation velocity is then related to sound speed by: 

. (p2 - pl) 1/2 Dau+c2 =v1 \ vl - v2 
(8) 

Also 

(9) 

for t he detonation pressure, As can be seen these considerations are 
intimately connected l-7i th the subject of equation of state of explosion 
products which will not be discussed in detail because of its length 
although it is of primary importance. For gaseous explosives the ideal 
gas l aw works reasonably wello For solid or liquid explosives this is 
not the case. Several equations of state have beeR used such as: 

Abel: 

Jones: 

RT P(v -b) =-m 

py -= RT + f (p) 

(10) 

(11) 

and the mora complicated ones of Wilson-Kistiakowsky, Leonard-Jones­
Devonshire ~~th modifications, etc. uoservations of detonation 
velocities with different loaaing densities, plus assumptions concerning 
the chemical reactions involved and the use of the hydrodynamic equations 
permit evaluation of the constants enter ing the equations of state . 
Present efforts are being directed toward obtaining bett er ec;: .. utions of 
state (or better parameters) to predict detonation phenomena, 

For shaped-charge work accurate values of particle velocities of 
the product gases and detonation rates are required to get good estimates 
of detonation pressures. A theory of H. Jones (9) permits placing limits 
on the range of detonation pressures and particle velocities which l'rill 
prevail for a given detonation velocity (lO) .. Jones has shol'm that for 
a one dimensional detonation in a charge large enough to have the 
infinite st.~ck rate: 

(12) 

where 
(13) 

and 
K •- (1.4) 

'!he quantity a is approximately equal to 0 .25o Here pt is the loading 

densit y of the explosive and (dD/dp1 ·• B) is the slopeof the detonation 
velocity vs loading density curve at density p1 • Tte detonation velocity 
can be represented by -

D u Dl oO + B (~ - 1) 
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t-~here Dl.O is the detonation velocity at a cer.:.;ity ,)f 1 rra.'Tl/cm3, 
'l'hus detonation vcloci ty data can {;ive a rood esti.m..1te of D/u and an 
estimated accuracy of 5-10 percent l~.::J.sed on an ·.t.>!>U'"led cr.cor of 50 
percent in c . ,\s a c-::mseq.wnco, nany of tr..e tY3.ra:~ct..c•rs ncedc.d for 
hydrodyn::l."ltic t r eat11ent of shared cl~arge jet f?rrn:ltlon c.:::-1 be derived 
fro:n knot.,rn detonation velocity data ~-;ith rcas')n:tble 3.CCtn' :'!.cy. 

'fhi.s discussion has been brief , It l-l'lS p,iven to ~oint out the 
accuracy VIi th ·.·:hich the detonation pc:~ra::~eters thai. t.l:ter shaned charc:e 
considerations are knotm. 

Effect of Different_~e of L~1losives 

In shaped- charge developm::nt consider able t·rork has be:cn perfvr r:tcd 
on standard charges to evalttate t he r elative perfo=''"l:l:1Ce o: v.n·i , .:s 
explosives (11-15), Only a fet·r of these have found ord!1'1ncc ~~:)!llicution. 
Some explosives vrith lmr detonation pressur es are m:-1.rsin .l '1<1 for.n vvry 
poor jets, but no upper linit t o perfonnance has been f ound i ,0 , , as the 
detonation p ressure is increased the oenetr ations i ncreace. '£he trend 
in e:A-plosives research is t he dcvclop:nent of ne',..r compouncls i,·i Ut l"::i. f)lC;r 
detonation vel ocities and pr essures , Thus s~all additional i~provement 
in performance might be anticipated, 

Tahle 1 lists various hizh explo::;ives, their properties, and sh :l.,;>ed­
charge penetrations (16) . The list is not complete, and ~me are unaccept-­
able for wide application because of sensitivity, compatab i lity, stability 
or pr oduction difficulties < The densities given are those actually obtained 
in the charees used for penetration comp Jrisons" 'l'he detonation vcloci ties 
~ivon are computed on the basis of experimentally derived dcnsjty- dctonution 
veloci t y slope data for thE: cx~losivcs (17 ) . Sensitivities a•·~ tab;m fro;n 
bpact studies at :~(.1 onl~r to avoid i."1tro::iucing cali l;r 3.tion constants for 
different testin1-; mac:1incs. The penetrations are f ro:n ;·~ .. L ~.rork en noint 
initiated , unc.-mfined charc;es )~ Q inches in height, 1 63 ir.cheo in d.i.:1:nctcr 
with M9Al steel cones and fired dth l~ ,') inches 3i andof f int:) :lild ctec.l 
pb.tes (14, 15). ."'. fe1rr similar explosive co~'l"') .risons ::-erfomed ;t ::uront •s 
J;astern Labor atories 'lre also ;-iven . '.:'his f ur.1ishes '1 re -'ls.,nablc co'lpar ison 
of different explosive: 

Formulae or Ct")rrel::J.tions rcla t ing ncnetrations 1nd cavity vol• t'les to 
para1neters of the c;mlosive have been developed , 7'r.ey c!o :1ot 1~'lke into 
account, hov-evcr , the properties of the liner or the nature of jet formation 
and penetration processes . 

a. 'l'he first i·:as dcvcloncd by DuPont Laboratories i.."'l l943-h4 (11 ) 
:·:herein tr.c penetr ations obtained fro:n :'-9Al steel and glaGs 
conical liners for aifferent explosives l·lcre corrPlated uith the 
calculated hydrodynamic de tonation pressure 
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' ,.. . 

Detonat1on pressure = p
1 

Du 

A modified Abel equ~tion of state was used to establish an average value of u/D as 0 .. 21 so that 

Detonation pressure • 0.,21 PJ. D2" (16) 

Figure 3 shows the correlation obtainede 

b , To improve the predichon of performance for higher energy explosives the following formulae were developed at the Naval Ordnance Laboratory based on Jones • fonmllation of detonation theory fm:- solid explosive::; (18) 9 These '1-TElre based on NOL penetration data ot.~ained with ~f9Al steel cones. 
p 2/K + 31 19 

Penetration ~ 2l. )l 

or p 1 o2/K + 73.58 
Penetration • 

73
,
99 

where D and p2 are defined as before ~ 

ji2 • Pr D2/r 

where r is defined in equation (12) and t¥
1 

is neglectedo 
K c isentropic (exponent) as defined 1n equation (14) .. 

K • R - 1 a D /u - 1 

p1~ explosive loading density 

and a "' 0 . 25 

Fifre 4 sho~·1s the correlation for various explosives using equation (1 above . To be applicable these formulae require sane lmowledge of the explosive, n~e~ D and B. - .... 
c.. A correlation of cavity volwne with detonation pressure was also attempted from the same tests (a) by the DuPont Labora­tories (ll) o It was found that the volume was approximately proportional to the detonation pressure as indicated in Figure 5o 

Extrapolating these results to other shaped~charge configurations might lead to considerable error., The results can be generalized somewhat, if exact predictions are not required& b,y app~g as corrections the known effect of chang1ng the v~iables which affect penetration for a given explosiveo These formulae can also be used to predict relati ve performance for a class of explosives .. 
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Sever al exceptions have been noted ex~erble:1tally from these 
correlation formulae--specifically some altwlini'Zed explosives and 
aJTmoniurn per chlor ate compounds , Several reasons have been advanced 
f or their dev i ation but no positive evidence has been obt ained to 
suppor t themo De spi te these cases for all practical appl ications 
the use of these correlation formulae will give adeQUate answers . 

Exolosive Distribution and Initiation 

The dist ribution of the explosive about the liner and the t.ype 
of init iat i on used to detonate the charge have a very marked influence 
on t he performance of a shaped charge ~ Distribution as discussed in 
t hi s se ction i s concerned only 'ldth the geometrical arrangenwnt of 
the expl osive, Inhomogeneities or variations from a uniform charge 
will be considered l:tter- The ra.ra....,etcrs Fhich dcscr iht: the expl osive 
geo-netry for cylindrical or near c~,rl~r.dric.al ct:arges .:lre height a:1d 
diameter . The dependence of perfo~ance on the distribution is closely 
r elated to the nn.nner in l'l'hich it controls the pres~ure impulse delivered 
to the liner walls ~ 

It is not possible to goneralize much on the effect of the explosive 
distribution parruneters WJ.t.hout first defining certain supplementary 
condi tions . I f one takes an unconfined and point initiated char ge, the 
:nean penetr ation will increase with increasing charge height. Penetr a­
tion is very seftsitive for heights up to several cone diameters af ter 
which it shor7S only small changes rlith i.ncrease of the explosive col u:nn .. 
However , it is still observable at lengths up to 6 or 7 cone diameters, 
Fi~re 6 is indicative of tho normal behavior of penetration as a 
function of charge height under t he conditions previously enumer ated . 
Actually varying the length of explosive above the liner apex affects 
the shape and magnitude of the high pressure region in the explosive 
reaction zone and also varies slightly the direction of the '.lave front 
which interacts •.ri th the liner, especially at short charge heights. 

Under similar conditions the effect of varying the explosive to 
lin~r rliameter r :1tio results :in a penetration relation as shown in 
Fil}lre (. Varyine the explosive diameter id th a fixed cone di.a.T.eter 
r esults in a performa:Jce ::::imilar to tl':at for chane;es in the cor.fincment 
wal l thicknessc 

The hole volume i:1creases \-Tith increasing length and also increas­
ing diameter of explosive Hi thin the range norm all 'f observed . A limit­
i ng value is approached and,of ~curse .. it l·ecomes More difficult to 
observe the smaller increases which arc hidcien by the spread in the data o 

Although the preceding paragraphs would indicate a relatively simple 
correlation for performance Hith explos ive length and dia.'?lcter, in reality 
it is a complex proble:'l. It r.hould be noted t.h-:J.t the result::. presented 
'1-Tere for the si:nplest case and nnder rc;.tricted conditions The shape 
and magnitude of these curves might be greatly changed by any one of the 
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large number of variables not considered in the discussion up to this 
point. In general unless experimental results are avail able for the 
particular situation at hand) it is difficult to predict the effect 
of variation of charge height or explosive dianeter with any certainty . 
This is also true if the shape or contour of the explosive charge · · 
deviates from cylindrical sym'lletry, Some hope is offered~ ho-v;ever, in 
the way of qualitative predictions by application of the "Release Wave 11 

considerations being developed by the CIT group (5). 

So far only point initiation has been discussed, Plane wave, 
peripheral, or other types of 1nit~tion which shape the detonation 
wave may change the penetrations obtained , Figure 8 compares point, 
plane '"ave, and peripheral initiated standard charges for different 
charge heights (3) , These results are for steel liners , Limited 
tests for other liner materials indicate a."l increase in penetrations 
l'rith peripheral initiation but the percentaee lJllProve->tent varies con­
siderably with the material of the liner (2~) , These special results 
are Given to indic3te ~>'hat :ni ·;ht he achic•.rec"t ,,rJ.th proper tV'ave shapint·, 
Penetrati:ms fr0m point or plJ.nc wwe initiation are fairl:r \~eproduci 1.c . 
However, sma.ll a.symmetrl.e::; an.r:thcre in t)1e :-:yste:n 1:ilJ. produce large 
variabilit~r Hith peripheral initiation , A.polication of such an initiatio1: 
system must be nade ;:i th caution if L11crcazcd penetrations are to be 
achieved . Experience :-;ith a l1.rce mmb""'r of shots und~r -:1ell control1ed 
conditions nas shown that ~ncre~scd nenetr atton for steel cone lined 
charges and pcriPhrra1 ini.Uation i:; r e1.l (21) . H0vever, the large 
increase (25-30 percent) reported here has been shown to depend criti­
cally upon the Uner used (22) Furthcrnore the cavity volume may be 
reduced by as much as one half-

Charge Preparation 

In charge preparation the probl~~ is to produce an explosive loading 
v1h.ich will result. in maxii~Uil'l ~haped charge p~>rformance . The method 
should insure: a) unifor:nity of the explosive; b) axial synmetry and 
c) max:i.muJn density, Radial unifomity and axial symmetry are highly 
important to jet formation , and S!'lal1 dt.viations from these conditions 
may produce a significant decrease in mean penetration . Haximum densities 
are required to obtain the highest possible detonation pressures and 
hence largest penetrations ~ Lack of uniformity in the charge does not 
ah1ays result in poorer performance ., Increased penetrations have been 
reported when composition and density gradients along the charge length 
were changed inadvertently¢ Increased penetrations have also been reported 
'tThich could be attributed to charge imperfections in the fonn of axial 
pi?es that produced s~e shaping of the detonation wave ~ 
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number of short sections which are assembled to give the r equired charge height ., Even then density changes _occur in the section containing the 
liner since it generally is much longer than the other pieces., The mold 
for this section must be designed so the liner will be well supported a: 
it will suffer deformation.. Preparation of the other sections is not 
difficult but the problem of assembling the charge still exists., If the 
interfaces are clean and smooth, performance will not be influenced by 
the manner in which the sections are joinedo Of crurse i axial alignment 
must be maint • roblem of obtaining maximum overall density 
a o arise~ith pressing.. Unless hi ressures are used the charge 1~ill not approach c~stal densi y., Definite variation across t e c arge, or axi al pipes may be fo~~are is not taken to insure uniform 
distribution of the explosive po~roer in the pressing moldo Densities 
comparable to the cast rna terial may be obtained rri th proper care. With 
the same densities and compositions pressed charges perform as well lmrt 
no better than cast charges. HoHever, pressing permits the use of 

~ explosives which cannot be cast; such as high RDX or HMX content mixtures., 
:;:)' 

1
:-ressures of 20,000 to 25,000 psi Y.Till produce densities within 6 to 8 

~JV~, ~~~ercent of theoreticalo 

For cast charges the problem is to obtain a solid free of voids, 
lorr density regions, composition gradients and large cryst als. The 
methods presently i n use vary considerably in detail from laboratory 
to laboratory but all fundamentally involve the following steps : 

a o The explosive is melted at a temperature slightly above the 
melting point and then slol'rly stirred to maintain composition 
uniformity and to remove entrapped air., 

be The melt is then poured into a heated moldo A riser is 
placed on top of the mold body and filled with liquid explosive 
so that as the explosive charge contracts on cooling the 
shrinkage cavities will be filled~ 

c. Cooling is usually by convection but sometimes may be forced 
by a water bath~ 

, The explosive is kept in the liquid phase at as low a temperature 
as possible, so that the melt l·lill go through the freezing point 

_rau · ter pouringo This encourages the formation of small c 
an se o u ticom onen s ems m~n1m~zes se re a on 
TNT the melt is usually seeded creamed to obtain small crystalso 

stals 
With 

The 
mol d is heated to prevent too rapid initial cooling with associated 
entrapment of air or formation of low density regions., Sometimes the 
explosive reservoir in the riser is poured at a temperature lO~degrees 
hi gher than that in the body e A steam finger is frequently placed in 
the riser to keep the explosive molten during solidification of the 
charge ., When this method is not used to pre-vent the riser surface 
from freezing over, the crust is broken at frequent intervals and the 
charge may even be probed to increase downward flow of the molten 
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explosive o Cooling, if forced by a water bath should progress from 

the bottom up toward the risero This is done to prevent formation of 

low density regions o The use of insulation which retards cooling 

increases the probability of lovr density regionso 

Cast charges have not been entirely satisfactory and there has 

been considerable effort spent attempting to improve themo The 

following t echniques are ~he major ones '1-rhich have been proposed 

for improvement: 

ao Vacuum melting ~ It is being used vrith sane success to 

prOduce more uniform higher densit,y charges. Both t he 

melting and stirring must be done under a vacuum. The 

cooling may be done under a vacuum . but it does not 

appear to be important in further- improvement of the 

charges o 

bo Vibration or agitatio!!, of the poured charges : An 

attempt to help free the entrapped ru.r o This has not 

shovm much premise . 

c . Centr~~: Spinning the poured charge during the 

cooling period h'\s been tr·ied at NOL as a means for 

reducing voids or lmT dens1ty regions., For a single 

component explosive i.t Has found that no improvement 

in appearance or performance could be noted ~ However, 

with a multicomponent system ~ a long conical pipe was 

seen in the radiographs ~long the charge ax~s which 

no doubt producen the increase in penetration which 

was observed o The method did not offer much encourage­

ment for producing a. homogeneous chargeo 

d . Hachining t.he explosiv:_~f1a_;·.~.~ Cast~ng a large billet 

of explosive from rThich several smaller charges are 

machined permits d1scarding vf the loH density core and 

other o:uestionable regions This v!ould produce good 

high density oharges but \-TOU~.d ill VOl ve an operation which 

is difficult to carry out 

The first three of these techniques have been trl.ed J.n shaped 

charges~ at least to se~ 1f they would be feasitle~ Vacuum melting 

offers t he best method fo e- impro,;lng density an.d uniformity of the 

chargeo Machining the cavity m the Gharge and fitting the shaped 

charge liner in the explosive billeli appears p:-om~sing, but intimate 

contact of explosive with liners .fz·am a product1on lot is hard to 

achieve . In general it can be sa1d that any improvement .from these 

methods Hill not be large A ma:x.unum of a 5 10 per~ent increase in 

mean penetration might be e~ected The spread of penetrations 

might be reduced up to 50 per~ento 
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At this ti1ne the optimum cast-charge preparation would appear to be melting and stirring under vacuum folloHed by a differential cooling bath (23 ) after casting. Exact details cannot be given because they would depend upon the explosive, the charge size, the mold, and the a~bient conditions in the casting house. 

Charge Imperfections 

/Jhat influence does imperfections or inJ10mogenei tj.es (cracks, voids, bubbles, density, or co•?osition vari~tion) introduced in charge preparation have on performance? i·lo overall assessment of the importance of these items has been made; ho-v1ever, there are considerable data to indicate the iMportance of specific deviations .. The imper­fections may range uidely in size.. The l ar ger ones are easily visible on rlidiographs or on t.he surface of t he charge. Small inhomogeneities appear as a change i n average density. Some idea of the relative i'nportance of the explosive nay be Eained fror.t the shaped charge results usinp; liquid explosjves. A l iCJuid charge .r,hould have near ideal uniformity and ther0.fore less spread in the :renetr ntion should be expected, if explo1=;ive j.nhomogemdties are of any consequence .. A re­duction in the standard deviation of the Mean renetration has been observed using a liquid explosive (NitromElthane ) vii th precision cones (24). This is the basis for estimated ultL~ate iMprovement in r eproducibility which was quoted earlier. Only r ecently additional investigations with Nitroglycerine (25) confirmed t he conclusions based on the earlier tests. Practical considerations make the use of li~id explosive undesirable. Those which conform to ::;ensitivit~' requirements produce small penetra­tions. Charge assembly is also complicated. Ho\'Tever, the results are indic~tive of the value of a uniform expl osive in reducing the round to round variability in shaped charge tests . 

Since solid explosives have positive coefficients of thermal expansion there is always a tendency for cast charges to crack upon cooli ng. Pressed charges may crack in expansion after release of pressure . The techniques used to insure high densities for tl1e explosive enhance the tendency for crackine.. This imperfection may occur anywhere in the charge and in any direction. There is no direct evidence that :i.t adversely influences performanceo 

Voids and bubbles have the same appearance on radiograpLu. Bubbles form \or hen the cooli ne is too rapid to permit entrapped air to escape t o the top of the charge before the melt solidifies. They also result when dissolved air i s separated out in t he crystallization process c Voids occur as a result of shrinking as the explosive cools . It is not statistically conclusive that small bubbles or voids in regions far removed ·from the liner have appreciable influence on performance (25)o Bubbles or voids at or near the liner are importanto Single cavities have been introduced into charges 1 5/8 inches in dia~eter by r emoving the liner ~ · drilling a hole in the ·charge and then replacing the liner (26) o Control shots in \orhich the liner s \-!ere removed and replaced indicated no deter ioration in perfonnance due to the operation, hence 
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any change in penetl'ation corld l e attributed ~rim'lrily to the hole 

in the explosive. 

r:ccrea1Jc in Penetration 

Cavity Locati.on .3/1~'.{ J /16' Cavi.ty 1/8 11 X 1/8 11 Cavity 

At apex 10% s,: 

1/3 length from apex 20% 25% 

2/3 length from apex JJ% 10% 

5/6 lenrrth from apex 5% 

These 11ercent::tges are approx:i.m:J.te , but ttey indicate that the bubble 

effect ~ay be a:'preciable. s·,all bubt-lc;s · r voidz distributed 

uniformly throufhout the charge reduce the density. From a consider a­

tion of detonation pres~nrc a 2 11ercent density change may rroduce as 

!"l.UCh as a 5 !)Crcr:.nt VP.~·i r>.tion in 1~enetra+-ion. 

Pipes .1rc lm; <.!(imsit:-:' recicns ;."~.~ r:J.lld to ti1ti' axis of the ch~1.·ge 

produced bcc:-.•.1 se t.hr exnlo::; ive tbes not flow into this region in the 

final solidification. 1'r:c:r cn.n b::! Ci'm":.roll~d t~ a certain extent by 

using SH.fficient r:i.Aer, o-r thay can bf' removed by drillin~ or remelt­

ing this region of the charge and repouring, In S•)me C3ses when the 

casting 11ol d is ins•1l::tted a pipe nay occur as a thin cylinder displace.d 

from the axis. vlide spre~ds in penctr::ttions or the reduction of mean 

penetr~t1ons have been attributed to the cylindrical pi~e. Gn the 

other hand slig~t increases in !~cnctr.,ticn ?.lso }nve teen :lttribut.cd 

t0 thQ ·~:nve sh<J.'Iinp· ·".d.irm ~ lf Sl'1<'11 s·.rrn'l'letric r i•;cs o·:1 :r.·: (.· , ~~ -~· ·n .:~-x l.s. 
v • • ~ , 

In G•-:!".f't·al ;>ir·r·::: .,r., c··": ~; : r1cr:3:- l !''ldc:-:i.rable becnlJse tl1ey ::we nncl)nt.rolled 

variations CJntril'.Jt'.t-ir,:: to the l..,ck ()f ch wc:e uniL>r!'lit;.r. 

The influence of locRlized inhomogeneities is hard to ta.:tc:c•llt.:: . 

Their occurrence has the effc-ct of tilting or otherwise dist,rbi~t~ i..he 

uniform detonation front needed for ideal liner collap5e. A ccnsjdcrable 

a'T!ount of the spread i...."1 r esults obtn-:.ned fro11 a gro·1p of 511ppo!Jedly 

un"i .for;n sha!"cct ch<lrr,cs :naJ be caused b.y· this irrecularity. t\s inc!ic:.tted 

previously t.hc use ()f :1 liquid CJX!-)losivc, wr.ich is assumed gradient 

free, resulted in a SO percent decrease in the coefficient of vari?­

bility for tbc :r.ean ""'enetration . ln tl1ese considr~rat i.ons one is ccn-

C( rned 1:itl! the ult:L"l::ttc ~erf0mance '.;hich :•ligl1t he C"X:>ect ed fro7! an 

ideal charge . This has not been established . lt is therefore not 

possible to indicate !~ov1 far one nust. go tov:ard :irnprovinp; charge 

uniformity before negligible g:1in in reproducibil i. ty of ;)erformance 

results. 
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Summary 

In summarizing it is noted that the e.xplos.ive detonation parameters 
are fairly well known. Those of interest in shaped charges may be 
computed "lith an accuracy of !:) to 10 percent for a given explosive. In 
the present state of the theory this is satisfactory althou~1 further 
refinements may be neededo Shaped charge performance at least in part 
may be correlated to det onati on parameters so that the best explosive may be selected from detonation data . Explosives with high detonation 
velocities and densities are preferred . Of t he existing explosives 
Composition B is good, but improvement. is possible by going to a higher 
RDX content cyclotol or an octol (H:~A/'!NT) . Up to 20 percent increase 
in penetrat i.ons oyer CoMposition B can be realized by the proper sub­
sti tution. 

TI1e effect of explosive distribution may be explained qualitatively 
and in some instances quantitatively. General rules for optimizing 
the explosive distribution are not available but t here is a considerable 
experimental background to guide further designs. The method of 
initiation is important. Improvement may be realized in shifting from 
the standard point initiation system, but such a shift must be made 'With 
caution. 

The problem of charge preparation must also be considered carefully 
if maximum uniform performance is to be achieved. The present methods 
for producing cast charges give reasonable uniformity and density but 
can be improved at least for experimental charges . The extent which an 
improved charge preparation will help performance or general reproduci­
bility is not knovmo It may be snall. The use of pressed charges should be consi dered since it is possible to obtain density and uniformity cam­
parable to cast charges, Press ing permits use of high performance ex­
plosi ves t hat are not castableo 

Charge imperfections resulting from the preparation techniques have 
been discussed in detail. ~~y of the results are inconclusivea Local 
irregularities in the region of the liner are undesirable and contribute to lack of reproducibility in penetrations . Uniform distribution of very small bubbles reduces the overall density of the charge. However, 
this may have only a small influence on general performanceo 
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TABLE 1 

.Explos:.·,e Composition Density Detonation Sensitivity Penetration (inches) 
(gns/cc) Velocity (Dr op Heig."lt NOL Other 

(m/sec) in ems.) (DuPont) 
TNT 'i'rinitrotoulene 1.6~ 6980 162 4. 25 4. 2 

59.5 39 .5 1.0 ' 
(DuPont) 

Co:nposition B H.DX/'l'NT jwa:x 1.69 " 7930 60.4 6.17 6 ,2 

91 9 -.._ 
Co:npositi cn A* RD:</.-Jax 1.6o 8230 50.8 6 .,22 

-
50 50 ® 

(DuPont) 

50/50 Pentolite PETN/'l'NT 756o 23 .. 5 5 ~56 5a5 

40 38 17 5 
hBX-1 :IDX/ TNT/Al/D-2 L72 7350 95 u7 5"16 

43. 2 28.0 28-C ' 

F'fK-2 . iDX/'D-'"'~ /',...,, ' 1 63 " 0000 6 .57 
' ' J:. J. , \ 1 'I J. ..._ (DuPont) 

70 30 c0) 
65/35/Tetratol/ 

70/30 Tetntnl 't'etryl/1'1~ 1' 7310 5.12 5.0 

70 1" ~ ... -
70/3~ <>;clotol RDX/TI~1' L70 8100 37 .6 6 .27 

~-
75 25 ~ 

75/25 Cyclotol HDX/TNT l .. 71 016o 6 .. 56 
~ 

75 25 ® 7S/25 Octol W.1X/TWf 8350 45.6 6 .. 98 

77/23 Octol 23 ·n 
lli J.j'l'N'l' ~ -3!~40 7.45 

*Pressed (all other explosives listed here cast) 
DuPont char{;es vrere similar except chg. height was 6.0 in. 
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CHAPTZR VI 

FUZES FOR SHAPED-CHARGE MISSILES 

Introduction 

J o Rabinow and ~mo Piper 

National Bureau of Standards 
WashingtonY D. Co 

This chapter is concerned vrith contact fuzes for shaped-charge 
projectiles . ~lhile exper~ents have been conducted with proximity fuzes 
for such applications> and the fuzes have pr~ved particularly suitable 
for the very large roundss at the present writing it appears that the 
cbmplexity and expense of a prox~ity fuze for rounds smaller than 8-
inch in diameter is warranted only in special cases ~ 

A fuze for a shaped- charge round has some elements in common with 
other types of fuzes ~ and same features which are unique. A fuze, in 
general , consists of two essential elements which are somewhat mutually 
contradictory~ It mus t possess a safety system that keeps the fuze 
inert under all conceivable conditions until such time as it is con­
sidered to be at a safe distance fro~ the launcher; and then the fuze 
must execute a technical somersault and become a very sensitive and 
lethal device I) In sane of the simpler fuzes these two separate functions 
are so intermingled that the dist~ction is sometimes losto In the 
more sophisticated fuzes this distinction between the trigger and the 
arming system i s very marked and, particularly 1n devices like the 
proximity fuze and the fuzes for guided missiles, these tHo com:::>oncnts 
consist of separate and distinct physical entities. 

Because of sPecial requirements in design1ng a fuze for a high­
veloc ity sha}~d-chargc round} the triegering and the safety devices are 
separate devices . In some of the fuzes 1vh1ch have been and are being 
designed for 1~~-velocity rounds however~ the physical separation is 
not well defined ~ The reasons for this will be explained in detail below. 

General Reguire~ents 

Because the shaped~charge explosion must be initiated from the 
base of the round, the mab detonator s location is immediately fixed o 
In locating the target- sensing element~ however the designer has some 
latitude . It may be well to consider a diff1cult case f1rst A 9Jm.'n 
fin- stabilized gun-fired projecttle may travel at a velocity of some 
2500 feet per second o The distance fro~ the nose of the round to the 
location of the detonator is approx1mately 1 1/2 feet : This means that 
if the round is to be dctonatea a very short t1me after the nose contacts 
the tarect (the time being lL~itcd arbitrarily by the require~ent that 
the nose must collapse not more than 1/4 ~nch before the initiation of 
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explosion), the f ollol·Ting requirements of time exist: The initiation 
must be started in 8 micros econds, because that is the time required 
for the shell to travel 1/4 inch. If the detonator r equires 6 micro­
seconds to detonate after r eceiving the signal, it follows that the 
information must travel from the tip of the shell to t he detonator in 
2 micr oseconds. This ~~ediately rules out any mechanical means of 
transmitting the information from the front to the base of ~~e sr.ell, 
and it is because of this consideration that an electr ical system was 
adapted for the T208 fuze vrhich will be described later. 

In the case of a subsonic round such as the 3-1/2-inch r ocket 
grenade or, even better, the T37 rifle grenade , the requirements for 
speed of initiation of the explosion are far less stringent ., A rifle 
grenade travels at some 150 f eet per second. Again, if one permits the 
round to deform a 1/4 inch before setting off the high-explosive charge, 
the time available is 140 microseconds, and a mechanical transmission of 
information from the nose to the rear element becomes at least theoreti­
cally possible. Two general methods are employed to provide mechanical 
transmission: One is the so- called "spit-back" fuze where a small 
shaped- charge explosive in the nose of the round is initiated by a 
percussion primer and fires a jet backwards through a passage provided 
in the main charge into a base booster . Since the velocity of such a 
&nall jet is very high, this provides an extremely rapid method of 
transmitting the trigger action from the front to the rear, Another 
approach used in rocket grenades is to have an inertia weight located 
at the base of the r ound . hben the r ound contacts a target it de­
celerates, the inertia weight slides forward and fires a percussion 
cap. The disadvantage of this type of fuze is that it is inherently 
slow and t hat the shell is r equired to have a very rigid nose section 
so as to prevent collapse t·;hile the fuze is ;;oing throt:.c;h its triggering 
cycle. 

Electrical Fuzing 

In order to fuze a high-velocity round, several electrical methods 
have been tried. One is to use a power supply such as a batter y, a 
svritch in the nose (1-1hich may be a s impl e double shell), and a detonatcr 
at the base with an appropr iate arming system. The second, which is 
really a modification of the first, is to use a source of electrical 
energy which is inert until firing, such as a simple impulse generator 
that charges a capacitor on firing~ This capacitor can be made to hold 
i ts charge for the duration of the flight of the projectile and can be 
discharged by a s-v1i tch as i11 the previous case$ 'l'his last approo. ch was 
used in the first model of the T208 but Has abandoned in favor of the 
SL~plicity of the piezoelectric generator . A third possible electrical 
method is to use a generator located in the nose of t he projectile 
11hich is enereized by the impact with the target; either an electro­
magnetic or an electrostatic device can be used a 
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Driving a small magnet through a coil can be made to generate 
enough energy to fire a detonator~ This has been tried but there are 
certain difficulties in actuating such a device at various angles of 
impact and also keeping it small enough to be put into the nose of a 
shell and not interfere with the formation of the jeto The method now 
being employed in several fuzes makes use of the piezoelectric effect 
of a barium titanate element. The barium titanate crystal as used 
in this fuzing system has been given the coded tenninology of 11 Lucky11 

fuze and should be so referred to whenever possible . Figure 1 shows 
the general arrangement of such a fuze o 

A small disk of this materials approx~~ately 1/16 inch thick and 
3/8 inch in diameter, is located at the forward end of the round ~ 

The disk is silvered on both sides~ and electrical connections are 
broug}'t out from the two silvered surfaces? One side of the disk is 
usually "grounded" , and a vTire lead is brought from the other surface 
through a suitable anning switch to the detonatoro In the high-velocj.ty 
rounds, a rubber cushion is placed between the bari~~ titanate disk 
and the metal ogive of the projectile. This is done so that rough 
handling ldll not break the crystal. The r ubber, however, transmits 
high-velocity shocks l<~ith very little attenuation, so that upon contact 
with the t arget it acts as a 3olid and the bariwl titanate disk is 
subjected to a large and sudden compressive force~ When subjected to 
shock large enough to crush the element, such disks deliver as much as 
1200 volts on open circuit and \-Till fire a nominal 1000-erg detonator 
lvithin 10 microseconds. Because they are essentially high-impedance 
devices, barium titanate generators are generally used in conjunction 
with carbon bridge detonators . 

Because of the simplicity of such a fuze, this system is also 
being used in the T2030 for 3-1/2-inch rockets T205; t he T224 for the 
75mm recoilless round, Tl88; the T2028 fuze for the high velocity rocket, 
T2017; and the Tl014 fuze for the T37 rifle grenade. Experiments are 
now under way with low velocity rounds, with the intention of locating 
the barium titanate element at the base of the projectile, in the sam~ 
package with the arming system and the detonator, and to transmit a 
mechanical shock to it thl•ough the body of the projectile . As stated 
previously, this is possible where sufficient time after impact is 
available . 

Arming Systems 

The arming systems for the shaped-charge rounds can be of many 
types acceptable for other high-explosive rounds. Bore riding pins, 
pull wires, and other externally operated devices may be used. External 
electrical systems can be connected to the fuze~ air pressure devices 
may be employed, e. tc. The sys terns generally being adopted at the 
present time make ·use of acceleration of the round in such a manner 
that arming will occur only at some time after the round has reached 
a predetermined minimum velocity and, if required, after a specific 
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additional time has elap 1ed after firing. Since hermetic sealing of the 
fuze ia always d~sirable~ the use of acceleration is particularly 
attractive since this is the only effect that can operate in a completely 
sealed systemo The specific method that is used is to integrate accelera­
tion over a certain time so as to distinguish between proper firing and 
accidental acceleration such as shock in handling, and particularly in 
accidental dropping of the round., 

A typical acceleration device is shown schematically in Figure 2o 
It consists of several set- back weights held forward by springs and so 
arranged that they must move back in sequenceo The device is further 
so arranged that if only some of the weights have moved back under the 
action of acceleration ~ and the acceleration ceases, they all return 
forward so that the fuze cannot remain partially armed , 1he restoring 
springs also serve to increase safety because they set the threshold 
acceleration that is required before the elements will respond at all~ 
Details of sane of the arming systems will be described under the 
appropriate fuze headingo An out-of~line detonator is universally 
employed because it is generally considered that detonators are less 
stable than other components of the explosive system. The evidence 
that electric detonators are , in themselves, dangerous is very scantyo 
The writer knows of no case where an electrical detonator was exploded 
by any means other than applied electrical energy o This does not mean 
that heat due to a fire could not fire a detonator, but because the 
detonator is normally surrounded by high explosive, it is doubtful that 
this presents any additional hazard over that generally ·obtained when 
high-explosive shells are .subjected to a fire o The electrical detonators, 
as used in shaped-charge rounds , need not be of the very sensitive typeo 
lhis should make them safer to handle than others of that general class o 

The above remarks relative to electric detonators should be con­
siderably qualified in the case of certain roundso In several shaped­
charge fuzes, graze action is achieved by a mechanical stab-primer which 
explodes a relay of lead azide lvhich, in turn, explodes the main electri­
cal detonatoro Because of the sensitivity of such an arrangement,. out­
of-line mechanisms are requireda It is also possible that high-velocity 
impact will function an electric detonator . In the field, therefore, 
light-wall ammunition may be seriously jeopardized by stray fragmentso 
1his may not be true in the case of rounds with very thick walls, in 
ldlieb the detonator is amply protected from any fragnent.s but those of 
the highest velocities o 

A simple method of obtaining both electrical and mechanical arming 
is to place the detonator into a movable member such as a small c.ylinder. 
Then, with a single motion, it is possible to align the detonator with 
the rest of the explosive train and at the same time to close the 
electrical circuitse In the "safe 11 position, the detonator can be short­
circuited or left unconnected. It has been stated that it would be 
desirable to keep the detonator short- circuited when in the "safe 11 

positiono The writers are of the opinion that if the fuze is contained 
in a metal case, this is a superfluous requirement because there is no 
possible way in which an electrostatic charge 3 due to external causes, 
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can be accumulated inside a completely shielded enclosu It is assumed, 
of course, that the electrical arming system is adequate to prevent 
galvanic currents, or piezoelectric currents due to set-back, from re,ach­
ing the detonator. 

Specific Fuzes 

T208 

This is one of the early piezoelectric fuzes. In the original 
model, an :impulse- generator-capacitor system was employed. A photograph 
and schematic of the original version are show-m in Figures 3 and )a. 'lhe 
generator consists of a coil approximately l inch in diameter and 3/8 inch 
thick, wouni with very fine wire. An alnico magnet, 3/8 inch in diameter 
and l/2 inch long, is placed inside the coil. On set-back, a multi­
element device releases the magnet, vlhich moves rapidly out of the coil. 
This produces a high-voltage pulse that charges a capacitor . To prevent 
the capacitor from subsequently discharging back through the coil, a 
breaker switch is mounted in the path of the alnico magnet so that the 
charging circuit is timed to open just after the capacitor has been fully 
charged. The capacitor then holds its charge until impact, at which time 
the double-wall nose "switch" discharges the capacitor through the deton­
ator. Although the very first fuze of this type worked, subsequent tests 
\'i'ere extremely unsatisfactory and the fuze was abandoned because of its 
relative complexity as compared with the barium titanate design. 

A photograph of the components of the barium titanate T208 Faze 
is shown in Figure 4. This is the latest model, designated T208E7. 
The safety of the fuzes is based on the three-lead set-back device 
shown in Figure 4a. The leaves are made of aluminum for lightness 
because of the very high acceleration of the rcund, and are interlocked 
by small steel pins, w-1hich can be seen in the photographs. Each leaf 
is held in its forward position qy a small spring, and the weight of 
each l eaf and spring combination is such that a set-back force of 
4,000 g is required for the leaves to move back. The third leaf of the 
series releases the arming rotor that carries the detonator. Friction 
between the rotor and housing prevents it from turning until setback 
drops to about 100 g. This assures bore-safetyc \vithout any additional 
delay mechanism, the rotor turns in about 5 milliseconds and therefore 
arms the round 15 feet from the muzzle of the gun (in the 2800 fps Tl08 
round). By the addition of a small flutter mechanism, the rotor can be 
delayed so that the round arms at 25 feet from the muzzle in a 1000-fps 
round. This is the lowest velocity contemplated for this fuze. 

One side of the detonator is grounded to the rotor; the other is 
brought out to a contact spring w.Ihich, upon arming, makes contact to a 
stationary terminal. This terminal is connected to the barium titanate 
nose element. The fuze is contained within a heavy steel wall to confine 
the detonator blast if it should explode in the out-of-line positiono 
A small thinned-out section of the barrier plate separates the detonator 
from the booster and couples the explosive elements in the in-line 
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positiono Originally a pellet of tetryl was placed in this depression, 
but subsequently the unit has been modified by making a through hole in 
the barrier plate and later pressing in a gilding-metal lead CUP o The 
fuze-triggering element is a disk of barium titanate3 3/8 inch in 
diameter and approximately 1/16 inch thick. It is moo.nted as shown in 
Figure 5o A cap of rubber or similar material is placed over the barium. 
titanate in such a way as to fill the space between it and the ogi.veo 
A flexible strip of metal is pushed through the rubber so as to form the 
electrical connection between the top surface of the barium titanate 
and this ogive o The rubber provides the tolerance take-up in assembly 
and serves to protect the barium titanate element in rough handling of 
the roundo At high-velocity impact wit4 a target, ho~~ver, the rubber 
acts as a rigid element and transmits impact without substantial 
attenuationo 

The lower surface of the lucky rests on the inner, insulated, cone 
which serves both as a support and as part of the electrical circuite 
An insulated wire is connected to the bottom of this cone and passes 
through a me tal conduit vThich is rigidly attached to the inner surface 
of the explosive cavityo This 'Hire terminates at a connection on the 
base element. One of the difficulties encountered in providing an 
electrical connection from the front to the back of the round was that 
the high value of acceleration made a single-wire connection difficult 
to achieve o A rather strong wire , made of 7 # 28 AWG strands of Alcoa 
52S and covered with 0 .010 inch nylon insulation, was finally developed 
and1 by the use of the inner cone as part of the circuit,~ was kept as 
short as possible o 

'fhis fuze has given excellent performance in preliminary tests 
and at the present writing is in initial stages of large- scale pro­
ductiono Figure 6 sho~1s several sequence photographs of the 90mm 
Tl.08 round equipped with the T208 fuze impacting against .5-inch armor 
plateo The photographs were taken at approximately 81000 frames per 
second so that the velocity of the round, the time for fuze functionD 
and the velocity of the penetration of the jet can be estimated . The 
fuze works satisfactorily up to angles of impact of 6.5°o 

A graze action of this round is now (early 19.53) in the process 
of being developed and will be added to the production fuze in the 
near future . It consists of a vrcightcd mass attached to a firing pin. 
(See Fim1rc 7) On lJTipact the inertia drives the firine pin into a 
:;tah-senri t ~vc 1~d.''lc'r h~ •::-if1 r, i:1 tl!r:tJ inith.tc;.; 'l fla:n-::; ... · t ;,. 

~~- Ch'l'!"r't> ,.-, 1:n~t1 "1ii-r!C"' ~C~r.~·· · 2tCl~r..-;l . ..:~~f(*'~~CIC.f'>'~.IOJl(t.~~9lW.C3J .­
detonator, tJl'iCh in turn function::> tl:e r ound, The :llicrU.a H'•J. ~.h .... ~ 
restrained fro:n moYinr; ,mtil 'Ll!t; rotor nov.~· tc i.Le in-J.inG 1~0. · Li; • 
A small compression spr ing keep::; the i:1ertia uei:nt from creepin_:r 
forward during fli~1t> and thus reduces the kinetic energy which the 
mov1ng weight develops during the deceleration due to a graze impacto 
Alternately~ the lead azide relay can be replaced by a barium titanate 
crystal which, compressed by the primer gases ~ produces an electrical 
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FIG. 6. T 1 OSE 16 90mm fin stabilized HEAT rounds with T208E2 fuzes fired against 5 inch 

armor, plate, Aberdeen Proving Ground, December 1950 and January 1951 
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pulse that can fire the main detonator~ 

The M404 bazooka fuze is typical of the bore-riding-pin arming, 
mechanical-inertia fuze, It is shoi>m diagramatically in Figure 8. 
The bore-riding pin is held in place by an inertia l-reight rthen t he 
round is in the l aunchero upon firing~ the inertia weight r el eases 
the pin, which i s then prevented from leaving the round by the wall 
of the launchero As the round leaves the tube, the pin is eje cted 
sideways by a spring, and the fuze is armed immediately after this ~ 

Upon impact with the target~ the round is decelerated, and the 
inertia mass moves the percussion pin forwards fires the detonat or , 

'and thus initiates the explosion. The inertia weight is not f astened 
to the firing pin, but acts through a third-class lever system, 
mult iplying the motion so that 1 motion increment of weight causes 
about 8 motion increments of the firing nin n 

Fuzes of this general type have several inherent dis~dvantages . 
One is that there is no appreciable safety delay after firing; hence, 
contact t•ith camouflage or the branches of a tree can cause an early 
function. The bore~riding pin3 being an externally operated device, 
prevents the complete hermetic sealing of the fuze and uhile rubber 
gasketed caps are employed in shipmentJ moistureJ ice and corr~sion 
have to be continually fought in such designs. This type of fuze 
also suffers from the disadvantage that it is ver.y difficult to make 
it operate properly upon grazing impact Figure 9 shows rrhat happens 
when such a round impacts very obliq~ely aeainst the target. The 
force of deceleration under such conditions has a large component at 
right angles to the axis of the round , and under certain conditions 
the frictional force (due to the side acceleration) is sufficient 
to prevent the rieight fror1 sliding fortvard . This is also a difficulty 
encountered in providing t;raze action ~n electrical fuzes. Several 
methods of miniJ':'lizing this frl::tion have been tested . One is to use 
one or tl·ro steel balls in place of the sliding 'l'lCight, as shown in 
Fi mure lOa, Another is to provide a linear ball-bearing as shown 
in Fibure lOb; still another is tte cammed-rod type shown in Figure lOc. 
Such schemes, while reducing the frictional forces on the inertia 
weight, also increase the complexity and cost of the round ~ 

The greatest disadvantage of an inertia-Height mechanical fuze, 
however, is its slow actionc Assume , for exa.'Tlple , that the JTeight 
has to move 0 . 1 inch to funct~on the primer; the nose section has 
(in a typical case) an approxilnate strength in compression of 500 
pounds; the grenade weighs 5 pounds and has a velocity of 200 fps ~ 
This means that on impact the shell decelerates at 100 g, or 3200 fps. 
The inertia Height, then, moves forward through the 0 ~1 inch in 
Oc0023 second~ The shell is therefore detonated after the nose has 
crushed about 5 inches, This rough c~putation assumes that the 
velocity of the shell suffers negligible reduction during the impact e 

157 



Tetryl cover-----~ 

Tetryl ~uvlly 
l 

Top cover 

Mechanism~ 

Matn body 

~ 

Creep spring ___ _ 

Graze mass-------

Sealing gasket --------. 

t 
Bottom cover 

FIG. 11. T2030E2 Base element components 





An electrical fuze, the T2030 , f or this 3 1/2-inch rocket~ is 
being developed ( see photograph ,• Figure ll~ and lla).. It is similar 
to the two electrical fuzes previously described except that the set~ 
back weights are heavier and move through larger angles and are sup~ 
ported by relatively softer springso This is because of the loVTer 
value of acceleration encountered by this round. Originally$ the fuze 
was specified to initiate arming between .300 and 400 go Complete 
arming was to take place between 20 and 35 feet from the launchero 
Work was undertaken on an improved round which required release for 
arming betl·leen 900 and 1200 go The acceleration period was shorters 
necessitating a reduction in the number of se~back leaveso Once 
the set-back leaves release the rotors and the acceleration drops to 
zero, the rotor is restrained by a delay systemo The delay is pro.., 
vided by a starwheel and oscillatingwpallet flutter mechanism which 
is geared to the rotoro 

The luc~ element is hemispherical so as to present a larger 
area at the point of impact and to alj gn the mode of polarization 
most favorably to the impact stress. Subsequently, holrevers further 
study and tests reveal that a suitably mounted flat disk may be 
superiors since the ratio of strained area to total area at impact 
may be larger than 19 the corresponding hemispherical unit.. The 
unstrained part of a lucky does not contrit:u te any energy to the 
external circuit and behaves as a capacitive shunt$ reducing the 
energy available to the det onatoro The cost of the flat unit appears 
to be about 1/10 that of a corresponding hemispherical units making 
it particularly attractiveo 

The graze element vlhich is being considered at the present 
writing is essentially of the inertia type s with two variations 
(See Figures 14 and l4a)o Variation Number 1 is simply a sliding 
weighted firing pin, free to strike a primer when the round is 
deceleratedo Variation Number 2 is similarly a weighted firing pin 
but resting on a cammed surface so that the force normal to the axis 
of the round due to a glancing impact can assist in moving the fi~lng 
pin into the primero Because of space considerations it was necess~l 
to locate the primer back-to-back with the detonatoro A longitudinal 
blow~hole along the primer and detonator directs the primer f l ash to 
the lead azide relay located at the most sensitive spot of the detonataro 
This entire assembly could be replaced by a combination detonator~ were 
one available . As yetJ however, there are only experimental layouts 
of such an item., 

At the present writings this fuze has passed its laboratory tests 
but will not be put into production until work on the shaped charge 
head is completed and service board tests can be 1~n o 
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For the T184, 57~~ fin- stabilized round to be fir ed from a 
r ecoilless rifle , a fuze ver y similar to the T208 has been developed . 
Because of space consider ations, the base element is of smaller diameter 
and somewhat longer. Ap,ain a multiple- clement set- back dev ice i s used 
as the safet y , but in this case the set-back leaves are arr anged in a 
single plane, as can be seen in Figures 12 and 12a. It is believed that 
this leaf arrangement is superior to the ones previously descr ibed in 
that no interlocking pins are employed, the aneles through Hhich the 
leaves rotate are greater, and visible inspection of the asse~bly i s 
much easier. 

In the matter of the electrical cor..nccti.on, hm;cver, a radical 
departure from the ~1irinc; system of the T208 is being tested . (See 
Figur e 13). The copper liner is rtade with a flash tube and mo1lnted 
so as to be insulated from the body of the round . Toeethcr \·:i th the 
inner cone supporting the lucky, it provides the electrical connection 
between the barium titanate ~nd t he fuz.e. The fuze is provided ~.ri. th 
a special terminal 'Hhich plu r.:s directly into the flash tube so that 
no other wiring is required in assembling the round and a very efficient 
assembling procedure is therefore provided. It is hoped that a similar 
chanc;e "Vlill eventually be incorporated into the Tl08 round as vrell .. 

The general specifications for the T'224 fuze are as follot-lS: 
The nominal acceleration of the round is 12,000 e; the fuze must release 
for arming at 4 , 000 g and arm not less than 25 feet from the ~nuzzle, 
and must function at all angles of incidence up to 65°. It is also 
being provided with a graze action .. 

This is a. fuze des ·: ~-ned for a lo~1 velocity round, the 7'37 rifle 
grenndc (See Fieure 16). Accelcratio:1s encountered by the fuze avera0e 
1200 g for 4 milUscconds and t he final velocity of ~he round is about 
150 feet per second, The fuze, s: let:n in Figure 15, is similar to the 
other electrical fuzes ,~reviously described, 1rith the appropriate set­
back ~vcights causing its arttir~g. ;.. wide variety of eraze :necho.nisms 
have been proposed and tried for this round . Thu:; far most of them 
have failed to function the round consistently on the first impact, 
particularly >·lhen hits are made on soft earth with very little obli quity. 
This may be unrepresentative of service conditions, but is an excellent 
laboratory goal . The design that is most promising uses a spring-
loaded firing pin that is tribf:ered by an interia-opera ted member. 
The energy neccss:1ry t o fire the r.rir.1cr then can bC' predetermined, and 
the graze system can be r.J'lde as sensitive ~s desired , I nitially, it 
was intended to include delayed arming and a rrraze :nechanism in the 
fuze. Hoto1ever, due to the urgent requirements for an armor-piercing 
round of this type, it Has decided to rele'lse the basic fuze first 
and then prove out the addition:1l features for i ncorporation in the 
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fuze at a later date. Because of the very low velocity of the round, 
and the requirement for proper functioning at large angles of incidence, 
the rubber protective shield has been removed from the lucky and a 
rather large lucky is being used~ The fuze performed well in the 
initial tests and is, at the present writing, going into large scale 
production. 

Footnote 

Bariun titanate (BaTio
3

) is a hard, light- colored polycrystalline 

substance vThich looks very much like china , 'The composition which has 
found greatest use in fuzes contains lead titanate in controlled amounts 
for improved high-temperature cerformance . Its dielectric constant 
of approximately 1500 is some>-;hat lot.1er than the material used for 
cera.'llic capacitors. It is prepared for use by mixing the C<l"'ponent 
powders and pressinr; them, while slightly moist, into the desired shape. 
The green units are fired in a furnace at about l)00°C. A silver 
paint is applied and fired at about 690°C to form the electrodes. The 
units are then made piezoelectric or polarized by a1)plying a high d-e 
voltage . Voltages of 70 to 80 volts per mil of thickness are used and 
the unit is i.:n:nersed about a half-hour in an insulating liquid to pre­
vent sparkover and corona . The units are then ready for use and remain 
active per.11anently as far as can be ascertained, deteriorating only 
Hith temperature in excess of the Curie point, whi ch is about 12ooc. 
The application of a stress produces a potential difference betHeen 
the electrodes . If a load is connected, current will flow and produce 
electrical energy . Tne follot·ling general cqua tions rela tc the energy, 
voltage, and physical characteristics of the !ilaterial. 

Voltage out:->ut, V = 2 .. 2P t l·:her e V = volts, P = pressure in psi, 
t = thickness i...Tl inches; 

- 2 2 t 
Energy = l ol X 10 F • A , 

E = energy in ergs, 

F = force in pounds, 

A = area in sq . * in . 

*Data from Franklin Institute Report 6-16-511 7-15-51, p. 2247-4. 
Information compiled from Properties of Piezoelectric Barium Titanate 
Cera.~ics issued by Erie Recistor Corp ,, and article Journal Acoustical 
Society of America, Volu:ne 2h, :Jo .. 6, p. 709, Nov. 1952, Electro­
mechanical Properties of BaTi03 by Brush Development Compan,yo 
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Because of the low ve}pciti es of the rifle grenade and the 
3 1/2- inch rocket grenade, experimellts are being made with a view 
to the relocation of lucky t\) the r~ar of the roundo It should be 
possible (theoretically, at least) to transmit a mechanical shock 
through these rounds fast enough to detonate the rounds before the 
nose is appreciably crushedo The relatively weak ogive in the case 
of both the rocket grenade and the rifle grenade is such that this 
is somewhat difficult to accomplisho However, preliminary tests 
using a fairly rugged structure are encouraging., By mounting a 
barium titanate crystal in the base element, backed by an appreciable 
mass of metal, it appears possible to generate enough current to 
detonate the fuze by a transmitted mechanical shocko If this arrange­
ment proves to be practicable, it would make possible a single compact 
assembly of the entire fuze with the concomitant advantages of com­
plete sealing, simple packaging, and simple assembly into the roundo 
It is interesting to note that the T37 grenade itself was developed 
in conjunction with the fuze and has spec~ al features of assembly 
and construction for the support of the lucky and of the base 
elemento This tendency to parallel and integrate the development 
of the round and the fuze is, in the writers ' opinion, highly desir­
able and should be encouragedo Too often in t he past the fuze designer 
has been confronted with an existing round which is far from optimum 
from the over-all engineering point of view, and has, therefore, been 
handicapped by inadequate space, poor location, or fastening meanso 
Intelligent compromiee between the vehicle and fuze parameters should 
always result in a more soundly engineered and integrated weapono 

FIELDS FOR FUTURE WORK 

"One Piece 11 Fuzes 

There is little question that a single compact unit fuze would 
be most desirable for the shaped- charge roundso Many of the ordinary 
fuzes were made as a single package and depend on the deceleration 
of the round for actuation. For reasons stated previously, such 
fuzes were generally too slow for modern weapons o A promising field 
of work, therefore, is in the development of high-speed fuzes which 
can be mounted at the base of the round and which will be actuated 
b.1 nose contact with the targeto Experiments conducted at NBS and 
elsewhere indicate that if a sufficiently sensitive fuze is desi~edj 
the mechanical shockwave produced by contact with the target can be 
employed for triggering., Unfortunately, there are many difficulties 
in this approacho If the ogive wall is thin, the amplitude of the 
shock is quite · low, and it is difficult to derive enough energy from 
the resultant pulse to operate a simple fuze o Heav~er and more rigid 
ogives are one possible solution, but they have the limitation of 
adding unnecessary weight to the round .. More sensitive fuzes can be 
built~ but they require much more sensitive detonators, and the best 
detonators . presently available are probably not good enougho Electronic 
amplification, particularly with the use of transistors and very small 
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batteries, may be worthwhile, particularly in the larger rounds. In 
any case, the problem of triggering a base fuze by nose contact at very 
high speeds should be worked on intensivelyo 

Fuzes wi th Long Standoffs 

Because certain charges in combination with certain liners appear 
to give improved performance with very long standoffs, there is a 
fruitful field of work in fuzing for this applicationo In the case of 
bombs and other very large projectiles, VT fuzing is entirely possible 
and has been the subject o1 experimentationo While no fuzes are now 
completely engineered for this service , there is no doubt that fuze 
functioning can be obtained for any standoff from a few inches to 
many feet with fairly good accuracy, and if long standoffs prove to 
have the anticipated advantages , this should be a fruitful field of 
work. Other methods of obtaining long standoffs, such as extension 
probes, leader projectiles, and bouncing mechanisms, are at least 
theoretically possible o 

Hand and/or Rifle Grenades 

It is conceivable that shaped charges could be effectively applied 
to hand- thrown grenades o This would mean that special fUzing designed 
particularly for very low velocity impact would have to be developed • 
The experience with fragmentation hand grenades would, of course , be 
applicable here except that all-way fuzing may not be required because 
the shaped-charge grenade must necessarily be oriented at the time of 
impact . 

The National Bureau of Standards is now experimenting with a com­
bination rifle and hand grenade o- 't.'hile this grenade is not now designed 
for shaped-charge work, it would be fa,irly easy to modify it for this 
purpose, and it may serve as a starting point for the development of 
armor-piercing hand grenades . The fuze is of a simple inertia-weight 
type and should be entirely satisfactory because of the low velocity 
of the roundo 

Detonator Research 

The study of initiators is of particular importance to the 
problem of fuzing for shaped- charge rounds . In the writers' opinion, 
the present knowledge on detonators is far from sufficient, although 
very rapid strides are being made to fill in the gaps., The design of the 
proper detonators is quite archaic, and a great deal of work is 
obviously indicated in simplifying, miniaturing, and reducing the cost 
of electrical detonators suitable for the mass production of shaped­
charge fuzes . The present electric detonators, or initiators, ar e a 
throw-back to the blasting caps used in industry, and their design is 
such that the cost is 5 to 10 times as high as it should be ~ New 
detonators, designed specifically for automatic production, for 
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machine ~nsertion into fuzes 1 for au to;·natic connection to the circ t:i try. 
etc o ~ should be developed. 

The business of connecting a detonator into a circuit by bending 
two pieces of wire ~ tightening them under scre~o1heads, or soldering them 
in place" is indefensible ~ A very appreciable saving in the costj 
safety9 and over- all elegance of a fuze can be achieved by radical re­
d~sign of electrical initiators . This work would also be very profitable 
not only to the shaped-charge field but to the field of VT fuzes j mines ~ 

bomb fuzes 9 and all ordnance where electrical initiation is employed ! 

Another important field of work that should be pursued is the 
investigation of the safety of electric fuzingo The ar~ents for using 
in~line and out-of- line detonators should· be carefully reviel-Ted . Con .. 
siderations of safety against fire, shock ) and accidental application 
of electrical energy, should be investigated without the bias that is 
present in the field today due to greater experience with mechanical 
initiators o Because many shaped- charge fuzes are buried inside the 
explosive cavity of a round ,~~ safety from fire may be easier to achiev-e 
than in other fuzes~ It is , perhaps, possible to design electr~cal 
detonators which are as safe from shock as the main charRe . If this 
is so . requirements for out-of-line detonation may be eliminated , If 
v ry l_arge a.J'Tlounts of electrical energy are available on im~act .t such 
:1s is the case in certain lucky fuzes, the usual d:mrrers l-! ith sensitive 
detonators may not existo In any case , the requiret'lents for a safety 
mechanism should always be examined so as to produce the best over-all 
fuze from the point of view of dependability as ,.1ell as safety o This :is 

particularly true in close~support 1-1ea~1ons, such as a grenade round 
where a dud is much more serious to th0 us l.np r.erfi<mnal th:m \Jvuld be 
the equivalent condition in bombs dronnod f r om rd c-craft Also; the 
large quantities in which such fuzes 1re built nako adona.1ic'> imperative. 
'!his mczy be particularly serious in the case of a rtajor v1ar Hhen many 
of our facili ties will probably be destroyed o 

Productio~ Engineering 

Since "crash" progra.'ils are the n .. n·.,al mode of existence in the 
development work on new fuzes , relatively little opportunity exists 
for modifyi ng9 simplifying9 or reducinc the cost of fuzes for shaped· 
charge roundso Too often~ the first fuze that wor ks ends up by being 
the production modeL This is quite dEf8rent fro;l the c~r.d:i.tions that 
obtain in industr.y> where basic designs are little modified over a 
period of years j and a great deal of effort goes into simplifying and 
reducing the cost of the production items . Efforts to simpli£.1 and 
:improve existing fuzes are , of course, always being made $ but it is 
the writers 1 opinion that the intensity of such efforts should be 
increased and that definite dollar or cents goals be set up in the 
redesign of existing fuzes~ Perhaps contracts or special prizes could 
be awarded to industry for submitting the best redesigns of fuzes for 
productiono If it is possible for suppliers of the automobile industry 
to engineer and produce a complete door- lock mechanism» a mechanism that 
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1vould meet all rnili tary specifications for corrosion resistance, 
vibration and shock tests, for something like ~ cents, it should 
certainly be possible for a shaped-charge fuze to be produced for 
less than one dollar. Modern methods of assembly should be 
emphasized, together with the avoidance, wherever possible, of slow 
operations such as lathe and milling-machine work. 

It is difficult to understand why a present T208 fuze costs 
almost as much as what the industry pays f or an electric stea~ iron 
which is constructed of aluminu..11., stainless steel and bakelite; which 
is provided with an electrical heating element and an adjustable thermo­
stat; and must withstand tem9erature and corrosion conditions far in 
excess of those required of the fuze. The arguments that the milita~r 
specifications are far more stringent than those employed by civilian 
industry are, in the writers' ~)inion, not borne out by the facts. 
This is not the place where the possible reasons for the high cost of 
ordnance should be discussed, but certainly a continual and thorough 
investieation of the cost factors i s indicated . 

THE ENEkGA RIFLE GRENADE 

The Energa rifle grenade is an anti- tank weapon provided for use 
by infantry and other rifle-ar:ned troops. It is primarily a 11 close- in11 

weapon, using a .73 lb., 3 L~ch dianeter conventional shaped charge. 
The overall grenade is 16 i:1ches lo!"l~, wcir,hs 1 lb. 7 oz. and has a 
maximum range of 328 yards, (fig. 16). 

'Ihe fuzes used Hith this grenade are the percussion type and are 
known as 11 spi tback11 fuzes. F'igure 17 shows a Hodel 19 Mark 1 of the 
fuze designed for direct action on impact and rigure 18 shows a Model 
19 M:1rk 2 designed for direct and t;r aze action on irnpact.. On setback, 
referring to Figure 18 liThich appears to be the latest model, the arming 
sleeve overcomes the arming spring, freeing the steel balls lllhich hold 
the striker at.;ay from the detonator~ The striker is then held off the 
detonator by the striker spring only. Upon ~npact , the striker is 
driven into the detonator 1t:hich fires and "spits" back a flash to the 
main detonator at the base of the grenade body through a central tube. 
The main detonator initiates the booster oellet, which in turn detonates 
the main HE filling. The striker head is of tungsten caroide and has 
a jagged edge which is claimed to dig into armor and function the fuze 
at angles up to 68°. On graze, if the striker is not contacted, deceler­
ation of grenade body and fuze housing caus~s the detonator and striker 
guide asse:nbly to set fon·rard and function the detonator . '!be model 
shown in Figure 17 operates si.:nilar ly to that in Figt!re 18, but the set­
forward force due to impact causes the detonator asseMbly to move and 
strike the firing pin. 

An additional safety device is incorporated into the base of the 
gr enade body. The shroud, shoun in Figure 19, is assembled into the 
rrrenade body between the fuze and the main detonator. It fits over a 
central tube' and is locat.ed by raised studs which engaee in zig-zag 

171 



Internal Safety 
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Distance Piece 

Tail Adapter 

Tail Tube 
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No. 107 MKI 
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FIG. 16. Energa rifle grenade with percussion fuze 
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Fuze ~rcussioo, D.A., No. L9 Mk. 1 

On Firing 

• 

Safe 
Arme d 

FIG. 17. Percussion fuze -direct action type 
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Fuze, percussion, D.A., No. L9 Mk. 2 
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Cap 

Str i ker 

Striker Spring 

St riker Guide 
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Dody 
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Detonator Holder 

De tom. tor 

FIG. 18. Percussion fuze -direct and graze action type 
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FIG. 19. Internal safety device 
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channels cut in the central tube. In the safe posit ion the shroud is 
held by a spring which to.rces the studs to the dead end o! the shorter 
channel o On setback., the shroud moves rearward against the spring and 
oscillal.es about ita axis because of the stud engagement with the 
shorter ~ig-zag channel. This oscillation stmilar to the mot ion of a 
wheel and pa llet escapement adds a time delay to the action of the force 
and therefore prevents operation on instantaneous shocks . SiJnilarly 
when the shroud reaches bottom and setback ceases, it is moved back by 
t he spring with a time delay controlled qy the longer zig•zag patho 
When i t reaches the end of the track, there is no further constraint 
and the spring ejects it into t he front part of the body cl earing the 
hole for passage ~f the nose detonator 11 spit11

o 
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CHAPTER VII 

THE EFFECT OF ROTATION UPO~J Si!.H'ED CHARGE JETS 

Louis Zernow 

Ballistic Re search Laboratories 
Aberdeen Proving Ground, ·"!vlaryland 

Historical Introduction 

ll though it t-ras known before 19LD (1 ) that spin stabilized shaped 
charge pr ojectiles gave much poorer penetration when fired dynamically 
than when fired statically, this was attributed for a long time to 
improper fuze functioning. It was not until 1943 that it became apparent 
almost s iP\ul tane ously to the British (2) and the Gennans (3) that this 
deterioration \-:as in fact attributable to rotation. This vms verified 
by bvth eroups (4) (5) by means of static spinning exy,erimen ts . 

In the United States, the Explosive Research Lab<'ratory, and 
0SRD, {6), (7), (b} took up the study of r otation after the British 
experiments were r eported . They c onfirmed the British results and ex­
tended the v10rk to include experiments to evaluate methods of overcoming 
and reclucing t he effects of rotation, Gtudies of t ru11mets and hemi-
3pheres were carr~ed out by ~4a.L. a s well as the initi~l fluted liner 
experiments. 

}'ollov:ing the end of the l-Tar, study of the rotation problem ~~as 
continued by the group at the Carnegie Institute of 'l'echnoloty. In 
addition to C. I. T. , the Firestone Tire and Rubber Company and the 
Eallistic Rese~rch Laboratories are the other two groups of investigators 
now puttine; sizeable efforts into the s tudy of the effects of rotation. 

'l'he physical effects of r otation were found by the early investi­
rators to consist gener ally of a "spreading" of the jet observed optically 
by the Germans ( 9) usin~ :nultiple Kerr Cell photoGraphy and b,y the British 
(10 ) ·IhO fir ed. r :>tatcd charf:e o vertically a t night . Clark and Fl&mine (11} 
\Jere the fir o1 t,,, ~tudy the effects of rotatlcn by mean~ of flash radio­
pranhic observations . Yneir ·!'adiogr aphs of jeto from rotated cones and. 
f:enispr er e s confirmed that the physical effect:J of r otation were dispersi on 
anrt fracmontation of the jet, 

Tn 1951 th2 dcvelo:;:>nent at the I?allisti c fte search Lat;oratories, of 
t he ;lire driven rotator (12 ) anc the application of improved flash rad io­
graphic "echnir-;uos to 10S!'l:n charges {13) made possible the study of the 
effects of rotation on a scale l ar ge enough to shou details of the 
physical effects of rotation upon the jet, It becarr.e clear at that time 
that the deterior ation of a copper jet could be followed through sever al 
distinct stages as r otationa-l frequency l-:as increased . 1'he evidence at 
that time vJas, ho~<.•ever, based "Jn s :ingle x-r~y exposures ~ Since t hen the 
development of a tri::>le- fJ.ash X-ray system (14) for studying jets from 
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FIG. I. Radiograph of jet f r om J05mm copper liner, unrota ted 
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FIG. 2. Radiograph of jet from 105mm copper liner, rotated at 15rps 

179 



. ..,.. 

.. 1 • 

J J 1 
i ; 

""''I . ' 
~ • , I, 

2 1 ~ ~ ~T !1 - ~ ,, • ,, 
It 

I! 

' 
a 

I • ~ 
I I •• I • .. J 

l ~ l ~ ,, 
1 It 

I; ~ I 

t I ;l 
' 

' 
• t '-

J I ~ J 2 J • 

-
0 . I 2 :\ I !) 

F IG. 3. Rad iograph of j e t from 1 05mm copp er liner, rotated a t 3 0 rps 

180 



-- =4 l.~tl..~ . 
' . \i·' ... 

' 
~ 

' t' ... 
• 

. -· ...... . ,. 
J ... · . , . ... ' ' • • .. ~ . ~· \ ' . . .. 

~ 
. , . 

·1·~ • \ 
• . 

Jl. 
. 

1. L• L l • ~ • 
' ~ 

J : 
l 

t I 

: ' • ,. 1.,. 

II • . ' , I . 
~ ' , 
( , .. f I . • • • I • ,. 

I .. ' • • 
• • 

' •' • • I 

1• "~ 
1 t • 1,. J 

4 L' 
, . 
• ,, 

' • . , ' • ' . • 
I I ' . ,, 
- I • 

' - , 
, • • f , 
• 

' ' • ' 
' 

t • • 
(.:' 

FIG. 4 . Radiograph of je t from 1 05mm copper liner, r otated at 45 r ps 

181 



~ 
1\) 

t o 

., .. .. 
" 0 
!' .. 

z II) 

~ . 
~ .. 
z • 
f 

EFFECT 0 ' ROTATION ON P£NETRATION 

AT VAR IOUS STA NDOFFS 

4~ · CU. CONE W/ S P IT IACK, I 0 5 MM 

0~~---L--~--~~---L--~--L-~---L--~-J 

~ ~ ~ • * ~ ~ ~ ~ - ~ -
"'EQUENCY O' ROTATION IIIP$1 

FIGURE II 

I 

~ 

..!!P. • v Q cos 9 
r 'o 

.,~ _ __ o_ 

· · r V0 coa8 

r'lr if •r
0
«V

0
cos8 

IF TAYLOR'S THEOREM 

IS TAKEN INTO ACCOU'IT 
WE SHOULD USE 

112 (8~~) 
t ==$ I fl => INSTEAD Of' 8 IN THE 

..!!.. 

EQUATION ABOVE. 

FI G. 6 

DERIVATION OF TUCK'S 

RELATIONSHIP FOR MISS 
OISTANC£ . 

corrected by Taylor's Theottm 

~ 



large rotated charges has made possible an extension of the previous 
work which has further clarified the details of the deteri oration 
process . The sequence of events as the rota tional frequency· increases 
is shown in Figures 1, 2, 3, 4 vrhich shoH the effe cts of increasing 
rotation up on the jet from a 105:nn coppe.r l iner. The deterioration 
process can be broken down into the follovd ng distinct steps : 

l. The jet which is normally continuous w·hen unrotated, begins 
to break up into separate pieces along its length . 

2 o As the rotational frequency increa ses, the cross section of 
th8 jet starts to dev i ate nore and more from a uni f orm circular shape 
and shaHS evic!ence of deformat i on int o a r i bt·on-like s tructnra . 

3. There is finally a definite bii'nrcatlon or souarntion of the 
j et into t~o essentially paral l el j e t s with each jet br oken into 
separate pieces. vlhen the bifurcation f i rst appears' generally the tr:o 
portions of t he bifurcakd jet seem to lie i n a plane of bifurcation, 

4 ~ Incr ea sing r ot \ tional frz~uency causes t he pl ane of bifurcation 
to be d i s tor ted into a helical surface .. 

The bifurcation in the j e t a~>pears to be as sociated with a 
cri tical frequ ency t·rhi ch depends on the caliber , Thus , bifurcation~ 
have not been seen i n Je t s fro-n 105r.vn char p.;e::; r ot a ted at 15 rps , •·here as 
dl je+.,s from 1::>5:rl,., ch3.r£es r ot"lted at k~ r rs sl~mr t i .f'u rcati on as do 
mont jets fro:n J.O)rrL"Tl charees r otated a t 30 rps c 

The incidence of bifUrca~ion i s cl early as sociated with the steepening 
por tion of t he penetrati on f all -off curves . (fif,',;r e 5" ) Finlll:,r the plateau 
region associated with the ~i("ilOsL S';)in frequl3r.cie-c; indicate~ that t he 
later modifi cations of the bifurcation p:ccce~s contribute ver;{ little to 
further reductton i n penetration , I t uas orir;inally conjectured (15 ) that 
the orip;inal bifurca t ion \rlas }::c r haps follo1v-cd by bifm·ca t ion of each of 
the ne"' porti ons of the jet. T'r.in has not teen ruled out , l;u t the ob~er­
vatiol"..s on the t:1rget r l ,··tc (1:') U?on H_-ic;i thi_~-; , ... ~.n b-:>.s~d can ~.lso t~ 
explained by the distortion of the plane of bi ~ 11 rc:~ t.i·:m i :1to n ::elic~.l 
surface . 

Theor v _ _._ 

It was pointed out by Tuck in 1943 (2) t'-.at r ot.a ticn could result 
in a m.alfonned ,jet . Rot ation of tne liner 1-1aul d c:~.use any element o! 
the col laps in p; lj.ner to mi ss tl.e ax :i.s (F'ipn·c 6) C' f the cone by an a.T,ount 

r ' 'it 

----·---

oo r 
0 

2 * 
v cos '{j 

0 

2 
l-<Thi s expres:.; it)n would be mor e 
cf. Figure 6. 

<I) r 
~ccurately writtm r ,:;- ·y- cos (~....-;;-) 

f) 2 
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-------...,. vt =a~ at = distance traveled by 
I! '',,, particle A in time t . 
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r~ ~ '',,, 
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\ 
\ " = c.~a 

r, =radius of jet at time t 

r
0 

=initial radius of jet 

VARI ATION IN CROSS SECTION OF A DISC SHAPED 

SYSTEM OF NONr INTERACTING PARTICLES STARTED 

UNDER INITIAL ROTATION AT w RADIANS PER SECOND. 
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~~ere r• = the miss distance~ r , 

r
0 

= the radial di s tance of the liner 

element from the axis of the cone. 

v
0 

c the collapse velocity of the liner 

element. 

e = the semi-angle of the cone. 

CJ) = the an8Ular velocity of the liner in 
radians/second . 

This woul d result in a holloP jet , This malformation rould cause 
a drastic decrease in penetration if r ' becan1e laree enouf)1. Thus on 
this basis, uirkhoff (16) esti.'!lated t~1at a 3" dia. liner t-rould shol-7 
appreciable deterioration due to this nalfornation at 100 rps. 

Birkhoff , using a different approach uhich neglects initial mal ­
formati on of the jet, has estimated t he decrease i .n the penetration f r om 
a given element of a properly formed jet due to the increase in cross 
sectional area r esulting from the expansion of the jet due t o rotation . 
A very useful dis cussion of Birkhoff 's t-rork has been eiven by Shofield (1) . 
On the assumption of a fluid jet rotating initially with an angular velocity 
ro radians/second he finds that the cross sectional area (of the jet element) 
will grow with time according to the relation 

A c A + ~w2 a2 t 2 =A (1 + w2t 2). 
t 0 0 

tor here A 
0 = initial cross sectional area of the jet . 

At = cross sectional area at time t. 

a = initial r adius of jet. 

(l) = initial angular velocity in radians/second. 

t = time in seconds from start of jet spread. 

This relationship is also valid for a disc shaped system of non­
inter acting particles and can readily be derived from the construction in 
Figur e 7. The increase in cross sectional area is equivalent to a decrease 
in the average density of the parti.cular jet element. '!his results accord­
ing to penetration theory, ll1 a decreased penetration by that jet element , 
since the penetration p is proportional to vPj· Therefore, if the length 

of the el ement of jet is asswned to be u::1affectec1 hv t he rotation then 

the penetr ation at time t 1-1ill 

V p j is proportional t o .J..... and 
~~ 
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The elapsed time t, measured from the formation of a jet element 
and the start of jet spreading to final impact of that jet element on 
the target, is given by S/V where 

S = the standoff for the particular jet element . 

V • the velocity of the particular jet element 
assumed to remain constanto 

Shofield, fol.lowing Birkhoff, defines a constant, ~0 characteristic 
of a particular charge and standoff for which S and V for a parti~lar 
jet element are thus defined. 

Therefore letting 

t = _L_ 
(1.) 

0 

the final dimensionless expression obtained by Birkhoff becomes 

Experimental data relating total penetration and rotation can be 
very readily fitted (17) by means of a Birkhoff equationo It was first 
specifically pointed out by Litchfield, Beitel and Eichelberger (18) 
that since the Birkhoff equation 1-1as derived for a given jet element9 it is initially rather surprising that the total penetration data should 
be representable by suah a functional form, since oo

0 
is clearly not a 

constant for all jet elfwents of a given conical liner undergoing collapse o 
They give the expre.ssion for the "constant" ~0, for a given jet element 
in terms of charge parameters as fol~Dws: 

'tv. sin ~/2 
(1.) = _..,J ___ _ 

o RS 

*Because of the fundamental importance of this relationship, its 
derivation by Beitel of the Carnegie Institute of Technology group is 
given in Appendix I. 
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•..,rllere "( = the thickness of the clement of liner~ 

v.= the v eloci ty of the element of jet coming through 
J that element of liner. 

~ = the collapse angle, 

R = radial distance of original liner element from cone 
axis. 

S = distance traveled by the jet from point of formation 
to point of impact on the target, 

Since w is a fu nction of the " osition of the jet elencnt ~long the 

jet it is clgar t hat the tot:1l penetr:1 tim \-:ill have to be obtained by 
integrating the differentia] contributions due to elements liith different 
characteristic w

0
•s. Hence, in t;cneral (e. g . on the basis of steady-~tate 

theory) the integr ated result Hill not have the siMple form of the Birkhoff 

equation. 

The C. I. T. Harkers have presem.cd plau ::> ibility arguments (18) for 
the approximate constancy of w

0 
on the basts of non-steady- ctate C0nsidcr-

a tions in the follovTinr, manner: For conical liners , v . decreases as R 
J 

increases f r om the apex to the uase of the cone . 'lberefor e ::t should 

decrease, slm1ly at first and then very rapi dl y, Simul taneo~sly sin
2 ~/2 

should i~~ slm-1ly at f irst and then very r apidly as one moves from 
the apex to the base. Thus , tile compensato:r.t variation of these two 
factors in the w

0 
expr esf:ion uill tend to reduce the range of variation 

of w
0 

over the liner in the case of non- steady collapse, 

'I'he fact that the si:npl e Bir!J:off C 'iU •tion act•1 3.ll~r does f it the 
observed data, is considered as evi.dence in SU!l!lort of ·i.~lu ide~ tbat 
w

0 
does remain nearly constant .. 

~Ci>LHJ.:.i u:mm HO'IA 1'IQ!.: 

Birkhoff has proposed (16 ) t hat for scaling comparisons of the 
effects of r otation to be applied to eeo~ctrically simil~r shaped charges, 
the correct measure of rela. ti ve spin is w d. , H~ere 

w - c..n,).blar vc l oc i ty of.: trc projectile 

d = cone dia~cter 

and that a proper correlation of scaled exocr i.rnental data would re~uire 
t he compari~on of dimensionless vadahles lii<e p /d and 7/d , '\vhere -

'"l ::: per:etr at.ion in c0r.e dia'llcter s 
d 

! .:. thickr.ect> cf lir:er in c.Jne dia:'1eters 
d 
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and the properly scaled relative s,in, ~ a . For an ac tual projectile 
w d can be conveniently obt ained fr0:n t he relation 

in which 

'l'hus, if 
then w D 

w u = v/n 

D = Kd , is the caliber of the projectile , K, 
the ratio of caliber to cone diameter 
being knovm for any o ven projectile 

v = the muzzle velocity of t he ,t:rojectile 

1/n = tl~ist or r).flirlg in turns/caliber 
(!. r; . J./25 

(Jl is expressed in rev/sec . , Din inches , and v i n feet ;::.'Cr second, 
(rp s x in} = 12 x v x 1 

n 

Birkhoff (16) S" .. tnmarizes t he arguments for scaling under the transfor-
mations 

X = >.. X \·rher e >.. = Scale Factor 

'I = >.. t X, x = posit ion coordinates 

v 'I: v T. t = time coordinates 

V, v = velocities 

The assu!nptions that support such ::m ar~;~..mcnt arc : 

a . 'l)1c l~ner bc!:aves like a fluid . 

1:. . Thcr:·w.l CO!F3·..lc t i.on ::.nd r::~C: j. 1hon ,J.!"C of ninor i"l;oortancc. 

c. Str esses do not depend on strain r ates but only on strains. 

Experimental evidence ol··taincd by OSH.D uHh 45° steel lir!el'S (7) 
cener ally favors this vie:·;;>oint. Fi:~·tre C\ iJJustrates the OSi:(; resul ts . 

Ti·e d Lsarree::.cnt evident in Fit':Ure 8 betYJeen the scaled penetrations 
at 0 r ps a s Nell as over the entire range of v) d , probably reflects, 
amone other factors, the lack of geometr i cal scalinq a~ong the projectiles 
compared . It is evident t hat if pfp >iere plotted as the or dinate , instead 
of p , the af;I'eement betHeen the resu£ts for different si::,es uould be oettcr 
than th~t shovm in Fi~)lre 8 . :~once, the S:Li!ilarity of t he t li:o curves 
sue~ests t~at ~ d is indeed an arpropriatc scaline parameter. 

Deviations -vrhich occur are at least in part attributable to the fact 
that comparisons in some cases vrere Made Hith charp,es Hhich 1·rere not proper l y 
scaled eeomctrically. Tl:erc is a '!')O:J .::H,ilH::, r.o·.:cvc!', that scale effects, 
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such a::; e;reater :i.ns,Wbility of the jet from a thinner liner* as rrell as 
strain rate effects may also contribute to the deviations observed 
in some experiments. Nore carefully designed cxpcriffients are needed 
to establish the scaling facts from the experimental vierTpoint and 
improvements in the "art of scaling" may ultimately bring the experiments 
into complete affreement rrith the theoretical predictions. For the present 
the scaling correlations suggested by Birkhoff offer the s~est guide. 

An empirical scaling correlation has been proposed by Winn, , 
{19) which docs not use the Birkhoff scaling relation, out instead 
assumes the penetration law 

where 

This leads to the expression 

L=K w p 
0 

L a relative loss in penetration = 1 

w = rotational frequenc.y 

K = proportionality constant 

p
0
= penetration when w a 0 

p(l)= penetration wnen (I) a (I) 

=K wp 
0 

Po 
or (p - p ) = K w p 2 , p "" p (l - K w p ) 

0 (I) 0 I t1 ~ 0 • 0 
·. 

Thus since p
0 

- p
00 

is the actual loss in penetration this means that 

the assumption is being made that the actual loss in penetration at any 
spin rate is proportional to the square of the unrotated penetration p , 

0 

On this basis there is drawn a set of curves o+ the form 

pw = p (1 - Kw p ) 
0 0 

which relate the rotated penetration p
00 

to the unrotated penetration p
0

• 

-~'l'here is scattered evidence that indicates a decreasing optimum standoff 
(in cone dia~eters) for smaller cones as well as incomplete evidence from 
flash radio~Vaphs that ::;ugge&is the poscitili ty of relatively earlier break­
up for smaller cones. These notions should not presently be considered as 
firmly established , They do, hor1ever, warrant additional careful investi­
gation. 
**Since t he tip and tail velocities of a jet should be independent of the 
caliber the strain rate(6v/L) at a given jet length, should vary inversely 
with the caliber, because the jet length should vary directly with the 
caliber. 
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In comparing penetr ations from rotated 57mm cones with penetrations fro;n 
105mm cones, i t is found that the proposed correlation is invalid beyond 
45 rps so that predictions Must be l~nited t o this ran@e of spi n fre­
quencies. 

Unfortunately, Winn's 57mm data and 105mm data were not obtained 
at the same scaled standoff, the 57mm data having been obtained at 3,5 
cone diameter s s t andoff and the 105mrn data at about 2 •. 2 cone diameters , 
Therefore the ro d scaling r elationship should not necessarily be obeyed, 
and indeed it is not, as can be seen from Fic~re 9. 

A more rational scaling procedure would involve starting 'lofith the 
Bir khoff c~ation p

00 __ _1 _____ _ 

and since 

p := 
0 

ro should vary inversely ~·Iith the cone diameter since the thickness -r:, 
tRe r adius R and the element?l standoff S should all transform according 
to 

X .. AX 

whereas v . is unchanged. Hence the functional form for w
0 

as a function J . 
of the scale factor X shoul d be 

ro (X) "' 
0 

ro 
0 

-r-
Thus for a 57rnm cone , the V':'Jne of w

0 
shonld be 2 ti.11cs the value f or a 

cone 1-1i th tuice the 57mm diameter if the.ir penetrations are compared at 
the sa::1e scaled standoff under rotation. 

All the penetration rotation data, if it scales should then be 
correlated with a single expression of U:e fom 

= 1 

where d a cone diameter 

ro
0 
* = the value of (0

0 
f or a cone of unit diameter under the pre­

scribed standoff conditions . 

This expression contains the scaling relationship in the form 
required by theory. 
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FIGURE 9 

CURVES ILLUSTRATING NON-SCALM ROTATION DATA WHICH MAY 
BE ATTRIBUTABLE TO ~ILURE TO SCALE STANDOFF 
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It is apparent that one should not expect scaling under rotation 
to follow if the unrotated penetra tions do not scale. Hence in order 
for the scaling relationship to be applicable at all standoffs it is 
necessary for the unrotated dimensionless standoff penetr ation curves, 
p/d vs S/d to be identical for all cali'Qers to be compared. It may 
be considered t hat failure to meet this criterion is an indication 
either that the geometrical scaling has been improperly carried out, 
or that factors such as those previously mentioned (thickness and 
strain rate effects) are preventing the proper scalingo 

Another point of interest is the apparent f ailure of the simple 
ro d scaling to adequately correlate the data from liners of l-tidely 
different sizes at the highest rotational frequencies , The appare~t 
failure of t he 57mm and lOSmm correlations of J: 00

1p 0 vs ro::l at the high 
frequency end is apparent in i'icare 9. How much ol' this is due to 
standoff differences is not prc:cnt.lv known. 

Scaling data on copper l iners mve · )een obtained most recently by 
Firestone* over the fairly narrm·t range of cone diameters (20 ) from 
2 .S" to 3.5" and the data Hhen plotted as p

0
jp

0 
vs vd (where v ;:; 

rotational frequency vlhich is rn- ) seem to fit the Cl:d scaling law 

quite well except possibly for the very high values of v, in which 
region the orieinal penetration data for the 3.5" charge behaves 
strangely. Their results are !>hovm in Figure 10 • vmen compared v:ith 
the r esults for the 57m'll size A. i c:t "lrc to be .:'mmd i n t'R.L '·3 ! on p . 340 , 
i t is ac:ain a;-p~rcnt that i: ~<:: r~£\.' J. t::; sw•-;cst .:t postiblc failure of the 
ro d scaling lar; at the ver;; hil"'h spin fre,~uencies . 

If the ap!)arent deviation from the ro d scaling law at high values 
of ro d turns out to be real, it is believed that an explanation for t his 
will be found in the observations which have been made on the details of 
the deterioration process o Experiments aL~ed a t ascertaining the scal­
ing relJ.tions in t.l-}e r egions in question are being carri ed out but have 
not yet been completed. In addition, experL~cnts involving studies of 
effects of liner thickness upon jet stability v1ill be of interest in 
interpreting these results of rotation experiments, since if jet break-up 
was influenced by the liner thick-:.cs:- inc' er;,endentl;r of size, earlier jet 
break-up of small liners co· Jo. l, C! (' r>otri~utir:r- t o 1.hc :momaloas results . 

In su-:nrr.J.r,;.r, for the ca.·· ' r ,. , t..c· .c •. : · d as .:1 ncaling var iable 
for predict· '1'' ... ··e r~·:;uJ.t.s of .l.' ..J c, .• ' .i. 1 1. ~ :n ?enetrati on appears to be 
the best ::v .:J.ll tblcl basi.s -.:ver t: e L'C:.uLd 0 - l'JO r ps and 57mm to 105mm 
caliber s. For .hifher spin f roqnc11cicr. it i.s still the bent 17,n ide, but 
exper jn.:mtal vc:-if:i.cnt.i ons :tre rcco~nc"ldec as ~ check on predictions , 
It :~~ c~ectc·. -.:.:1 t. expri"'.onl..1 cur•·c:1tl.l u1.C.cr \:a•' •:ill el:i.t\in~.te the 
uncertn.:i.H:l.lics that exist for the nigt est v;J.lues of CJ l 

*The author is r,rateful to Dr Hugh v.inn of the Firestone Tire and Rub1:er 
Co . for making his d~ta available prior to publication 
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'i'HB EFFECT OF CONE ANGLE UPON PENE'ffiATION ffilDER ROTATION 

Theon: 

An analysis of the effect of cone angle can be attempted in terms 
:>f the parameter <&>

0
, by trying to determine the effect of cone angle 

upon <&>
0

o Thus by differantiating w with respect to a 
0 2 

·c v. sin ~/2 
(I) : 

o RS 

and hence if ~ remains constant 

dro 
0 ere 

It would be necessary to evaluate ~ , dS 
'd9' 

and ~ for corresponding elements on the j~ts being compared. It is very 

difficult to do this quantitatively but the following qualitative analysis 
can be made . 

l o As a decreases vj increases . 

2 o As 0 decreases p decreases . 

It will therefore be assumed that to a first order approximation the 
numerator7Vj sin2 ~/2 - remains constant because of the campensator.y 

variation of the last twO --factors. ..iurthermore 

3, As a decreases R remains approximately cons tanto 

4, As e decreases S increases . 

1nerefore the denominator of oo
0 

increases with decreasing e. 

The overall effect is then a decrease in w as e decreases . This 
would lead one to expect an increased sensitivi£y of small angle cones 
to rotational deterioration. This is contrary to the predi ction of 
TUck (2) on the basis that the ~iss distance rt = ro r

0
2 , is smaller 

if e is smaller o vo cos a 

However, a mor e careful analysis of. T•.1ck'-s formula shows that 

al t hough z·1 does indeed become smaller f or decreasing ~, the smaller 
cone angle r esults in a greater effective standoff f.or the jet element 
from the point of formation on the axis to final target impact. This 
allows correspo~~6Teater deviaticn r adially at any ~iven point along 
tl:e a,, is . 'l'heret"ore be~aus<3 the collision point for Jet 6le:nonts from 
~nall an[le cones is nearer the ap~x of the coneJ it suffers a ~mailer 
'fuck type malformation, but the sante jet element after fonnation must 
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travel a greater distance to target impact for the same reason$ and 
hence suffers greater radial spread after formation. Hence the con­
clusion drawn fran 'lUck's equation seems more uncertain than that drawn 
from considerations of ro • At any rate, considerations of the effect 

0 

of 9 on ro lead to the expectation that small angle cones will be more 
0 

sensitive to rotation. 

Experimental Results 

The experimental data obtained during the war by 0SRD (6)j on the 
effects of cone angle are not easy to interpret because of large ex­
perimental dispersionso However, the general conclusions drawn by their 
investigators are essentially as follows: 

1. At ~hort standoff the larger angle liners show little deterior­
ation due to rotation. However, since their uqr.otated penetration is 
relatively poor this is of little practical value . 

2~ Because of the increased effective standoff (due to the 
increased cone 'height) of a small angle cone, it is more seriously 
affected at a given external standoff and its penetration is t herefore 
not appreciably better than that of a large angle cone (6) . 

These conclusions are unfortunately not as specific as would be 
desired by a designer. Additional experimental data which has been 
obtained at the Ballistic Research Laboratories using 105mm charges of 
a given fixed height at a standoff of 7 1/2 11 which is near the common 
built-in standoffs for ammunition (~2o3 cone diameters) are shown 
plotted in Figures 11 and 12. In these curves comparisons are made of 
the unrotated penet~ation and the penetration at 45 rps, as a function 
of cone angleo The results within the range of variables so far explored 
clearly 'indicate an increased sensitivity of small angle cones to 
deterioration by rotationo From the practical viewpoint of the designer, 
the best cone angle from these experiments at 45 rps appears to be about 
45°> even though the smaller cone angles gave ?etter unrotated performance 
and the larger cone angles showed reduced sensitivity to rotation? These 
results are consistent with the crude analysis in this sectiono However9 

caution must be used in extrapolating to other conditions. The experiments 
~mich are being continued will cover a much larger range of the variables 
ro9 and the standoff for various cone angles. 

In summary, the designer can expect to find small .. angle cones more 
sensitive to rotational deterioration than laree angle cones under 
standoff conditions normally existing for ammunition. There is not 
suffici ent eood information on the cone angle effect at large standoffs . 

:·. a 
. . .. 



THE EFF::.CT OF LI .~ER THICKNESS ON PBNETRATION UNDZR ROTATION 

Theory 

For a given liner diameter and standoff3 the liner thickness enters 
't:y. . 2 ~/2 the expression for ro

0 
in the munerator, i.e., ro

0 
= · J s~ • On 

the other hand, the other factor in the numerator v. sin2 ~/2 would be 
J expected to decrease '\·ri th increasing thickness since ~ should decrease 

with increasing 1:, and v. l.rould normally decrease due to the decreased J 
value of ~ (Hhich makes the collision point coordinate system move more 
slowly relative to the ground) . lienee tho effect of liner thickness 
upon ro

0 
would depend upon the extent to t-Jhich ei thcr of these b.ro 

potentially compensatory factors t:, and vj sin
2 ~/2 dominated the 

numerator. 

Thus if the numerator 1: v. sin
2 

f. /2 increased as -r: increased, ro J 0 
would increase with the thickness -r: • Increasine cl) • •. ;ould result in 
reduced sensitivity to rotat i o!'lal deterioration singe a higher rota­
tiona l fre ; uenc': w t·:oulc.i be r eC}uircd to r-ive the s a:1e fractional re­
duction i n pe netration. 

Conversely if tho numerator decreased ''!ith increasi ng 1: the sensi ­
tivity to rotational deterioration \lOuld be increased as 1: increased. 

bince it is apparent that the t1-10 factors in the numerator vary in 
opposite directions in such a manner that they tend to compensate, one 
might expect that the effec~ of liner thickness upon ro

0 
might be 

relatively small, and perhaps of Gecond order , This analysis, of course, 
does not take into account the other possible independent effect of 
increased thickness, ioe., increased jet stability with respect to break­
up. Such an effect \-10ulc, of course, tend to make thicker liners less 
sensitive to rotational deteriorationo 

Experimental Results 

There have been very fetv rotation experiments reported* involving 
liner thickness as a variable . 1bose which have been carried out up 
to the present time seem to confirm the e>·pectation that over the range 
of thickness studied the effect of thickness is not of major i'llportance, 
and that the penetration performance of a uniform conical liner under ro­
tation is, 11i thin the precision of the experiments, essentially unaffected 
by thickness .. 

*The author is grateful to Hessrs. Eichelberger and Litchfield of the 
Carnegie Institute of Technology for makinr:; their ex:.J~ri'ltenta.l data available 
prior to publicationo 
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Improved experiments, with extra care taken to reduce dispersion, 
Hill be required to establish the existence and magnitude of the thick­
ness effect in rotation . Separate experiments are required to ascertain 
the contribution, if any, of the liner thickness to changes in jet 
stability to break-up . Such experiments are under way at the Ballistic 
Research Laboratories and at Carnegie Inst i tute of Technology but at the 
time of this review there are no definitive results o The best course 
for the designer at this time is to treat the thickness variable as if 
it has no effect upon rotational penetration1 and that the best perform­
ance under unrotated conditions should determine the thicknesse 

THE EFFECT OF STANDOFF UPON PENE1RATION UNDER ROTATION 

There has recently been completed at the Ballis tic Research Labora­
tories a very comprehensive experimental study of the effect of rotation 
and standoff upon the penetration of heavily confined 105mm drawn copper 
liners. The most useful vray to summarize this study is t o present the 
experimental results in graphical form.. These are shown in Figure 13. 

These results can be considered typical of good liners since the 
unrotated performance of the basic liners compares favorably v7ith the 
best results ever reported~ 

The •conclusions of value to the designer, which may be drawn from 
these results are as follm-1s: 

l. The Penetration at a given standoff decreases monotonically as 
the rotational frequency increases . 

2. The standoff corresponding to peak penetration decreases as 
the r otational frequency increases until at the highest frequencies 
used ( _.. ?.40 rps), the optimum standoff is only a few inches ~ 

3. At low.r rotational freguencies useful penetrations are obtainable 
even at the largest standoffs (42") used . The implications of this 
result are important for the problem of defense by spaced armor . 

THE EFFECT OF LINER NATERIAL UPON PENI!:TRATIOll UNDER ROTATION 

There have been penetration experiments com~arine various liner 
materials under rotation carried out by OSRD (21) by Firestone (22),(23) 
and by Carnegie Institute of Technology (24) ~ In addition, flash radi o­
graphic jet studies have been carried out by the Ballistic Research 
Laboratorieso The penetration experiments generally lead to the con­
clusion that no material studied so far offers any striking advantages 
over any other material insofar as rotational effects are concerned; 
the predominant role of the unrotated penetration makes copper still 
the proper choice for penetration purposes according to the penetration 
experiments. 

199 



1\) 

8 

z -
z 
0 

~ 
~ 
~ 

FIG. 14 

COMPARISON OF PENETRATIONS OOT"AINED WITH POINT 

INITIATED CONICAL LINERS AND PERIPHERALLY 

INITIATED TRUMPET LINERS. 

TRUMPET LINERS (CU) (ELECTRO-FORMED) 

PER1Pt£RAL INITIATION 

161 I \. I '>c::::l'' I I T I 

~ 12~--~-r------+-~---+------+------;------,_----~ 
~ 
~ 

sl I I 

DRAWN LINERS (CU) 
POINT INITIATION 

I /1 
S.Q 93/4

8 
I 

4L-----~------~------~------._----~~----_.------~ 0 15 30 45 60 75 90 

ROTATIONAL FREQUENCY (RPS) 

• 



The flash r adiographic studies by the Ballist ic Research Labora­
t or i es have indicated a basis for expecting differences i n the behavior 
of various mater i als because of the expected dependence of the critical 
fre quency for bifurcation upon the physical properties of t he mater ials . 
Such differences have actually been observed. These st udies have, 
however, not yet pr ogressed to the point where conclus ions of value to 
a designer may be drawn . It :nay even turn out that the differ ences 
which seem to exist may be too small or may rec_:uire t he use of strategic 
material for t heir expl oi tation. 

T"t!E EFFECT OF LillER SHAPE UPON PENETRATION UNDER ROTATION 

It has been suggested by various investigators {e,g., Birkhoff 
BRL 623 ) t hat t rumpet shaped liner s mi ght shm-1 incr eased rc:;~istance 
to deterioration by r ot ati on . This view is based on the notion t hat 
since the t rumpet l iner is on the average nearer to tl1e axi s of 
r ot ation than the equivalent cone of equal altitude, i t ought t o be l e ss 
affected by rotati on. 

Experiments by the Carnegie Institute of Technology several year s 
ago did not bear out such expectations . Ho1-1ever, experiments which have 
been carri ed out at t he Bal listic Research Labor ator ies using trumpet 
liner s with peripher al init i ation have indicated t hat one can indeed 
obt ain r eductions i n the deteri oration of the performance under rotation 
by means of a trumpet shape. , . 

'lbese exper iments Here f or some t ime pl ac.;ued b:r an inability t o 
r eproduce the experiment al r esults. This difficulty has recently been 
traced by Lieberman to an inadvertently overlooked mechanical inter­
fer ence ;rith the late collapse stages which has been eliminated. In 
addition, asymmetries in the explosive have also been shmm ty Lieberman 
to be of importance in hindering rcprocluci1;ili ty . 

fl. comparison of the most recent perfor1nance of peripherally 
i nitiated t r umpets Hit h the correspondine cones of 45° apex angle i s 
shown in 1- igure 14. 'i'he pcrfort,ance of electroformed t r umpets (per ipher­
al ly ini tiated ) is compared ldth the best draHn conical J i.ners avail­
able at the Ballistic Research Laboratories in the same caliber .. 
I t in quite evident that the pcriy>herally initiated trum~ets "rc resist­
ing deteri orat ion C(Ui te effectively. ~lore complete coverage of the 
pertinent variables is still needed, but the effect is sufficientl y clear 
to warrant cvnsideration o:f this system in applications involving lo•ser 
rotational fre~uencies. This syntem may be consider ed competitive with 
f l uted liners in this range, and may have advantages since there is no 
peakinG of t he penetration performance at a given rotational f requency 
but r ather a reduced deter ior ationj the performance llnprovine monotoni­
cally as the rotational frequency decreases. The possibility of i ncreased 
sensitivity to loading a~;mmetries is a disadvantage that must al so be 
considered. It should, however, be possible to overcome this with c~re­
ful l oading techniques. 
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The flash r ad iographs of the jets s ho\vn in Fieures 15 and 16 bear 
out the increased resistance of this system to rotational deterioration. 

In or der t o minimize the effects of rotation i + t::; lc~;:i. cal to 
start the collapse as near the a."'<iS as )')o~;sille , e.~:~ > by the use of "l 

cylindrical liner. The earliest r ecorded eY.·,eri:;ents 1, ith cyliLdrical 
liners are those of the British (25). The rroup at the Ballistic 
Research Laboratories , una\·rare of such 6xperiments started a siMilar 
investigation in 1950 (26) and since that tine, investie;ators at 
Frankford Arsenal have also attacked the problem and have produced the 
\.rave shaping system Hhich so far has given the best penetration per­
formance. 'l'his performance level, however, 3nd the rcnroducibili ty have 
both been inadequate~ 

The major problems in the investieation of cylindrical liners are : 

l. Devis ing a system .,,hose unrotated pe !·for:nance Hill cor.1pare 
favorably ,,,ith that of a conical 1 ~.ncr in the sa:ne projectile. 

2. Perfecting a Have shaping system \·:hich v1ill be suffici ently 
reproducible to make experimental investigation of other para~etcrs 
possible~ 

'Ihe advantages of a small diameter cyEndrical liner (lre : 

1. The cylinder should exhibit a high ability "tn rn·stst deterior­
ation by rotation. 

2 , 'there is potential value in the possibility of making the 
penetr ation depend upon projectile leneth rather t: .an !)rojcctile caliter. 

,., 
3. .Lhe sjftlplicity of t l.,e eeooct.ry should have advantages fro:1 

the production vim·!point-. 

'l'he possibl e disadvantages of such a liner are: 

l. Very hie;h pr ecisj_on 1-1Hl pr obably be r equired for the cylinder 
liner. 

2 . A vrave shaping system is required accordjng to present designs 
to f,Ot enough m·1terial into the jet to make a sizeable hole dianeter 
\·rhich is essential for l ethality pur roses . 

3. PreGent designs have up to this time given penetration per­
f ormance no better than half of that attainable vri th a cone in the sa'Tle 
projectile. 

Figure 17 sho,·rs the appearance of the jet from a 4" long cylindrical 
liner whose interior dia:nete r is 1 11 and \·:ho:;e exterior dia."!let€r is 1.1 11 

in a heavily confined l~Sn.'l b cdy,. 
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FIG. 18. Hl)le in mild ~teet made by the type of jet ::.hown in F1gurc 17 
(Note the small diameter) 
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Figure 18 shows the hole in mild steel by such a jeto 

In summary, the designer should be avrare of two developments 
involvine li.ner shapes aimed at reducing sensitivity to rotational deteri­
oration. Of the two, the system involving trumpets with and without 
peripheral initiation is much nearer realization and application than 
the system involving a cylindrical liner v7ith a wave shaping device. 
Both of these systems should be distinguished from the fluted liners 
and other methods which are discussed in Chapter VIII. The latter 
are more properly considered methods for actively overcoming the effects 
of rotation, while the systems discussed in this chapter are passive 
systems • 
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APPENDIX I 

DERIVATION OF THE EXPRESSION F<R ~ IN TERMS OF CHARGE PARAMETERS 0 

by 

F. P. Beitel 

Carnegie Institute of Technology 

~ wish to find an expression for the effect of rotation upon penetration of a conical liner. Since a non-steady collapse theory seems to be required, only elemental rings on the cone will be considered .. In addition, the cone wall will be assumed to be thin wherever this assumption seems to be desirable. 

Let ro • angular velocity of uncollapsed cone 

R = radius of uncollapsed ring 

r . = radius of the ring after collapse J 

ro. • angular velocity of collapsed ring J 

d • wall thickness of cone 

~ = collapse angle of the cone 

S = standoff for the ring element 

V. =jet velocity of jet element arising from ring · 
J under consideration 

m = mass of ring element 

mj • mass of jet element f ormed 

P • element of penetration due to the ring element spun at angular velocity ro 

P = penetration for ro • 0 0 

A = cross-sectional area of jet 

If we assume that the angular momentum of the mass m. is con-served we can write at once J 

(1) 
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Taking the initial configuration to be a hollOl-1 cylinder and the final 
one (at the axis) to be a solid cylinder \·re have 

I=~ mj [R! + R~J ~ 
1 2 

Ij = 2 mj rj 

2 m. R 
J 

Substitution of ttese quantities yields the relation 

2 l 2 
R w "' 2 r j ooj 

(2) 

(J) 

(4) 

Now to find the radius of the jet at the target 1ve can assume that 
the mass m. is subjected to a centrifugal force due to the rotation of 
the jet. J 

or 2 
rj = rj <Jj 

But .!'rol"l (4) viC can f ind w. = w . (rJ.) to ob t.ain 
J .) 

To solve this vre let v 

4 2 dr. 
and v dv = 4 R w --l 

r3 . 
J 

. 
= r . • 

J 
Then 

d dr. 
::: v __J= crrj dt 

dv 
v dr. 

J 

whence v
2 = b - 4 R4 w

2 ~- , b = arbitrary cons t ant 
r; 
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To evaluate the constants b and c, we take the initial conditions 
drj 

rj = r 0 , dt • 0 at t s o. 
4 R4ro2 

We find b ., 2 , c • 0 
r 

0 

Substituting in (8} and solving for r j we get 

~ 
4 2 

2 2 l + 4 R ro r. • r 4 
J o r 

0 

(9) 

Now to find r we can go to the initial configuration and require 
the conservation of mass. From the non-steady collapse theor,r we have 

~ • sin2 f3/2 (10) m 

Assuming that the density and length of the element do not change as 
it moves from the original position to the axis we can write 

m . • p n r
2 j (11) J 0 

Also, since we have assumed the· liner to be ver.y thin, 

m c p (2n R) j d 

Hence, combining (10); (11), and {12) we get 

p n r~ i • p(2nR) i d sin2 f3/2 

or 
2 . 2 

r
0 

a 2 R d sin f3/2 

Also, the time the element requires to reach the target is 
approximately 

t = s 

If we take the penetration element as inversely proportional to 
the jet cross-section we get (i.e .• , for the expanding jet) 

(12) 

(13) 

(14) 

pp c ,r., I FrT a ~ (15) 
0 v~ v;-;r rf 
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where rf is the radius of the jet at the target. Honce 

or 

l-rhere (l) = 
0 

F p-= 
0 

v. d 

1 

r- 2 2 
V1 + '0 /(l)o 

sin
2 ~/2 

R g 

of r~ and tf from (13) and (14). 

2 
r 

0 

follo:.,s from substitution 
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Intr oduction 

CHAPTER VIII 

SPIN CO?>lPENSATION 

R. J. Eichelberger 

Carnegie Institute of Technology 
Pittsburgh, Pennsylvania 

The title of this chapter will be interpreted literall y. The 
chief content will be a discussion of fluted liners, the most ex­
tensively investigated means of co.11pensating for initial spin of a 
shaped charge and its liner. Otner meti1ods of eliminating the 
detrimental effects of spin will be treated only briefly. l-tcans of 
avoiding, rather than eliminating, the effects of spin ar e not 
terminal ballistic ~roblems* , and will be mentioned only for purposes 
of evaluating and comparing the present and potential practicality of 
all means of dealing \tTi th ~e problem of spin degradation. 

0 resent require~ents for spin-compensated lL~ers are largely 
determined by the spin rate s of the spin-stabilized il.E.A.T. rounds 
nol-T in field use. These vary only slightly for rounds of differ ent 
sizes; e.g., the 5'fmm H.E.A. '1'. has a spin of about 210 r.p.s., the 
75mm and 105mm round have spin rates of about 180 r.p.s. to 200 r.p.s. 
'Zhere is presently a trend tot-rard hieher :nuzzle velocities that 'vould 
i ncrease all spin rates by as much as a factor of t1vo, and some new 
rounds currently under consideration have propos8d 3pin rates as 
high as 1200 r.p. s. Bven fin- st abilized ro~nds somctL~es hava slieht 
spin u&~ally of the order of 25 r .p.s . wnich is of considerable im­
portance in lnrge calibre rounds (see Chapter VII). 

!listoric3.l Dnckground q_f __ ~; l~tep_ Li ners 

~o far as is known, the develop~ent of fluted liners for purposes 
of spin compensation has been carried out exclusively in the United 
Stat~s. The original SU fgestion is credited in the literature (1) 
to Linus Paulint:; but has been :nade independently by nany other persons 
interested in shaped charges . It is interesting to m>te tha.t ti:e 
basis of the suggestion has been SL~ilar in all cases and i3 not signi­
ficantly related to the nctual ~echanis:n of co:n~ensation. 

* They. include: 
(a) Heans of stopping the spin of the shell near the target 

(e.g. by means of vanes or peripheral jet engines). 
(b) ~eans of prevcntine spin of the charee and liner '1-lhile 

alloHing the sht:ll body to !)})in for stability (e.g. by 
mounting the charge in bear in 7:5) • 

(c) Elbtination of srin by use of fin stacilization. 

All of these met!1ods are discussed briefly near the end of this chapter. 



The earliest experimental work was carried out during World ~lar II 
by the Explosives Research Laboratory. The results obtained (1), (2) 
indicated that a spin compensation tendency existed in fluted liners 
but was opposite in direction to the anticipated effects Basic develop­
ment since the l<~"ar has been carried out largely at Carnegie Institute 
of Technology (since•l948 ). The early work at C.I.T. proved the 
existence of spin-CQ'llpcnsation and revealed its true complexity. Most 
of the effort has been directed toward an identification of the physical phenomena responsible for compensation and attempts to reduce them to a 
tractable form for detailed investigation. 

In 19$0, the Firestone Tire and Rubber Company became interested 
in spin- compensation in connection with a program for developing the 
lOSmm B.,AoT. weapon*., For practical reasons, their work has often 
followed different lines from that at C.,I.T. and has provided a greater 
variety of experimental observation. 

While all of the experimental work on fluted liners has been 
carried out with shells spun in stationar.y apparatus, several field tests have by n~· been carried out, also. The first, a premature attempt to 
app~ ve~ early C.I.T. laboratory observations, was carried out by the 
British ih 1949 or 19$0 (unreported) with very unsuccessful results . 
The second was carried out by Picatinny Arsenal in 19$1 (also unreported), using some C, I .T. experimental liners mounted in standard $7~'11 shells. 
In spite of the facts that considerable adaptation was necessary in 
mounting the liners in the shell and the compensation frequency was about 30 r.pos . less than the spin frequency of the shells (180 r.p.s . as 
compared with 210 r.p .,s.) the results were very satisfying . Three shots 
out of three perforated 4 in. (2.3 charge diameters) of armor plate and ten shots out of sixteen perforated 5 1/2 in. (3.3 charge diameters~ of 
armor ., These results are to be compared with 70% perfor~tions through 3 in. of armor by the standard S7mm H.,E.A.T. shell. Just prior to the 
time of writing, Picatinny has completed tests with a modification of the C.,I.,To experimental liner designed specifically for the standard 
shell~ In this case, ten shots out of twenty-four perforated 6 in. of armor plate . The liners tested represented a variety of manufacturing 
conditions.,, There is evidence in the data that most of them over­
compensated and that even better performance could be expected from an 
appropriately chosen procedure of manufactureo 

Firestone has also carried out field tests with fluted liners designed 
for slow spin (about So r .. p#s . ) lOSmm rounds., These tests indicated that the fluted liner was compensating almost completely for the spin, although difficulties with ogive shape caused some reduction in penetration 
(entirely incidental as far as spin compensation is concerned) . 

* Battalibn Anti-Tank: A lieht, recoilless rifle designed for use on 
the battalion level by infantry, with H .. E .. A. T. shells ., 
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The net result of the field tests thus far shows that the performance 

of a fluted liner in a shell is no different from that dbtained in the 
laboratory, provided the shell design does not interfere with proper jet 
formation. 

From the viewpoint of application~ the best results that have been 
obt ained to date with fluted liners are • 

.57mm liners 
(charge diameter 1 .5/8 in ~ ) 

10.5mm liners 
(charge diameter 3 1/4 in. ) 

4oO charge diameters penetration at 36o r .p.s • 
.5 oO ~harge d1aneters penetration at 180 r.p.s . 
4~7 charge diameters penetration at 2.50 r.p.s. 

6 .. 2 ~harge diameters penetration at 50 r . pes. 
4o5 charge d~eters penetration at 8.5 r .p.s . 

The potential performance of the 57mm cones (as represented by smooth l iner s 
fired statically) is about .5 ,3 diametel:'s penetrat~on and that of the 10.5mm 
liners about 6,7 diameters$ under appropriate conditions for comparison 
with the above. By interpolation from laboratory results~ a penetration 
of 4.8 charge diameters should be readily obtainable from a 57mm H.EeA.T. 
r ound at its standard spin frequency of 210 r .. p .. s . No liner has yet been 
tested that would provide very good sp1n compensation in standard 10.5mm 
H.E.A.T. rounds (spin frequency about 200 r p . s ) . 

Mechanism of Spin Compensa~ion by ~~~11!!~ 

It is now generally accepted that the detrimental effects of rotation 
are due to the requirements of conservat~on of angular momentum and the 
consequent tremendous rotational frequencies of the jet (see Chapter VII) . 
In order to counteract this effect$ it is obviously necessary that a 
tangential component of velocity be ~arted to each element of the liner, 
by some meansi which is equal in magnitude but opposite in direction to 
that set up by the initial spin of the liner ft The simplest means of 
accomplishing this is to find a 'vt&.y of using the energy of the explosive 
to produce a counter-torque on the line~o 

The basis of all the original suggestions for use of fluted liners 
has been the idea of simply altering the direction of liner collapse, by 
canting the surface in segmental) so as to compensate for the tangential 
velocity vector due to initial spin (1)., Th1s idea i.~ still implicitly 
included in the theory of compensation9 but plays only a minor role in 
most caseso The very first EoRoL . tests in wh1ch an indication of spin 
compensation was observed showed that ~~s mechanism w~s not predominant 
in that they indicated compensat~on in the d1rection opposite to that 
anticipated (1), (2)o The E.RoLo group then developed a theory based 
on inecpality of torques produced by pressure of the P.xplosive products 
on the canted and the offset surfaces of a liner segmen~ (2)s This 
concept was later modified b,y CoioTo (ll)~t~ ~ake into account non­
steady state conditions in l~er co~lapse ~ but the theory has since 
been proven incorrecto 

2J.7 



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

The present concept of spin compensation is based on t~ro phenomena 
that have been smdied at C.,!$ T. under far simpler circumstances than 
those existing in collapse of a fluted liner. One, sometimes called 
the "thick- thin" effect, is the observed dependence upon the thickness 
of the liner of the impulse delivered to a liner element by the product 
gases of detonationo The second, named the 11 transport 11 effect» is the 
dependence of the impulse delivered to the liner upon the angle at 
which the detonation products impinge on the linero Both of these 
effects are strictly dynamic phenomena; that is, they are to be 
observed only in a rapidly flowing fluid and they represent departures 
.f'rom Archimedes • principleo 

The thick-thin effect is represented graphically in Figo l o The 
curve sh~rn was derived from the theory of shock waves (24) and has 
been verified by experiment (26). A very similar result has also been 
obtained on the basis of gas kinetics (3). Application of the thick­
thin effect to a fluted liner is also illustrated in Fig. lo The 
impulse per unit area is alw~s greater on the offset surface, since 
the thickness normal to that surface is greater. Furthermore, the 
impulse is directed along the surface normal., When the impulses 
delivered at all surface elements are resolved into radial and 
tangential components and summed, the total tangential component does 
not vanish, as i n the case of a static fluid, but has a net resultant 
which produces a torque, in the direction shown~ which can be used for 
spin compensation. 

The transport effect can be represented simply by the equation 
2 

Ie • In ( S + 6os 9 ) ~ 
where I 9 is the impulse delivered to unit area of a liner whose surface 
normal forms the angle e with the direction of propagation of the detona­
tion wave, and In is the impulse delivered in normal impact. '!'his equation 
has also been derived from both shoclc theory (16) and gas kinetics (21) 
and has been verified by experiment (12) . It is significant in spin 
compensation because the angle e at which the detonation wave strikes 
the canted surface ~s generally (except in spiral flutes) less than for 
the offset surfaceo As a result, a net torque is produced in the direc­
tion opposite that from the thick-thin effect . 

l4athematical treatments of spin compensation have been carried out 
by Lo Ho Thomas (4) and by CoicTo (16), the latter being an attempt to 
refine the assumptions used by Thomas. These treatments are based on 
shock theory and ~nplicitly contain both the effects to which spin 
compensation has been ascribed . They demonstrato theoretically the 
feasibility of spin compensation, and Thomas has shown the possibilit,y 
of reversals in direction of the net torque . Unfortunately, the 
simplifications required to make the mathematical treatment tractable 
prevent their application to test conditions except under very special 
circumstances. At present~ the mathematical theory provides only a 
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Fig. 1 Illustration of 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 t he liner (see upper figure), 
the impulse delivered to an element of a fluted liner depends upon the 
shape of the liner in the neighborhood of the element. The greater the 
thickness of the liner element (measured normal to the outer surface) 
the greater the impulse delivered to it . The result is illustrated 
schematically in the lower firure, where the lengths of .the arrows roughly 
represent the magnitudes of the impulses . Because of the non- uniformity 
of t he impulse, there is in general a net force tending to rotate the 
configuration in the direction of the curved arrow. The illustration, 
of course, oversimplifies the application, but conveys the general idea. 
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FIG. 2. Flash Radiog raphs of jets from I 05mm fluted liners fired (a1 statically, acd (b) at optimum spin rate (45 r. p. s. ). Com­
pa rison with similar photographs of jets from smooth liners shows clearly that the fluted liner fired at its optimum f r e­
quenc y produces a jet like tha t from a static <:. lly fired smooth cone, while the statically fired fluted liner produces a jet 
li~e tha t from a smooth liner fired :..t 45 r. p. $ . The pictures show each jet at three d ifferent times and viewed from three 
different p ositio ns. The relati,·e ins ens itivity to rotation of the front of the jet is evid ent in (a); the very rear of the jet is 
just newly fo rmed and has n ot ha d time to spt·ead a t the time of the pictu re. Photographs by courtesy of L. Zernow, 
S. Kron.l u. n, and J. Simon, Ballistic Resea rch Labora tor ie ':i , Aberdeen P r oving Ground. 
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qualitative guw.e for experimental work.. Attempts have been made at 
C. IoT. to apply observations on the thick .. thin and transport effects 
directly to fluted cones in a semi-empirical fashion.. This pro­
cedure also produces many difficulties ~ however, and has not to date 
yielded any very useful results except of a qualitative nature ., 

Even though a rigorous mathematical treatmen~ of fluted liners 
seems , at present , very remote indeed 9 it is possible to rationalize 
in self-consistent fashion the entire body of experimental observa­
tions made thus far with fluted l~nersv FUrthermore~ by combining 
information gleaned from theoret~~al cons~derations 9 basic experiments, 
and observations 1-1ith fluted liners ~ the follm·ring conclusions can be 
reached: 

(i) The phenomena responsible for sp~n compensation (i .. e .. , the 
thick-thin effect and the transport effect) are second-order 
in magnitude compared with the overall effect of an explosion 
on an inert linero 

(ii) The two effects are of approximateJ;y the same magnitude, 
but are opposite in duection under the conditions s tudied 
experimentally thus far ., They are largely independent of 
one another and can be separately varied o Consequently, 
they are competitive and either can be made dominant qy 
appropriate designJ leading to the possibility of reversals 
in direction of spin compensation* _ 

"'l!e shall first consider the very general and fundamental aspects 
of the experimental observat~ons with fluted lmers, In the first place, 
it seems adequately proven now that the essential effect of the flutine 
is to introduce an angular impulse ~n ·i:,he collaps~ng liner vrhich, under 
appropriate conditionsJ can be made to ·~ompensate for the angular 
momentum due to initial spin Thus a fluted liner spun at its designed 
optimum frequency produces a Jet exactly l~ke that produced by an 
equivalent smooth liner fired statically , ';!hen fired statically, t he 
fluted liner produces a dispersed Jet l~ke that from a rotated smooth 
liner.. Indirect ev~dence of these fact.s has been described many times 
including hole profile observations . Jet veloc~ty measurements, pene­
tration velocities, etc., A set of flash radlcgraphs taken at the 
Ballistic Research Laboratory recen~ly and shown m Fig., 2, provide 
the first direct and incontrovert~ble proof . hovreverl) ** 

* The use of tightly spiralled ins~ead of stta~ght flutes would pre­
sumably make the t'1·1o effects mutually r~nnforcmg ~tead of com­
petitive, thus leading to h~gher optllTium frequencJ.es ., See Chapter II, 
page .5h , and the discuss~on of expenmental results later in this 
chapter ., 

i-'-*Edi torial Note: : r~( ) maybe found el5m·rher e : L. Zernow 
and J . Simon, "Flash .hdi ogr"loh:i c ..>t udy of Spin :ompensation Ni th l v.5rnm 
Fluted Liners, 11 Shaped Charge J .. mrnal> Vol 1 do 1, July 19.5ho 
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Further evidence of the effects of compensation is shown in the 
plots of Fig. 3 where experimental points and curves are given for the 
depth of penetration as a function of rotational frequency for smooth 
and fluted S7mm and lOSmm liners. It is evident that the behavior of 
the fluted liners as the frequency is changed is the same as that of 
the equivalent smooth liners, except that the maximum penetration is 
obtained with the fluted liners at some rotational frequen~ other 
than zero, the optimum frequency being detennined by the design of 
the flutes, wall thickness, etc a The cases shown are typicalo For 
the lOSmm liners, the fluted liners gave a higher average penetration 
at their optimum frequency than was obtained with the statically fired 
smooth liners . (The ostensible increase in penetration is due to a 
reduction in average wall thickness of a cone initially thicker than 
optimum due to machining of flutes; this is not a typical characteristic, 
of cour se.) \;i th the S7mm liners, the penetration at optimum frequency 
by the fluted liners is sanet.;hat less than obtained with statically 
f i red smooth liners, but it will be noted that the optimum frequency 
is 250 r ~p . s. (well above the rate of spin of a standard S7mm HoE.A.T. 
shell) . The experimental points shown on the plots also illustrate 
that t he variability in performance with a satisfactorily made fluted 
liner is no greater than the variability of the equivalent s:nooth 
liners ~ 

Scaling relations for fluted liners are not yet vTel l established . 
~eoretical considerations based on modelling laws lead one to expect 
that, for liners and charges that are geometrically similar in all 
respects , the optimum frequency (i . e., the frequency at l-Thich the 
highest degree of compensation is obtained) should vary as 1/D, D 
being the charge diametero The only experimental evidence avail~ble 
at present is obtained by comparison of results l-Tith liners of different 
sizes that are not really scaled replicas. Early comparisons of th~s 
sort seemed to indicate that v was more nearly proportional to 1/D , 
but tbis has since been contraaicted by wfrk at both Firestone and 
C~LT, At present, it appears that v

0 
ex:~ with n slightly larger 

than unity o The uncertainty of the experimental canparisons is such 
that the departure from the theoretical expectations is not certain. 
Consequently, throu gh the remainder of this chapter, the theor etical 
scaling relati on v 0:: 1 vrill be adopted .. Defini tive scali ng test s 

0 , ) 

are being carried out at t he time of writing, but have not been 
completed , 

It must be noted that even the most f avorable scal ing law that 
can be anticipated raises a great deal of difficulty i n obtaining 
compensation at standard spin rates with large liners . In order to 
obtain ccmpensation in a 105mm shell , the ratio of f l ute dep th to 
charge diameter or t o liner ~all thickness mus t t e ab~~t t wice as 
ereat as t hat required to obtai n compensation at the ~a~c snin rate 
in a 57mm shell . With flute designs that have been t ested to date, 
it has not been possible to achieve a useful depth of penetration 
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Firestone 
Smooth Controls 6 
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4 

2 

0 - 6oo -400 - 200 

Liners 

4 

2 

- 600 - 200 

Firestone T. & R. Co. 

0 200 
-v'D (in./sec . ) 

• 

Type IV Fl utes 
105111T1 Liners 
fi • o.oo6 
)\. 0.062 
n • 6o 
D • 3. 5 in. 

400 6oo 

\ Smooth Liners 
~ 57mm Carnegie Inst . ;f Tech. 

Type III Flutes 

0 
~D 

200 
(in./sec.) 

57nun Liners 
A• 0 .020 
A. • 0 .054 
n • 16 

• 1.63 in. 

Fig. 3 Plots of typical data from 105mm and 57mm fluted liners, compared with 
observations for equivalent smooth liners. Both abscissae and ordinates 
are normalized in accordance with accepted scaling relations for purpose 
of comparison (D is the base diameter of the liner in each case, P is the 
depth of penetration and ~ the spin frequency at ~hich the observation 
was made). There are too few 105mm data to conclude much, except that the 
fluted liners perform at least as well at their optimum fr~quency as the 
statically fired smooth liners . For the 57mm liners, the peak penetration 
by the fluted liners is some~hat less than that by the smooth liners but 
the optimum frequency is high (about 250 r.p.s.). The variability is no 
worse than with smooth liners, however. Relative degradation in performance 
as a function of departure from optimum frequency is the same for fluted 
and for smooth liners. [Note: description of method of curve-fitting may 
be found in CIT-ORD-R23, R25 and R26~ 
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with the larger liners at standard spin rates for this reaoone 

With regard t o the possibility of achieving compensati on at very high spin rates» it can only be stated now that there has appeared no essential limit to the attainable optimum frequencies. It is certain, however"' that the difficulties will increase rapidly as the optimum frequency sought increases o Certainly, t he simple designs of flute and the relatively liberal tolerances used to date must be alteredo A practi<:.!! limit to the attainable com­pensation frequency exists$ certainly, but its magnitude cannot be estimated f rom present information. It seems entirely possible t hat compensation can be achieved at values of v D as high as 1000 in/sec~ without requiring impractical designso 0 

SEecific Exeerimental Re~lts with Fluted Liners 

Five distinct types of flutes have been tested to dateo They are illustrated in Figo 4 and given designations that will be used throughout the following discussiono Class I and Class II flutes are formed between one fluted metal die (male for Class I , female for Class II) and a rubber padded smooth mate o The undulating flute formed by the padded tool characterizes both types o Class III flutes are formed between matching fluted metal dies and Classes IV and V bebreen one fluted die (female for Class IV, male for Class V) and a smooth metal mate-i: o As rTill be seen presently.ll 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 depth increased linearly with cone radius; hence the flute depth can9 a t least nominally, be repre5ented qy a • ~ where ~ is a constant for each cone o The designs have been limited so that any can be nominally described by five design parameters illustrated in Figo S ~ and defined as follmrs: 

~ • a/rl., a • flute depth )I n "' pitch radius of liner element 
). a T/R, T c rrall thickness of blank before fluting 
n • number of flutes 
cp .. angle between flute offset and radius through its root 
5 ~ angle of indexing (when matching f luted tools are used). 

Systematic investigations of all ~he design parameters have not yet been carried out for all classes of flutes o The following table indicates which have been studied for each type (C indicates investigation by C. I, T. i-Ii th 57mm liners, F) by Firestone with 105mm liners) : 

-~Nore detailed descript~on of fanning techniques is ~eluded later in this chaptero 
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CONFIDENTIAL 

Class I Class II 

Class III 

...... 

Class IV Class V 

Fig. 4 Profiles typifying five general classes of flute design . Arrows indicate 
direction of compensative impulse for small numbers of flutes; for Class 
III flutes , direction of compensation depends on index angle as well as 
on number of flutes. 
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Fi g. 5 Definit ion of design parameters for fluted cones. 
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Flute Design Parameter Varied 

~ n >. <p 6 

I c* c c 

II c* .... 
c~ c c 

III * c c* ·~ c .. , F 

IV F F C, F 

v F F 

*Note: Cases indicated by asterisks have been systematically investigated 

by strings of experiments in which only one parameter was varied 

insofar as control was attainableo In other cases, not so mar ked, 

two or more sets of tests are used as a basis for correlation. The 

C.I .T. liners are only nominally S7mm; actually they are about 0 .2 in. 

smaller in base diameter than the liners now being used in shells. 

This table should be referred to in reading the discussion that follows in 

order to ascertain the combinations to which any statement is kn~~ from 

experi:•nent to apply, and those to vThich it can be applied only by inference . 

The following statements briefly summarize the present state of knowl ­

edge of the dependence of fluted liner performance on the pr imary design 

parameters for flute types I, II, IV, and V. These may be considered 11 simple 11 

flute designs, and follow relatively simple empirical laws ~ Type III f lutes 

follo1-1 more complex laws because of the additional variable, index angle 6, 

which is peculiar to this particular design , All the known aspects of behavior 

of Type III flutes ar e discussed separately~*o 

For types I, II, IV, and V, then, the follmring r elations have been found: 

(i ) Flute depth: For Types I, II and IV the optimum frequency of spin 

is approximately a linear function of i~ute depth 1 tee magnitude of 

v
0 

increasing (regardless of direction) >·Iith increasing flute depth 

(20) , (23). Departures from linearity are found at both very small 

and large flute depths, but these are of little practical importance 

because of the low-compensation frequencies attached to the former 

and the low penetrations obtained with the latter, Tests with Type V 

flutes have, as yet, revealed no systematic variation of v with flute 

depth (9) . . 
0 

**In the experimental data pr esented in the following, the experimental 

conditions are as foll~rs: 

C.I.T. (57mm liners) Targets, mild steel 
Standoff, 6 ino (3 ~ 7 chg. diam . ) 
Charge confinement s 1/4 in, alumint~ 

F.T. ~ R (105mm liners)- Target . mild steel 
~tandoff, 7 1/2 in ~ (2 .1 chg. diamo) 

Cl:a:-ge confinement, 3/8 in. steel 

Tbe experimental conditions will affect to s~~e slight extent the 

evaluation of optL~um frequencies and to a much larger extent the 

level of performance achieved and the variability~ 
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Carnegie Inst. o Tech. 
() Type II Flutes 
tt Type I Flutes 
57mm Liners 
n • 16, ~ • 0 .054 
D • 1.63 in. 

. - . ' . ·- . - . 

0.030 
Flute Depth (in. ) 

~0 

~~ 
0 
~ 
~ 

" 300 • 
~ 
'-' 

200 Q 

~ 
100 

Fig. 6 Dependence of optimum frequency on flute depth for Type I and Type II flutes. The results are interpreted as being indicative of a fundamentally linear relationship, although it is generally masked for these types of flutes, For the Type II flutes, both the shape of the outer surface of the liner and the penetration obtained are consistent only over the middle of the range of flute depths covered, and a good linear correlation is obtained over that range . For the Type I flutes, the exterior flute shapes become progressively sharper as flute depth increases over the entire range. 
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Carnegie Inst . of Tech. 
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Fig. 7 Dependence of optimum frequency on number of flutes for a series of 57mm 
liners having Type II flutes of constant depth 0.016 inch. 
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Carnegie Inst . of Firestone T. & R. Co. 16 Technology Type IV Flutes 
Type II Flutes lOSmm Cones 

12 S7mm Cone • ). • 0.094 
>.. • o.os4 () "-• 0 .062 ........ 
D • 1.63 in • - D • 3.5 in . 

C"'\ 
C"'\ I 8 
'o ~ 
rl 

>< 4 >< . . .~ .~ ......... 0 ......... . . {I) 
{I) • . p. 

- 4 . 
$.< -
ns 

......... - 8 
~0 

-12 () 

-16 

0 
0 120 Number of Flutes Number of Flutes 

Fig. 8 Dependence of _,0 /a on number of flutes for Type II and Type IV flutes . The optimum frequency has been divided by flute depth in order to permit use of more data. The similarity of the curves for small and large liners, especially when >-.. is nearly constant, is particularly noteworthy. From the Firestone data, it appears that wall thickness considerably affects the relative magnitudes of the maximum 11',../a for small and for large numbers of flutes. The number of flutes arwhich reversal in direction of compensation takes place is not a function of wall thickness, however. In Fig. 9 the thickness of the wall is taken into account and a single curve obtained for all liners of a given flute type. 
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Plots of typical dat a are shmm in Fig ., 6; fu r ther evidence is 

pr esent ed l ater in discussing a general corr el ation formula ~ 

(ii) Flute number: The dependence of optimum fre quency on the number 

of flutes is t oo complex to be br iefly expr essed . The experi­

mental evidence sho;;s th:1t for l'ypes I; II, and IV , flutes tre 

optimum frequency first increases with increasing num[ler of f lutes 

t o a max imum at ~.bout n = 16 (17) 1 (22) . Fur the r incr eas e inn 

produces a decrease in v until~ at about n = 12, no net com­

pensation is obtained . 0Still furtter increase in n produces a 

rever sal in the direction of co:n.roensation; the magni tude of the 

optimu.'ll f !'equency increases lJith increasing n, but a";>pr oaches a 

satur ation value for n) 60 ~13). 

F'or Type V flutes, no significant .. ,ari.'ltion of v v:ith n has been 

found (9 ) . 
0 

A plot of exper i'llr.nt3l rcsul cs .for t ~n~ 24 for 'f.JDe II flutes is shown 

in Fig. 7; in the t ests r cmresentcd j only the fJ.ute nwnber Has v :J.r ied 

nominally. I n Fig~ 8 is a Dlot sho..,.Jint: c ·-:npiled r<:>sult.s of a la!'ger nu.11ber 

of tests vrith Type II flutes ()int":l) and Type IV flutes (105ilm) ; the coordinate 

axes have been nor malized so as to nermit comhination of results involving 

varia t ions i n flute depth 

(iii ) ·~~all t~·. icknesG : l'he best ;'resent. estimate of the effect of ~all 

thickness on compensati on is that the2ontimu11 frequency decreases 

>-rith i ncreasing viall thickness as 1/A A rapid decr ease i s t o 

be expected on tneoretical r,:ro·1nds, but more data are needed t o 

ver ify t l;e form of the relation ~\1all thickness has a ve r y 

dr astic influence on the notcntial penetrai,i!'!g !)o~orer -:>f a flu ted 

l iner ) aside fro;n .:_ ts effect on O_!:,t:i.mum freque ncy, uhich is dis ­

c~ssed l~ter in ~his chap~er 

( iv ) Offset angle: The accumul;1ted €'Vidence f r om variations in ljl 
indicateD that, for values bet·,.·cen 0 and .?0°, variations of 

reasonable ~a~nituuc ~ave little effect on the comoensation 

(2?. ) , (2 3) . For anc;les rrreatcr than ~n°, v'~riations beco:.~e in­

c-:-Pasinrly il"'")ortant , in 1.freemcnt ";i th theoretical consider ations . 

\>:h ile t he Firestone tests inve not incl11c.ed sufficiently l ong str i ngs 

of homologous designs to lead to t!1e at·ove conclusions senarately, '/!inn has 

set up an empirical fornula incluc1ng all of the ~aJor desi~n parameter s 

except <P (which has not been varied in gtmcral) 'i:1C: 6 (a;)pl :i.cable only for 

Class III f l utes). '111e for11ula to '~hich he fits llis dat a is (6), (9) . 

f(n) L v T 2 R 
o a 

wher e '1'' is defined as the !':linL"'IU.I'!l thickness of the fl'..!ted cone ., For the 

~e IV and V liner s used most by Fire~tone T• = T - a ~ (A - ~)R ~ It is 

desir able here to use a all thickDoss that corresoonds mor e nearly t o t he 

·vrall thickness of tho blanks used for T.J"f-C I, II, <111d III fl~·tes, so that 

He can compare corr elations I or tins reason 'l:e shall here use an a'\·erage 

T' + T 
tl:ickness ~ for the T'.'""}e TIJ flu tcs 



We shall take another liberty with Winn •s correlation in order to bring it into closer agreement with the remarks made above concerning scalingo If the Firestone formula is rewritten in terms of the dimension­less parameters defined earlier, it yields 
)..2 2 f(n) = v -- R 

0 ~ 

:implying that, for scaled liners , v varies as l/R2 o Actually_, the 0 Firestone data that are correlated involve such small variations in R that one can equally well justify using 
)..2 

f(n ) .. v -- R , 
0 ~ which vrould agree with the remarks made aboveo Closer agreement between CoLT o correlations vli. th 57mm liners and Firestone 0s with 105mm liners is obtained in this wayo 

Fig. 9 shows correlations for 57mm liners with Type II flutes and for 105mm liners with Type IV fluteso The general simil arity betrreen the two is evidento It is also interesting to note the differences , which are presumably due to the difference in the type of flute usedo The Type II flutes tend to give the highes t values of f(n) for 16 flutes , whereas the highest values for ~e IV flutes are Obtained with about 50 flutes o 
The most inter esting f eature of the type of correlation shown in Figo 9 is that it does permit a reasonably good correlation of tests that are not simply related (ioeo are not parts of strings of tests) o This fact lends considerable support to the remarks above concerning the dependence of v on various design parameters o 0 

The behavior of Type III flutes is best descr ibed by considering series of tests in which only index angle has been variedo The results of a series of tests with 1 5/8 in. charges containing liners with 16 flutes of maximtun depth Oo015 ino are illustrated in Figo 10 (19 ) o The relation between optimtun frequency and index angle is, of course ; cyclic, repeating i tself at intervals of 360/n degrees - that is .9 at 22 1/2 degree intervals for the case illustrateda 

It is evident from the plot that variations in indexing alone , and the attendant changes in relative magnitude of the competing mechanisms of campens~tion, cause drastic variations in opt imum fre quencyo The range covered in the experiment illustrated is from +275 ropoSo to =250 ropoSo -i oeo 9 a range of 525 r . peSo Of especial academic interest are the index angles 1 1/2 and 11 1/2 degrees , at which the competing mechanisms exactly balance and produce zero optimum frequencyo Of more practical interest are the indexings - l/2(or +22) and 6 degrees~· where the largest (absolute values) optimum frequencies were obtainedo It is evident that there is a definite preference, on the basis of penetrating ability, for the 6 degree index angleo 

The results illustrated in Fig. 10 have now been substantiated by tests with 105mm liners (10) that are approximate scaled models of the 57mm liners used in the original testso The results of the larger scale tests are compared in Figo 11 with the original; the close agreement beuNeen the two sets of observations is evidento 
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Number of Flutes 
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lOSmm Uner s 
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2 
Fig. 9 Correlation of f(n) v0 -Jf- R with number of flutes 

for both C. J .T. and Fi r estone data This is a modification 
of the correlation function "JI"0 } R2 used by Winn. The 
interesting feature is that a considerable variety of flute 
depths , numbers of flutes, and wall thicknesses are covered 

by the correlation. This indicates that the function does 

r eally depend, to a reasonably good approximation, only on 
the number of flutes. The similarities of the two curves 

are evident, especially as regards location of maximum and 
minimum values, and the null value of the function. The 
dissimilarities are also of interest since they are pre­

sumably characteristic of the different flute designs. 
The existence of such a correlation supports the conclu­

sions drawn from individual experiments concerning depend­
ence of optimum frequency on the various individual 
parameters of design. 
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Fig. 10 Variation of optimum frequency (Curve A) and of penetration at optimum frequency for a specific group of liners with Type III flutes. Sketches illustrate appearance of liner profiles for several index anRles. Varia­tions in penetration are due to varied degrees of necking of the flute profile . Sketches illustrate change in flute contour with varying index angle. 
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Fig. 11 Comparison of Firestone tests with 105mm liners having Class III fl~tes with 

results on 57mm liners. Coordinate axes are normalized to permit combina­

tion of data. Since the two sets of liners and charges were not accurate 
scaled models, exact quantitative agreement is not to be expected. The 

close qualitative similarity substantiates the original C.I.T. observations. 
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Comparison of optimum frequencies at various index angles obtained with liners of 0.063 in. wall thickness and with 0.045 in. wall thickness. The experimental points representing the thicker liners are tentative and subject to slight changes pendine completion of gauging analysis. 
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Fig. 13 Comparison of optimum frequencies at various index angles for three flute 

depths. The experimental points are tentative and subject ~o slight changes 
pending completion of gauging analysis . 
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A brief series of tests has also been completed with liners formed 
\~ith the same dies used in the experiment illustrated in Fig .. 10, but with liners of approximately 50% greater wall thickness (0 .063 in. instead of O ~OL5 in. )* The results are compared in Fig. ·12 with those of the original tests . vfuile the general features of the two sets of observations are very similar, there is same evidence that the ratio of the optimum frequencies obtai.ned with the two different wall thick­nesses varies with the index angle and that the indexing at which zero compensation is observed may also depend'upon wall thickness. If these indications are substantiated by further tes t s 9 it vnll mean that the behavior of Type III flutes cannot be reduced to simple empirical re­lations like those described above for the simpler designs o 

** Still a third set of experiments are illustrated in Fig. 13. In these testss the wall thickness of the liners was the same as that used in the original tests (i.e. , o.oL5 in.) but two different flute depths were used~ one shallower and one deeper than in the original series. Both sets of observations exhibit general features similar to those of the first tests 9 although there is some unsubstantiated evidence of variations in the indexing that produces zero compensation and of a non- linear relation between optimum frequency and flute depth for a given index angle . 

The fact that the behavior of Type III flutes is even more compli­cated than that of the four types formed with single dies should not be surprising. Variations in the additional variable, o, produce complex changes in the geometry of the liner, and, consequently, in the shock interactions that affect spin compensation. The very considerable technical advantages of the Type IV flute, which are discussed more fully laters more than recompense for their more complex behavior. 

The fluting of a liner can also affect its potential penetrating power quite drastically.. Even though the impulses involved in com­pensation at spin rates attained thus far are too small to appreciably affect the basic character of the cone collapse or of the jet formed (i. e ., specifically, one does not expect an appreciable change in the distribution of energy in the jet), it is quite evident from both Firestone and CoioTo experiments that mechanical strength effects govern to a very large degree the depth of penetration obtained at optimum frequency. '!his is to be expected of liners having linear _ flutes (i.eo, ~ • ~ constant along the flute), since all theoretical 
and experimental evidence indicates that the ideal flute is far fran linearo With a linear or any other non- ideal flllte , the varioo.s 

*A portion of the data used will be found in reference 21. The remainder have not been reported at the time of writing. **Not yet reported at time of writing. 
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elements of the liner tend to compensate at different frequencies rather 

than at a common frequency of rotation. So long as the natural frequencies 

of adjoining elements are not too different, or so long as the liner wall 

is sufficiently strong to resist the tendency for r elative rotation of t he 

elements, this causes no oerious difficultyo But if the liner is badly 

necked in the fluting, the strains set up by ~~ch a situation cause the 

liner to rupture instead of collapsing coherently and forming a jet . 

Theory, however, cannot be made to yield a usable design. The task of 

deter mini ng the ideal form of a~1 as a function of nosition on the liner 

must for the oresent be a.Tl empir:t.cal one and has been undertaken, ~..lt no 

reportable r esults are available as yet . 

The exper imental evidence of deterioration in penetr ation due to 

mechanical otrenr,th ef!.'ccts is best illustrated by means of correlations 

between the depth of penetration at optirrnun frequency and the minimum 

thickness of the t-rall of the fluted liner. (Usually the minimum thick­

ness is found near the base of the flute, lvhere ne cki!1 ,;,; occurs) • Fig. 14 

shol-TS plots for both C. I.'!'. and Firestone data ( 6) of correlations 

bet1·reen the maximum penetration observed and the minimum wall thickness. 

It is evident that there is a critical value of the minimum wall thickness . 

Ehen the thickness falls belo;r this value ~ the penetration falls off very 

rapidly wi th decreasing thickness. There is, of course, a secondary 

correlation between flute depth and maximum penetration for any hQ~ologous 

series of cones, because increasing flute depth inevitably produces more 

pronounced necking of the liner wall and decreases the minimum wall thick­

ness, Analysis shcl·~s that the prirn".ry correlation is that vrith minimum 

t-:all thickness, hm·rever . 

Cne of the most interesting observ~tions of this sort has been made 

in connection ol'i th the indexing tests described earlier. If the tHo 

C'...trves, Pv vers-us 6 .-lnd v0 vcr• us o, ...,n•.Y:m i n Fi ~ 10 ..... rc '.lSed to 

0 

eliminat e o, the plot of P versus v shorm in fig. lS is obtained. 
v 0 

Such a correlation is of prgctical interest ~lthoughJ as pointed out 

above, it does not r epresent any .funda'tlental relationship (these same 

liners are included in the general correlation bet1·rcen Pv and r:tinimum 
0 

Hall thickness sho1m in Figo 14) . Fig . 15 shows th1.t for Type III flutes , 

viithin the limits of O:?tirrlu.'ll fre <,uency fixed by the values of IJ., ).., n, 

etc . used, one can obtain a given magnitude of optimum frequency by four 

different indexings. But, because the different indexings r esult in 

different degrees of necking in the liner uall , different penetrations 

are obtained, so thit there is a cle~rly optL~um choice of indexing for 

overall performance o 

i:{;aution must be used in generalizing from Fig. 15 o It applies only to a 

specific er oup of liners and does not in any way represent limitations 

on either the optir.tum frequency or the dept:-1 of penetr ation that can be 

obtained with other desiens o 
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Fig. 14 Correlation between penetration obtained at optimum frequency of rotation and the 
minimum wall thickness across a flute profile. The observed penetrations have been 
divided by the penetration obtained from optimum smooth liners fired statically. The large scale plot of c.r.T. data on the left shows a great deal of scatter but a cor­
relation is evident. It has been assumed that all three types of flutes included 
can reasonably be treated as a single statistical population in this treatment. On 
the right, the C.I.T. correlation line is shown with the correlation of Firestone 
data. The agreement is as good as can be expected in view of the scatter of the 
C.I.T. data and the relative scarcity of Firestone data. It is tempting to conclude 
that all four types of flutes follow the same correlation, and that linear scaling 
laws hold. (P

0 indicates the average penetration by the best available smooth 
liners of each size.) --
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Fig~ 15 Correlation between penet~ation at optimum frequency and 

the optimum frequency of rotation for a particular group of 

liners having Type III flutes, the index angle being varied. 

For any (absolute magnitude) frequency up to 250 r.p.s., any 

one of four index angles can be used. Only the one having 

the greatest minimum wall thickness is of practical interest, 

however, because it yields better penetration than the others. 

Consequently, only those liners corresponding to the upper 

left branch of the above plot (lf ~ I~ 6 degrees) are of 

interest. Since liners of this series follow the correlation 

of Fig. 10 , it is possible to predict, within limits, the range 

of index angles that are of interest in a series of this sort. 

The range will, of course , depend on the specific values of ~, 

A , etc. used . 
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While compromises between wall thickness and flute depth can temporarily provide suitable combinations of optim~ frequenc.y and maximum penetration9 the ulthtate solution is to eliminate the influence of mechanical strength effects b.Y use of appropriate non­linear flutes . 

Miscellaneous Observations Pertinent to Fluted Liners 
(i) Fluted steel liners (18) and fluted aluminum liners (8) have been tested by C.I.T. and Firestone, x~spectivelyo Neither showed any spin-compensation benefit to offset the intrinsi­cally poorer penetration by steel and aluminum jets. 
(ii) Fluted trumpets have been tested briefly by E.R.L. (2) and C.I.To (11) 9 but showed no advantage over fluted cones as far as the tests were carriedo They are considerably more difficult to manufactureD so that no further tests are planned unless experiments with smooth trumpets give evidence of some presently unknown advantage . 

(iii) Spiral flutes were first tested by E.R.Lo (2) and more recently by Firestone (7). No detectable advantage over straight flutes has been observedo It is entirely possible,~~ however,~~ that spiral flutes of smaller pitch th&n have been used might afford considerable benefits (See Chapterii)o Theoretically» i t is possible to reverse the direction of the transport effect by using a tight enough flute spiral, and make it reinforce rather than compete with the thick­thin effect. Accurate spiral flutes are more difficult to manufacture, but not exorbitantly so; the benefits derived may well be worth the extra effort involved . 
(iv) Symmetrical flutes have been tested by C.I.T. with no significant results except to substantiate the dependence of penetration on minimum wall thickness for fluted cones. 
(v) Special liners to which Thomas u theory (4) can be applied have been obtained by CaioTo~ but are not of sufficiently high quality to justify testingo They have sin~ ... wave nutes with wall thickness varying in an unsymmetric manner (16),~~ and are extremely difficult to manufacture to close toler­ances . They are of purely academ1c inter-est a~ presento 

Variability in Performance of Fluted Liners and Tolerances Required 
Exhaustive gauging data have been obtained by both Firestone and Cai oTo on all fluted liners tested except the earlies·~ lots . C .. I . T. has developed and built a special transducer gauge (15) for the purpose9 which gives very precise measurements and permanent records of all measurements o No statistical tests have been made as 
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yet with any kind of fluted liner, however, since only small numbers 
are obtained, in general, and all are needed to determine relations 
between penetration and spin frequency. Conclusions concerning 
tolerances and their effect on performance must be drawn from a 
qualitative survey of observations on many lots of liners. 

The accumulated data indicate that, for the types of liners 
tested to date by C.I.To and Firestone, variations of the magnitude 
given below yield performance that is not appreciably more erratic 
than that of equivalent smooth liners: 

Parameter Permissible Tolerances (Nominal) 
57mm 105mm 

• 0 . 001 in. 
+ 0.002 in; 
+ 15 minutes 
+ 2 degrees 
! 15 minutes 

*Note: The angle subtended at the axis by each fluteo 

+ 0.002 in. 
+ 0.004 in. 
+ 15 minutes 
+ 2 degrees 
! 15 minutes 

The tolerances quoted are somewhat conservative. ~uite respectable 
performance could be expected with somewhat more liberal figures. In 
the case of the 57mm cones, especially in the early tests, the variations 
in test pieces have been much larger than the tolerances given. There 
seems no reason, hot·rever, why reasonably careful techniques s~~uld not 
be capable of providing pieces well within the specifications • 

The shapes of the flutes must also be consistent, of course, 
although it is difficult to give quantitative tolerances for shape. 
Other parameters should be kept to the same tolerances that have been 
established for smooth linerso 

t1ethods of Manufacturing Fluted Li~ers 

One of the chief obstacles in early research on spin-compens~tion 
was the procurement of suitable test pieces& The difficulties now have 
been very largely overcome, although manufacturers undertaking the task 
of producing fluted liners for the first time still sometimes experience 
recurrence of the old troubles. 

~For detailed description of variability of several specific lots of 
57mm liners, see "Rotated Charges", CIT-ORD-R22 and CIT-CRD-R23. Fire­
stone reports have included detailed flute depth measurements on nearly 
all liners tested. 
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The only significant method of manufacture used to date is pressingo Firestone has made extensive use of machined liners of Type IV design, which ~e entirely satisfactory for laboratory purposes~ for that one design onlyo The method is entirely unsuited to quantity productiono Die casting has been considered many times ~ but thus far appears unlikely to yield pieces of adequate homogeneity or dimensional stabilityo I t is improbable that die casting ~auld compete with pressing on an econom­ical basis3 in any evento Electrodeposition of liners with flutes has also been considered, bUt never been attemptedo There is littl e chance that such a procedure would be competi~ive either economically or in quality of producto 

The first step in any of the manufacturing processes is the machin­ing of a flu ted punch (male die) o This has been done 3 in cases where flat canted surfaces were tolerable~ by simply machining the flutes directly into the punch with a milling machineo The more common pro­
cedure~ which is necessary ~producing the more desirable canted sur­faces in the form of arcs~ is to form a scaled=up replica of a s ingle flute by milling3 and then duplicating that profile on a smaller scale, any desired number of times (depending on the number of flutes spec­ified) on a blank punch by means of a pantograph milling machineo For flutes whose depth is a linear function of liner radius, a simpl e two­dimensional template serves as an adequate template, For non~ linear flutes a a three=dimensional replica is necessaryo The National Bureau of Standards has developed a beautiful automatic guide arrangement f or a panto~aph machine~ in which a two-dimensional template can be made to serve for either linear or non-linear fluteso 

Most of the commercial suppliers of fluted liners have used matching fluted dies~ the female being hobbed from a fluted puncho The chief requirement for producing good pieces in this manner is an intimat e knowled~ of techn~ques for making accurate dies, heat-treating to obtain maximum die strength, accurately controlled bobbing, and good technique in forming liners under conditions that produce unusually large stresses in the dies e In using matched male and female dies to form Type III flutes > prov~slon must also be made for accurate control of tho index~ng of the dies ~ Type IV flutes are formed between a fluted femal e die and a smooth metal punch.s Type V betv1een a smooth female and a fluted puncho It has been found highly desirable to use loads of the order of 400 tons ~ forming 57mm liners and of the order of 900 tons for 105mm liners by ~is methodo A relatively slm-1 pressure application and a brief "dwell'' at peak pressure (of the or-der of 40 ~o (fJ seconds total) has also been found desirable in order to reduce elast1c recovery of the liner metal and assure accurate reproduction of the fluteso This technique remires use of a hydraulic press .? but the proress can be considerably accelerated by us~g mechanical presses and engineer ing the dies to allow for a certain amoun~ of elastic recoveryo Annealing of the blanks prior to fo1m1ng would be desirable under these circum­stances o 
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Firms and agencies that have used this method of manufacture 

include: 

Franl-.:ford Arsenal 
Bridesturg Station 
Philadelphia, Penna . 

Hestinghouse Electric Corporation 

East fittsburgh, 
Pennsylvania 

The Palfy Die Jc Hold Company 

29()0 !3radm~ll Avenue 
Cleveland 9, Ohio 

!·!as on, Shaver ~(. fthoades 

Fifth hVenue & Congress Street 

East McKeesport, Penna . 

.Lastern Tool 1. Hanufacturing Company 

1 Hontgomery Street 
Belleville, New Jersey 

The cost of a complete set of dies to form ~JPe III flutes has usually 

been of the order of $1000 for 57m~ li~crs and ; 1200 for 105m~ line~s. 

The cost is less, of course, for Type IV and considerably less for 

~:pe V flutes. 

L'he T-.fPe I and 'f.JPe II flutes are :'lade by a method devel oped at 

the National Bureau of Standards . Instead of using ti..JO metal dies , 

in this proce~s one (smoot h ) di.e i s fitted Hith a conical rubber pad. 

Tho blank liner is then pressed betHeen a fluted tool and its rt:.bber 

padded mate. Because the Bureau of Standards did not have a heavy 

press at the t:ime this ':·J or k t·n.s beinr, done, all flutes of this type 

r,.rere formed at loads of only 75 to 100 tons . As a result, aren the 

side of the liner formed by the metal die did not conform exactly 

to the die; the side tol.;ard the r ubbc-;r nad was always formed Hi th 

very much rounded flutes, of course . Although this process •ras 

ultimately developed to the point where satisfactory reproducibility 

could be obtained on a laboratory scale of production, it seems 

definitely unsuited to mass production. The Camin Laboratory of 

Brooklyn is the only commercial supplier to use this raethod. 

The Bureau of Standards also developed a orocedure far making 

fluted female dies without hobbing t hat may be of considerable 

potential importance. The t echni que consisted of electrodepositing 

a cobalt-phosphorous allov on a fluted punch; very accurate replicas 

1rJere obtained in this mannero The cobalt-phosphorous die was then 

set in a tool- steel block for use in formine liners . The Gamin 
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rawn Liners 
(105mm) 

1.50 

Firestone T. & R. Co. 
Standoff • 2.1 chg. dia 

Shear-Formed Liners 
(90mm) 

300 4.50 6oo 
vo (in. /sec . ) 

Fig. 16 Experimental observations by Firestone showing spin compensation by smooth liners made by shear- forming process. 
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Laboratory used this same procedure and applied l oads of 36o tons to 
the dies l-rithout damage ., The technique is more expensive than hobbing, 
and could be used by fewer suppliers> but might be useful in cases 
where extreme die precision is required ~ 

Means of Spin-Compensation other than Fluted Liners 

(i) 

(ii) 

(iii) 

The use of spiral detonation gu~des (variously called 
11 lavmmo;Jers 11 and 11 spiral staircases") t o guide the 
det onation wave in sections along separate spiral paths 
have been tested by Firestone (5 ) and C. I.To The 
technique introduces a component of impulse in the approp­
riate dir€ction for spin~compensationc Experiments 
indicate t hat the pr inciple operates as expect ed but that 
the optimum fre quencies attainable ~-;ithout excessive loss 
of penetrating pm1er are rcl3.t~vely low ~ 

A technique of .fluting the explosiv<~ adjacent to a smooth 
liner has been tested by C, I .,T, (14) The flutings v1ere 
SL~ilar to those ordinarily used on the liner . Spin-com­
pensation ~;as observed> as expected~ but the procedure seems 
unlikely to afford as great benefits as fluted liners . 

Very recently} Firestone has carried out a series of*tests 
Y.Tith smooth liners made by a "shear-for:ning11 pr ocess • The 
liners were very well made insofar as dimensional character­
istics are concerned j and the charges were of standard 
design. The shear forminr orocessi however } tends to produce 
spiral deformations of the liner, even though t hey may be 
invisible to superficial inspection The deformations may be 
manifested in the final product by asymmetric variations in 
density, metallurgical properties~ or dimensions. Liners 
made by ~~is process h~d pr eviously been tested statically 
at B ~H .L , and found to perform ~oorly; these results had 
prompted an analysis by Pugh (25) that may have some bearing 
on the Firestone results , 

Firestone fired shear-formed liners of 90mm size at several 
different spin rates ; obtaining the penetration depth versus frequenc.y 
plot shown i n Fig. 16. The liners showed a definite and> for liners 
of the size , f airly large optimum frequen~J The tendency of these 
liners to compensate for spin ~s presumably due to the asymmetries 
caused by the method of manufacture . Huch more experimental work must 
be done before the practical signif~cance of this observation can be 
evaluated. 

-x- Forty (41st ) Proc;ress ne,ort of .-he lire:. tone Tire and Rubber Co . , 
0:1 BAT ?reject, Co!'ltract i':os DA 33A0l9 ORD-33 and DA,.33-0l9-0HD 1202, 
December 1953, pp. 43- 46 . 

~ ... '*' ljnreported . Editorial Jote: These i nvestic;ations have been reported 
and discussed in refer ences (27)~ (28)

1 
and (29) . 
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Conclusions, ruture Prospects in ~pin Gomnensation 

The only important development to date in the field of spin- com­
pensation is the fluted liner ~ The other techniques described above 
have been only cursorily investigated by experiment, but theoretical 
considerations give no hope that they would provide less complicated 
or more practical solutions to the problem , For the present, it 
seems best to concentrate on the fluted liner and continue its develop­
ment" 

So far as fluted liners are concerned, there is as yet no evidence 
of any benefit to be gained by using materials other than copper or 
shapes other than conical 4 Tests with a great variety of smooth liners 
(including cylinders and trumpets) and with various types of detonation 
wave shaping are being carried out in connection with fundamental 
studies at nearly all of the interested laboratories and the results 
inspected for any possible advantages in spin compensation. Until some 
evidence of a potential benefit is found, there is little profit to 
be gained b,y extensive experiments with varied types of fluted liners. 

Of the various types of flute tested , the Type III, formed between 
matching metal dies ~ afforcS t '1e ere a test promise for pract i cal application .. 
Types I and II have exhibited no real advantages in tho f orm of higher 
optimum frequency or better penetration and have a very grave disadvant­
age for application in that the shape of the liner surface adjacent to 
the padded die is not controllable . This makes it very difficult to 
design liners for a specific optimum fre~ency and at the same time 
tends to increase variability of performance . 

Type IV flutes do not involve the lack of control in manufacture 
and have been used to very good advantage by Firestone in developing 
a highly satisfactory liner for slow- spin 105mm rounds . They lack the 
versatility and potential benefits of Type III~ however~ The possibil­
ity of indexing Type III flutes makes available greater flute depths 
without excessive necking of the liner (and consequent decrease in 
penetration) and without using heavier blanks (with the attendant drop 
in optimum fre~ency) ~ The 'JYpe III flute has a very considerable 
advantage that i s peculiar to it alone in that the opti:num frequency of 
l 1ners nrodu ced with a given £!!! ~ ~ can be adjusted over a wide 
r ange by merel y a1 terJ.ng the indexing, Thus , the designer and the 
manufacturer are reli eved of the necessity of designine and making dies 
t hat will yield exact~l the desired optimum spin rate Type V liners 
appear to have only academic interest» but are important in that respect 
for the opnortunity they afford of better understanding of tho spin­
compensation process . 

The determination of the proper variation of flute depth with 
position to have all elements of the liner compensate at the same spin 
rate is the most important problem at present ~ The l i near flute used 
thus far is adequate for 57mm HEAT at present standard spin rates 
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(about 210 r.p.s.) and for 105mm HEAT slow spin shells (to at least 
50 r.p.s.). 'lhe opt:imum frequency attainable with linear flutes may 
be pushed considerably above the present limits, bpt there seems no 
hope of achieving the high spin rates contemplated in proposed small 
calibre rounds (up to 1200 ropos.) or even the present standard spin 
for large calibr e rounds without using non-linear flutes. The theory 
of spin compen.sation in its present state is of only nominal help in 
this probl em. The means of obtaining an empirical determination are 
at hand, however, and the task has been started at C.I.To There is 
no evidence as yet of any essential upper limit to the frequency at 
lvhich spin- canpensation can be achieved, but there are obvious 
difficulties ahead. 

Spin-Compensation (by use of fluted liners) Comuared with other Methods 
of Elill1inating Spin Degradation 

For standard small calibre weapons (57mm and probably 75mm) there 
is little room for argument concerning the best method of eliminating 
spin-degradation. Designs are already available and tested for fluted 
liners that will provide performance at the standard spin-rate of the 
57mm H.E.A.T. round essentially equal to that obtained with smoot h 
liners fir ed statically. The development of a comparable liner for 
75mm rounds should be relatively s:imple. There is no comparison so 
far as simplicity and low-cost of application are concerned between 
fluted liners and the other methods available. 

For larger weapons (90mm, 105mm, and larger), the situation is 
quite different. In the special case of the 105mm B.A. T. weapon, 
Firestone has found the slow-spin T-138 round with a fluted liner to 
be the best solution. Static, smooth cone performance is obtained at 
spin rates up to about &J r .p . s . l-Iith available fluted liner designs, 
and shells have been designed that afford sufficient accuracy at spin 
rates below &J r .p.s. The design is not a satisfactory solution to 
the general problem, hovrever, because it requires a special rifle. It 
is necessary to find a shell design that can be fired from guns 
currently in the field or in productiono 

There are three alternative , exterior ballistic solutions to the 
problem under consideration. The concept of using peripheral jet 
engines on the shell to stop its spin before the target is reached 
has not yet been adequately tested. Firestone, in conjunction with 
Picatinny Arsenal, has same tests planned, but computations of the 
torque needed offer litt le hope that this method will prove practical. 

The use of bearing-mounted charges that permit part of the shell 
to spin, for stability, vrhile the ch·'3.rge itself spins only slowly, if 
at all, has been proven practical by Firestone and Frankford Arsenal 
and by Midwest Research . Two designs have been used - one , a tandem 
arrangement, in which the front part spins; the other, a concentric 
arrangement in which the outer shell casing spins about a relatively 
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slow- spinning core containing the charge. Either design seems capable of providing charge spin rates of the order of 50 r.p.s. or less when fired from currently standard rifles. Clearly, a fluted liner is needed to compensate for even those low spin rates in large Shells, and it immediately becomes critical to know whether the spin frequency of the charge is consistento 

A number of laboratories, both industrial and military have been working on fin-stabilized rounds. Both long-boom and folding-fin models have been designed that can be fired from standard weapons with apparently satisfacto~ accuracy$ Even these have a small amount of spin imparted to them (ordinarily less than 20 r.p.s.) to improve exterior ballistics, so a fluted cone might be desirable for large calibre shellso 

A comparison of the bearing-mounted charge with the fin-stabilized shells is very difficult at present, because of t he l i mited experience with bearing-mounted projectiles. It seems certain that they must weigh more than a standard spin stabilized projectile of similar calibre and t hat t he concentric design demands the use of a smaller-than-normal liner ., It is not at all certain, however, that t hey will 1-1eigh more or be more costly t han finned r ounds . The fin- stabilized shells involve some complications in des ien and f i rinp, , but would appear to offer the better solution of t he t~-10 for larger calibre r ounds . 

It seems clear, hm1ever, that any technique for reducing the rate of spin of the charge must provide only an interim solution . Once a flut ed liner can be des igned to compensa t e for the frequency of spin of a s t andard round of any given calibre, it immediately provides the most convenient and economical solution to spin-degradation for that calibre. 
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ChAPitili IX 

/~ DEFJ.AT OF SHAPIID CJ-:Al\Gl. ·:lt;A?ONS 

R.. v. Heine-Geldern 

Carnegie Institute of Technology 
Pittsburgh, Pennsylvania 

Abstr act 

Of all possible means of defeating shaped charges, 
the most promisine folmd to date c ::>nsists of a combina­
t ion of glcss and steel armor. The gl as::; ·1ay be i n the 
form of plates, blocks, or laree balls, possibly in 
conjunction ~!ith a suitable shock absor bing material. 
'thi s means of protection has the advantage of low densit;}r 
and hence low over-all weight, in addition to utilizing 
the abnorntal sto"-inc· nower 0f ~ lass , Hhj ch has not been 
anor:>!iched by acy other .'let! o': of :-as~ ive defence. 
'l'i tani'.lm displays abnor!nal stopping pO'· er t~ a much 
smaller ext ent. Recent results sug~cst that e~)losive 
pellets Qr....li near shaped charges can provide a very hi t;h 
degree of prot ecti on· ~:ndcr ccrta i.n cir cumstances , bu t · · 
these last two methods have not been developed to the 
point uhere they can be considered practical. 

Introduction 

'Jhe problem of nrotccting milit~ vehicles and other tareets 
against attack by s haped charges has been the subject of two recent 
papers (1), (2) . It is assumed that t he render has access to t hese 
tuo r)aper s ; the cu.rrcnt report :'0-.·'.l ireo some fmnili.arity wi. th their 
c <. nt.cnts. Instead of s t : rtincr f r -xt first ~rincii?les , as is done in 
ref e r ences 1 and 2 , ~Le Present c~.,.p'vcr r~l.1 -:ive .1. bri ef summ:1r y of 
the situation, and uill ciir.cuss in detail t l1c fcri met: vc· s of protection 
uhich appear most pr actical at the present time. In acidition, an 
atteMpt will be made to clarify certain principles of pr ot ection •~ hich 
are frequently misunderstood. 

The s cope of t h is cha·)t.t:r i fJ furk<'l' -:-~strictcCl L~ t he probl em of 
pr eventinr: perforation of targets that arc h:i.t lJy 6•::t1:-ed ci.arge::;, 
neglecting t,·_e :-)r oblc:ms of increasing .. ,.mneuver~hil .L ty to r cd .<CC the 
probability of a hit , of ca'llouflaging tL c t .?r f!et, or of designing its 
in terior so that a perforation will cause min~'llum destruction . 

o·:vn nn otltGr t han sha?ed charr;es will also be neglected, but 
i.t if; vt~ r;r ! i kely t hat :ldp cuatt~ orotection apainst shaped charges \~ill 
defeat kinetic enerey r r oj cct ilc•3 ·1s well , s St:"J.'lsh- heads of compar ­
able calibers. 
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Survey of Possible Protections 

It has long been customary to distinguish between 11active 11 and 
11passive 11 protection (J). The first type induces malfunction of the 
charge or of the ensuing jet. The second simply absorbs the kinetic 
energy of the jet. 

Recent efforts on active protection have been centered around 
spikes (4), explosive pellets (5), and linear shaped charges (6) 
mounted on the outside of the tank. 

In the case of spikes, it was found that they are ineffective 
against shaped charge projectiles with fast-acting fuzes, although 
they had been quite effective against the World War II weapons with 
slorT fuzes o Explosive pellets and linear shaped charges are capable 
of spectacular performance against attacking weapons. The drawback 
at the moment lies in the fact that no sensing device has been developed 
which will allow them to function only when required, without setting 
them off as a result of small arms fire . 

The design of passive protection is very simple in principle, 
since remarkablY accurate predictions regarding the stopping power of 
any given combination of materials can be made on the basis of residual 
penetration theory (see below). Before considering this type of pro­
tection in detail, it is desirable to examine some of the pertinent 
implications of this theory and to clarify certain prevalent mis­
conceptions regarding its a~plicability. 

Comments on Residual Penetration Theorr 

The hydrodynamic nature of the penetration process was apparently 
first recognized by the E.RoL. group in 1943 (7) and was subsequently 
refined and expressed mathematically by Hill, Mott, and Pack (8) in 
England and independently by Pugh (9) in this country. From the point 
of view of protection, one of the most important consequences of this 
theory is given by the 11density law11 

(1) 

where dPx is the penetration in material x and dPY that in material 
y, each caused by a given jet element of length dl, and where Px and 
Py are the densities of materials x and yo 

Since this law is correct for the fast front elements of the jet 
and definitely incorrect for the slow rear elements, complete predictions 
regarding the performance of various target materials (singly or in 
combinations) could not be made until the residual penetration theory 
was developed by Pugh and Fireman (10), (ll). This theory, recently 
summarized in reference 1, is very important for the \-Thole problem of 
passive protection. A few of its aspects which are oarticularly 
important are discussed here in some detail , 
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a. Residual penetration theory compares the stopping powers of 

~~o materials by using equal thicknesses of both, the thickness to be 

such that only the faster parts of the jet \':ill be absorbed in the 

materials under examination. The stopping powers of the materials 

are expressed in terms of res idual penetrations into a standard material, 

usually mild steel or armor plateo This method is adopted in order to 

compensate for an over-simplification inherent in the basic theories of 

references 8 and 9. These theories assume that the entire penetration 

process is of hydrodynaMic character, i~e., the pressure exerted by 

the jet on the target is so great that the strength of the target 

material is negligible compared to ito wbile this is near~ true for 

the fast moving front portion of the jet, it is not true for the much 

slower moving rear portiono 

In the procedure described above; the two materials under test 

are used to absorb only the fast portion of the jet, \ihile the slow 

portion is absorbed in a single standard material so that deviations 

from the hydrodynamic density la1o1 1:ill tend to cancel out. 

b. Residual penetration theory makes no assumptions regarding 

the shape of the penetration-standoff curve (Fig. 1) for the charge 

under consideration, but uses the experimentally determined curve to 

predict the stopping powers of various materialse The simple density 

law expressed in equation 1 is frequently visualized in the integrated 

form Px/Py =VP/Px• '.this simple integration is justified only if all 

the jet elements have the same high velocity, high enough so that the 

strengths of all target materials may be nep.lected. Even then the 

integration would be exact only for perfectly aligned jets. Since these 

two conditions are never satisfied in practice~ the few experiments in 

which P /P was observed to be equal toy'p /p must be considered 
X y y X 

accidental. 

To illustrate these considerations by just one example, consider 

the comparison betv1een a soft aluminum alloy (such as 2S) and a hard one 

(such as 24ST). In t.he lj_pllt of the preceding remarks one would expect 

different total penetrat ions into the tuo :naterials, the strong 24ST 

alloy exhibiting the higher stopping pOl .. er ., \'.hen the comparison betHeen 

the two materials is made by the method outlined above, the tvro materials 

exhibit nearly equal residual penetrations and therefore equal stopping 

pot,.rers against the fast nortion of tho ,jet~ 

c. The conical liners used in service ueanons and in most 

laboratory charges have apex angles in the nei~borhood of 45°. The 

comments made under (a) concerning deviations from hydrodynamic 

theory, and hence from the density law, become even more nertinent for 

liners of larger apex angles such as the DuPont 11 Jet Tappers 11 vrith 

the ir 8o0 cones. In general, the wider the cone angle the slower the 

jet and the more readily target strength ·.:ill become apparent. vlhen 

looking for exceptions from the density law among a number of materials, 

a wide-angle cone will identify the exceptions more readilY than a 
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Curve b typical poor charge with small 
optimum standoff and rapid fall­
oft at larger standoffs. 

CurYe o typical good charge with large 
optimum standoff and gradual fall­off at larger atandoffs. 
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narrow- angle cone , but it must be remember ed that a material which s hows 

consi derable "abnormal " stopping povrer (see below) agai nst slOl-1 j ets 

from wi de-angl e cones may display very little of it against fast .jets 

from small-angle cones. 

d. Residual penetration theory an5wers the f r equently r aised 

ques t ion regarding the effectiveness of spaced armor or skir tine pl ates 

as f ollows . The questi on is meaninf,less unless the exact po~ition of 

t he ski r t ing plate is 5uper-ir'll)OtH.!d on vhe ncne tration- otar:clof.:' c1.:rvc 

of the attackin!; r.ro.jectile. IJ' the '' r oj cctile deto:ntes at lcs:> than 

opt:L"'Tium ~tandoff, then the air space hctl·:een ckirtinr plate and basic 
armor may actually increase the resultant penetrc>.tion by incr easing the 

standoff mor e nearly to optimum value . For charges fired near optimtun 

standoff, 5kirtine plates v1 ill be ef!'ectiye only ahtainst r elatively 

poor char ges such as those renresentcd by curve b in Fig. 1 , but will 

be quite ineffective a gainst the f Ood charges whose penetration- standoff 

curves have the appearance of curve c, 

e. ~ccording to residual penetration theory, alternate layers of 

high and l ow density materi al will provide less protection than the 

same thickness of a single mater ial having tho same aver age densit y as 

the l~~ipated tar get. An actual case is illustrated in Fi g . 3 of Ref . 1, 
where solid aluminum is shovm to be more effective than a tar get of the 

same thickness o.nd areal Height, but composed of thin steel plates 

sepnratcd by air-spaces. 

Thus , ~hilc spaced armor or skirting plates were useful against the 

relatively poor pr ojectil es of ,,:orld 'dar II, they l·fill be worse than 

useler.ss ae;ain1:1t n!'o,icctiles canable of dcfcatinp, armor at lonr; sta:1doff~ 

by virtue of nroper dc~c.:i.r;n and construction . 

Design of Passive ?rotcction 

Equal degrees of protection can obYiously be obtained f r om a l ar ge 

thickness of low density material and fro~ a ~mall thickness of high 

density material. l'o illust rate t:1is b·r an ext-rene exa'Tlple, assume 

that a r;iven cl.argc civcs a !>enctration of 10 in . of armor plate at 
optimum sta1~doff and uf 1 in. a r mor t.>l1.tc at a standoff o.f 20 ft. For 

this narticul:tr case l t ni ""ht be, said t tJ'lt 9 in o.!.' ·1.:-.:tor ?l., t c :rovidcs 

the S3.r.te prv\.cction ao 2 ,J ~·, ·> a ir . ....incn U.c la1..ter ::as C>b vi uusly 

less areal den:::;ity than the former, i i, ni r:·ht be considGrect superior to 

the armor nJ..~te on a t:c i ght basis . r'vr pr actical purposes tho density 

of materials which ~ight be considered uill vary from about 2 (magnesium 

or Dcn-1 metal ) to about 11 (lead ) or more ~robauly fran 2,7 (:Uurninun) 

to 7.8 (steel or homogeneous ~rmor)~ 

As pointed out in some de t ail i .. r o.:ar rncc lJ -:Jcnetration theory 

indicates that even over this limited range of densities, the less dense 

mater ial is a l ways superior to the denser material on a r1eight basis, 

but inferior on a thickness basis o Specifically ~ the following appr oxi­

mate relations hold for most materials: ror any desired a'Tlount of 
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protection, the required areal~ensity varies as 1/ vP, while the 
required thickness varies as VP~ To illustrate this, consider a 
5 in. t bickness of armor plate which is to be protected against a 
shaped charge capable of perforating 10 in. of armor. The necessa~J 
protection could ~e provided either by an additional 5 in. of armor 
(about 2002lbs/ft ) or by an additional 8.5 in. of aluminun (about 
120 lbs/ft ) . Except for econ~ical considerations, it is primarily 
a matter of weighing the thickness advantage of armor plate (3.5 in) 
against the weight advantage of aluminum (80 lbs/ft2). 

Glass 

~ 
The abnormal stopping power of glass, first reported by the 

author in 1945 (12) , (J), has only recently been verified by two 
other research laboratories (13), (14). 

Briefly summarized, the follot-Ting observations have been made on 
glass: 

A. Its stopping power is nearly independent of its chemical 
composition or heat treatment (15). 

B. A glass target consisting of a fevT thick plates is more 
effective than an equally thick target consisting of many thin 
plates (16), (17) . 

C. ~tarting from small areal dimensions, the effectiveness of 
glass increases as its areal dimension is increased, until the linear 
dimension of the glass plate is about 3 charge diameters (16), (17). 

D. Targets made of smooth glass plates perform better than targets 
made of glass having rough surfaces. Good mechanical contact bettveen 
all glass-to-glass and glass-to-steel interfaces improves the perform­
ance of the target. However, the detrimental effect of rough surfaces 
can be reduced by separating the individual plates with shock absorbing 
materials such as thick plates of gasket rubber (2). 

E. Glass is most effective against the fastest moving front portion 
of the jet and loses most of its abnormal performance when used to 
absorb the slow rear portion of the jet. As a corollary, the first few 
plates in the stack of glass plates are more effective than the plates 
near the bottom of the stack (18). 

F. Glass is more effective against copper jets than against steel 
jets (19) . It is very probable, but has not yet been verified experi­
mentallyJ that glass is more effective against jets from ductile materials 
than against jets from more brittle materials. 

*The term "abnormal" refers to the fact that it does not behave 
like a material of density 2.5 gm/cc, but r ather like a material 
having many times this density. Although hundreds of materials 
have been tested, glass and glass-like materials are the only ones 
>-<hich have significantly abnormal stopping pm-1ers when tested against 
high speed j~ts using the Pugh-Fi2~an procedure~ 
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FIG. Ia. Radiograph of jet from 105mm copper liner alter 
passing through six inches of I OlO mild steel 
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FIG. lb. Radiograph of jet from IOSmm copper liner after 
passing through h\'e inches of glass protected by 
1/Z'' steel and J/4" rubber 

" Photographs by courtesy of L. Zernow and J. Simon, 
Ballistic Research Laboratorlel." 



Go Glass is most effective against charges fired at close to 
optimum standoff (19)o In that case a steel face plate provides only 
little additional benefit ( 20) ., At smaller standoffs, a face plate 
seems to be desirable (20)o 

H, Under the most favorable conditions (copper jet charge fired 
at optimum standoff3 glass near the top of the target, etc. ) , glass 
frequently behaves as if it had a density of 40 gm/cc or about 16 times 
its actual density., · 

L . Glass does not deflect a jet perceptibly from its original 
direction for angles of incidence as small as 100 a Kerr cell pictures 
taken under those conditions show the jet travel~ in glass in exactly 
the same direction as the incident jet (2l) o 

J ., Plate glass performs better than cast glass bri cks of equal 
thickness (20) o This is probably caused by the presence of small iJ1l... 
perf'ectionsll especially air<=>bubbles in the glass brick9 whil.e plate 
glass is quite free of such imperfectionso 

K., Doron (glass fibers bourxl to plastic) displ.ai.ved no abnormal 
properties when tested by Carnegie Techo (18) o An apparently contra­
dictory result was obtained by Flintkote (22) 11 iniicating abnormal 
stopping power on the part of Formica FF-55, a glass cloth bound '00· tJ 

plastico Additional experiments are needed to clear up· this apparent 
contradiction in results o 

\fu:lle the Carnegie Tech group has obtained a great deal of addi-
tional information on glass (e ., go, the velocity of mock propagation, 
the velocity of crack propagation (23) 1 etco):; the mechanism responsible 
for the unusual stopping power of glass is still not completely under-
stoodo Kerr cell pictures obtained by Carnegie Tech (24) and more recent 
radiographs obtained by Zernow and Simon of BoRoLo, prove beyorxl drubt that 
glass disrupts the jet during the penetration process in the manner suggested 
by' this author (24) ~ The BoRoL., radiographs are shown in Figures la and 
lbo It seems very probable, rut remains to be proven exper:imental.ly, that 
the stopping power of glass is caused by the same mechanism as the "rebound • 
effect (24) j (25) ~ 'ihatever the explanation3 glass possesses the unusual 
propert,y of being most effective against the charge with the highest 
possible penetrating ability , .! ;:emarkab:l;E!, asset .£2!: ~ e;otective 
materialo 

The remarkable manner in which glass adjusts its stopping power to 
the penetrating abiliW' of the charge is illustrated by the experimental 
results presented in Figo 2o Starting from zero standoffD the residual 
penetrations expected on the basis of hydrodynamic theozy increase 
steadilY until they double at optimum standoff D whih the observed 
residual penetrations remain oonstanteo 

A recent BRL report (14) shows the results of a very complete series 
of tests on the performance of glass against statically firee1 3e 5 ino 
bazookas o Under the conditions of these tests the most effective thick­
ness of glass did not exceed appreciably the stopping power of an equal 
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thickness of mild steel, which would be considered rather poor performance 
by- this group. This poor performance can probably be ascribed to the fact 
that the BRL experiments were carried out without steel face plates, and 
that the bazooka has a bui lt-in standoff, provided by the ballistic cap, 
of only 4.2 in6 or 1.2 charge diameters o (Fig. 3 shows how the perform­
ance of glass varies as a function of standoff for the CIT standard charge, 
similar in most essentials to the 3.5 in., bazooka.) There is little doubt 
that increasing the standoff of the bazooka and providing face plates for 
the glass targets would provide complete agreement between the results 
obtained by BRL and those obtained by Carnegie Tech. 

The relevant observation (or prediction) to be made here is the 
following: Suppose that two tanks were protected against the 3.,5 in. 
bazooka, one using aluminum and the other using glass protection. Both 
of these designs could be carried out in principle on the basis of r ecent 
BRL results., Suppose fUrther that after the tank had been protected as 
specified, the performance of the attacking weapon were suddenl y improved 
considerably by providing it with a greater standoff. This would mean 
that the aluminum protection on the first tank would become inadequate 
against the improved weapon; glass, on the other hand, is ·somehow abl e 
to compensate for this improvement in the attacking weapon (Fig. 2), 
and the second tank would still be adequately protected., In other words , 
glass is probablY a much better protective material than would be sug­
gested by the BRL observation that at best it about e~als mild steel .on 
a · thickness basis .. 

It remains to consider ve~ briefly the manner in which glass must 
be used in order to provide maximum protection for tanks. (Details of 
fastening any proposed protection to tanks will not be considered her e9 ) 

The most effective protection would probab~ employ a total thick­
ness of glass equal to one to two charge diameters . The required thick­
ness would be made up of individual plates, each of maximum available 
thickness, or of glass brickso In either case, each piece would be 
separated fran its neighbors by a shock-absorbing material such as 
.sponge rubber, ~asket rubber, magnesia~ etc ~ , to minimize shattering 
and crackingo {By virtue of the presence of such absorbing materials, 
this type of protection would probably be quite effective agairtst 
attack by sqQash-heads .) A number of such stacks of glass plates or 
bricks will be enclosed in a steel panel of such s i ze as dictated by 
the geomet~ of the tank surfaces and considerations of e&se of hand­
lingq 

The outside surface of each panel should consist of 1/211 to 1" 
armor plate to protect the panels against small arms fire ~ and the 
inside surface resting against the tank 's basic armor should be stropg 
enough to prevent appreciable buckling of that surface after a hit . 

'!here is also the possibility of using glass in the form of very­
large balls, each 3 inches or more in diameter S; densely packed in a 
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steel panel •.zi th all voids filled with a mastic binder such as the ones used by Flintkote . While this method vrould be less effective than the ones just discussed, it would have the advantage of smaller costs and easier manufactureo 

It should be remembered that the basic armor of the tank to t-7hich these panels are attached is a very necessary part of the protective deviceo Tests on such panels should never be made without this armor 
plate backing. The panels \-rill effectively stop the fast front end of the jet1 but hard armor plato remains the most effective material against the slower rear portion. 

Recently, a major advance has been made on the subject of protection by the personnel at Detroit Arsenal , who found that armor could be cast around a solid core of fused silica t-rithout resorting to any unusual 
casting procedures c Preliminary tests of such protective panels against conventional armor-piercine ~~nition as well as shaped charges appear quite encouraging. This su~ject is now under extensive investigation • • ~. 
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Introducti on 

CHAPTER X 

TERMINAL BALLISTIC EFFECTIVENESS OF 
SHAPED CHARGES AGAINST TANKS 

F. I., Hill 

Ballistic Research Laboratories 
Aberdeen Proving Ground, Maryland 

The shaped charge is one of the more effective weapons for the 
defeat of tanks. The principal desir-n objective in the oast has o~en 

simply to perforate the arnored en•relone of tanks ., In general, t~~ 

armor of a tank has been ass~~ed to be equivalent to a flat piece. of 
armor plate and design of ~ta:)ed charges has progressed toward the 
most efficient perforation of t his target . Such an objective is a 

logical initial one since t he Infantry has had no v1eapons of reason­
able weight that could perforate modern armor by means of kinetic 
energy rounds • 

r~wever, the criter ion of shaped charge effectiveness must in 
the final evaluation be its ability to defeat an ar~ored vehicle-- not 
just perforate its armoro The first element to be considered in the 

cr iterion is that of perforat ion; the second element is da~ap,e after 
·. nerforation. Perforation of a t::mk 's anor is n0t the sa'lle as 
Derforati::m of an idealized target ~ !-:~ch of the target presented l:>y 
a tank is irregular and non-homogeneous in composition so that pre­

dictions of the effect of perforation cannot be done from flat pl ate 
data. Dama~ does not occur to a tank just because a perforation of 
t he armored envelopeoccurs o The perforation must cause further 
destruction inside. This da~., are depends upon Nhere the perforation 
occurs and the res idual damap.ing effect of the jet after the perf ora­
tion . Other factors such as stand-off~ liner material, etc., also 
are involved . 

It is desirable to consider ;just -v:hat a "tank kill" is. Tanks 
cannot be shot dovm like airplanes or sunk like ships. Medium tanks 
cannot be reduced to a twisted hulk ~y any but the most intense o~ 
blasts. Usually, a tank is desiiroy~ by releasing the forces that it 
carries vrithin it. Thus, tank destruction depends to a great extent 
on ignition of the ammunition or fuel. However, other types of 
dana~P. reduce tank effectiveness equally well depending upon the 
circumstances of combat. For instance, if a tank is immobilized during 
a retreat it is lost just as a surely as though it had been burnedo 
In the case of an attacking f orce, · if the fire power of the tank is 
destroyed the tank is no longer of use in the particular actione 
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Three cate gories of damage to a tank have. been defined . 

K Damage i~ that damage that lvill cause the tank to be destroyed. 

F Damage is da":lage causing complete or partial loss of the ability 
of the tank to fire its main armament and machine guns . 

r'l Damage is damage causing i>ll!1lobilization of the tank. 

Sources of Ter minal Ballistic Data 

There are three sources of data for terminal ballistic dama~ of 
shaped charges to tanks : historical data, terminal ballistic firings 
at tanks and box tests . Each of these three methods has i ts importance. 

Historical Data 

'...'he ,,rincipal LisV>ric~l data Cv:'0".'1iled en t he cia.rtaee effective­
ness of s},aped charr.es Has ol:;tained by the , :o.~u in Great Britain 
(ref. 1 and 2). The data available are entirely for Ger111an infantry 
hand-fired l'leapons, such as the Panzer:fau5t and the 1 ~1.ket.en'"'anze.,... 1UcG:1se 
(German 3.5 in . Ba:-ooka), vs U. s. and ..:!ritish Tanks. This information is valuable in that it gives some idea of the points of impact, the 
ranges of engagement, and the crevr casualties experiences in ~-lorld v.'"ar II. 
Table I, prepared from Ref . 1 , shm1s the pr oportion of Sher man and Stuart Tanks that burned completel y and the proportion that were repairable, 
as a result of shaped charge attack, 

'l'otal No. 
Consiciered 

64 

TAbLE I 

t·:o . 
Durned 

27 

of 

'" furned 
j~ Casual ties 
Repairable 

54% 
This table suggests that most of the tanks that were not burnt were 
repairable o Table II, taken from Ref. 2, suggests that the rule of 
thumb that one man killed and one wounded for a perforating round is 
a good one for shaped charge rounds, 

TABLE II 

No, of men .,. 
;~ 

-~ -~ Exposed 1\illed ounded D;.1 r ned --- ---
235 20 24 6 

These are short range l-reapons. Kills rarely occurred at ranges greater 
than 120 yards. The mean range of 227 allied casualties (all the collected data available on shaped charges from World War II) is 43 o5 yards. The 
angular distribution of casualty producing attack data availabl e for these 
short range weapons is shown in Table III. 
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No. of 
Perforations 

100 

TABLE III 

No. on 
Front 

No. on 
Side 

63 

All of the above data were taken from references 1 and 2. 

Terainal Ballistic Firings 

No . on 
Rear 

7 

The second and the most definitive source of da~aee information is 
the proving ground firing at a tank. Such firings have been carried out 

by the British, the BRL and other organizations froM ti~e to time. 
References to the detailed data on these firines are given in reference 
rru.mbers 3 to 21 . 

The largest and most ~stematic progra~ has been ~t the Ballistic 
Research Laboratories. The method of obtainin_g the~e data has been as 
follows . A fully equipped tank (usually a T26E4 or T26E5) is loaded with 
wooden cr ew members in each crew position and stowed with inert ammunition. 
A small amount of fuel is placed in the fuel tanks to operate the engine 
so that it can be running when the tank is fired ono A round is then 
fired on a selected surface of the tank. The angles of fire usually con­
sider ed are normal to front and side and 45° azimuth to front and side. 
Another angle of attack is at 45° elevation angleo The range of firing 
varies depending upon the round to be tested . For instance, the 9C>nu'l 

Tl08 round ~.:a~ fired at 500 yards and the 3.5 in. rocl~et Has fired at 
100 yards. For the first firings the attempt is m:1dc to cover t bc tank 
in a fairly uniform manner \·lith hits . However, after the nature of the 
damage of a particular r ound is generally understood, the rounds are 
fired at the surfaces uf a tank where there is the greatest doubt about 
the damage . 

As soon as a hit is obtained on the tank, bro combat experienced 
assessors po to the tank and examine the damage. As long as the tank 
is operable, operable components are checked (such as, turret traverse, 
gun elevation, radio intercommunication,etco) . The damage is then 
assessed with a description of every item of damage to the tank. These 
descriptive assessments are then translated into numerical assessments, 
which have been determined by the assessors to be standard. A list of 
standard assessments of canponents is eiven in Table IV. H, F, and K 
damage are defined in the "Introduction. " 
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TABLE IV 

LIST OF STANDARD ASSESSt.fENTS 

Amzm.l.nition 

Cases - t·1ain Oun 
P.. E .. Projectile 
Small Arms stowed in turret bustle 

11 " 11 in driving comp 1 t 
n 11 " near loader 

Grenade Box 

Personnel 

Com;nander 

CUnner 

Loader 

Driver 

Bow Gunner 

Gun 

!1ain run and breech 

Z:'iuilibra tor 
Elevating and traversing mechanism 
Recoil mechanism 
Coaxial machine gun 

Bo~1 machine gtm 

Engine Compartment 

Engine, transmission 
Oil ~d Coolent coolers 

F'uel tanks 

Battery 

Figpting Compartment 

Uadio and lntercanmunication 
tire Control - Dependent on syste~ 
Driving Controls 
t-:e :tter (using liquid eng. c .lo~.:ut) 
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Probability of Overall 
Damage to Tank when 
Destroyed 
M F K 

. 20 

.30 

.30 

.10 

. 10 

1.00 

1.00 

.50 

1.00 

l .OJ 

.15 

.10 

.15 

.45 

.30 

.20 

. 15 

.10 

.80 

.80 

.80 

.80 

. 10 

.10 

.10 

100 
100 

1.00 

... . 



Exterior Components 

Front Idler Hub 

Track 

Driving sprocket 

Final drive 

Track guides 

TABLE IV (Contid) 

Probability of Overall 
Damage to Tank When 
Destroyed 

M 

,50 

loOO 

loOO 

loOO 

,10 

F K 

The above table is representative and is not inclusive of all the damage 

that could happen to such components as the electrical circuit, etc. 

1be determination of a personnel kill is made from exa~ination of 

the ;.rooden dwn.'Tlies. ',·!hile lwund criteria as dete~i:1ed from lvooden 

dummies are admittedly inaccurate, case5 that are marrinal are usually 

rare. Assessment of the possible damage that could have occurred from 

fuel or anmunition fires is made by observing where the hits occurred 

and correlating this with actual experiments carried out against these 

components separatelyo Fuel and ammunition are removed from the tank 

prior to firing for practical reasons . vfuen a tank is perforated with 

live ammunition in it, it is hi~hly unsafe to investigate it even though 

no immediate fire occurs for several hours . In the case of a fire which 

consumes ammunition or fuel there is nothing left of the tank t o access. 

After the perforation has been assessed the tank is cleaned, previous 

damage carefully marked, ne": l·:ooden dummies installed and minor da.-nage 

repaired. As successive sLots hit the tan~c the quality of t-he data 

obtained decreases since the assessor s esti.'!lates of t he actual da~age 

that :,:auld have occurred in the absence of previous damage become more 

difficulte The tank is fired on until no more data can be obtained . 

(In the case of the J.S inch rocket over 70 hits and 35 perforations were 

obtained on a single tanko) 

The descriptive and numerical assessments are the basic data for 

the analysis of tank vulnerability. The information is contained in this 

form in the firing records (ref. 3 . through 16) . British data are ure­

sented in a somewhat different form in that only the descriptive part of 

the damage is giveno British data available are given in (ref. 17 
through g)). -
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l:Jox Tests 

'The so-called 11box tests 11 are thoroughly described in Ref . 22. A 
box is placed behind the armor plate . In this box are instruments to 
measure pressure and temperature and usually witness plates to give an 
indication of scatter. The box appears to be an admirable way to obtain 
developmental data on shaped charge design. Its value will probably 
increase as correlation can be established between box measurements and 
tank damageo 

A BRIEF SUMl1ARY OF TERr1INAL BALLISTIC FThiNGS 
Data Obtained at Aberdeen Proving Ground 

Using the methods of gathering data outlined in the previous section, several firings of shaped charge ammunition against tanks have been con­
ducted . A detailed description of these firings is given in the APG F:ir ing 
Records (refs. 3 through lo). Table V summarizes the number of each type of round that his been fired and the amount of data from perforations that 
are available. Most of the attacks were against the T26E4 tank which in 
armor and most other respect.s is similar to the M26 (Pershing) tank. The 
armor is the same as the M46 and similar to the r147 . A few firings were 
against the T26E5 tank, lihich is a considerably up-armored version of the 
M26 tank, Table V is presented to show what basic data is available at 
the time of writing. No conclusions should be drawn from this table con­cerning perforation probabilities. The range of firing was established 
for the sake of convenience and safety. 'Static firings" or firings fran 
shaped charges set in place were used when it was not feasible to launch 
the rocketso 

TABLE V 
SUMMARY OF SHAPED C~GE FmiNGS ON 

T26E4 and T26E5 'IANKS 

Crew Eng. 
Ref. Type of Tot al No. Comp. Comp . 

Non 
Perf. 

Type Round Attack Range of shots Perf. Perf. Hits -3.511 HEAT Rocket M28 6 Ground 100 yds. 70 33 6 31 9Jmm HEAT Tl08* 4 Ground 500 yds. 24 11 1 12 
5" copper cone 9 Ground Static 2 2 
5" copper cone* * 9 Ground Static 9 9 5" aluminum cone · 9 Ground Static 8 6 1 1 75mm HEAT M310Al 3 Ground 100 yds. 25 8 3 14 105rnm HEAT M67 8 Ground 100 yds. 20 6 1 13 2 o 7511 FFAR 5 30°air 500 yds. 31 11 5 15 Scm Oerlikon 5 J)0 air 500 yds. 39 14 2 23 3,511 HEAT Rocket H28 7 45°air 13 yds. 15 10 5 6 ,5" ATAR (Steel Cone) 10 45°air Static 6 5 1 

*.Rounds marked by asterisk were fired against T26E5 tank. 
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Of all the firings listed in Table V only that of the 3.5 inch 

Rocket is likely to give any valid data in an unreduced fonn for the 

expected number of kills on the T26E4 tank. Table VI separates the 

damage to the T26E4 tank into damage from armor fragments arrl damage 

from the shaped charge jet it~elf. It is significant that no K damage 

was caused by fragments. Figure 1 shows t he results of the 3.5 inch 

(ground) firings as a cumulative distr;butiono The use of a cumulative 

distribution of nUmerically assessed damage is of considerable aid in 

the canparison of two rounds., 

TABLE VI 

).5" HEAT, M28 vs M26 Tank 

(Avg. Results of 70 Rds . ) 

Avg . Prob . of a hit being a kill due to 

Jet Only Frags. Onl~ 

~1 F K M F 

Avg. of all hits .13 . 12 .07 .14 .10 

Avg. of hits that did damage .. 59 .55 .. 31 . 46 .31+ 

Frap:s & Jet 

1-1 F K 

Avg. of all hits .26 .. 21 .07 

Avg. of hits that did damage o78 o70 .)1 

56% of hits caused no damage 

44% of hits caused damage • Of these: 

45% caused frag. damage only 

29% caused jet da-nage only 

26% caused jet and frag. damage 

1~e reauction of the data shown in Table V is of littl e importance 

for the T26E4 tank because this tank is obsolete .. The data are primar'ily 

used as a basis for estimates of damage to other tanks . Such estimates 

are given for many of these rounds in subsequent sections of this 

chapter . 

In addition to firings on tanks a number of test s have been made 

firing on gasoline and Diesel fuel . 
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Summar ies of the firings against p,asoline and diesel fuels are 

given in Table VII and VIII resoectively . Conclusions derived from 

the table are given at the bottom of each table. 

TAELE VII 

Sut-1!1ARY OF SHAPE.'D CHARGE FIRILIGS AGAINST biGHTY OCTANE GASOLINE 

Round t 

2.3611 HEAT 311 

1" 

3" 
1" 

3" 

3.511 HEAT 3" 

3" 
5 l/h 11 

2-3/411 

Armor 
Obl. 

Cap. of 
Container 

(gal.) 

5 
5 

16 
16 

16 

* Hhere 
Hit 

BFL 
l' l'J. 

AFL 

BFL 

'fO'I'AL (2 .36 11 HEAT) AFL 
DFL 

5 
5 
5 

55 

~FL 

t.iFL 

3" 0° '1'26£4 AFL 

3" 0° T26~4 

*AFL - Above Fuel Level 
BFL - Belo\-r Fuel Level 

Derivative FActs 

TOTAL (3.51' i-JEA'l' ) 

101AL5 (all rds.) AlL 
BFL 

No. of No.of 
rds. fired fires 

10 9 

10 10 

10 9 

10 9 
6 6 

20 
26 

6 

3 

5 
1 

12 

3 

18 
12 

38 
38 

18 
25 

6 

3 

5 
1 

10 

3 

16 
12 

34 
31 

1. 2 .36" gave sligLtly lower no. of fires than 3.~ 11 on rds. fired below 

fuel level. 
2 . No difference in the t \.;o rds. fired above fuel level . 
3. i~o difference apparent bet\17een rds. fired at various container sizes. 

;4, !\.i.ls. fired belov1 fuel level gave slightly greater no. of fires than 

those fired above fuel level. 
5. l·lo d ifference because of armor t hickness. 
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% 
fires 

90 
100 

90 
100 

90 
96 

100 

100 

100 

100 

83 
100 

89 
100 

90 
97 



TABLE VIII 

SUMMARY OF SHAPED CHARGE FIRINGS AGAINST DIESEL FUEL 

* Round Armor Container \iher e No < of No. of t Obl o Capacity HIT Rounds Fires ( aL. ) 
2o3611 M6A6 HEAT 3" 00 16 AFL 10 2 

II 111 00 16 AF1. 10 2 
II 3" 00 16 BFL 16 2 

90nm T1.08El5 3" 00 16 AFL 4 4 
II 3" 00 16 BFL 3 3 

3o5 11 HEAT 5-1/4" 45° 55 AFL 11 5 fl 2-3/411 00 55 AFL 9 2 
II 

5-1/411 45° 55 BFL 13 5 II 
2- 3/4" 00 55 BFL 12 6 

9J. 31-
*AFL - Above Fuel Level 

BFL - Below Fuel Level 

Derivative Facts 

1. 27% of hits above fuel level caused fires , 
2o 31% of hits below fuel level caused fireso 
3 ~ 30% of rounds detonated against 16 galo containers caused fires o 
4o 37% of rounds detonated against 55 gal . containers ca. usee fires , 

Conclusions · 

1 , Ther e is not sufficient reason 9 on the basis of these firings, to reject the hypothesis that probability of causing a fire is independent of position of hit with respect to fuel level 
2 Considering variations in types of armor plate and detonated round, no significant difference in vulnerability of 16 gal ~ containers and 55 galo containers is evident, 

3 .. On the basis of these firings > 1.t is not possible to establish the probability of a fire as function of detonated round or armor plate thickness. 
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20 

20 

12 

100 

100 

45 
22 

38 

11Q 
29 
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1 

TI1ere have been relativel y few fir ings of shaped charges against 
a,~ition because of the difficulty of cioing the test safelyo Table IX 
outlines data obtained by firing at t hree rounds placed approximately 
one inch apart. 

TABLE IX 

90mm TlOBEl V So Ammo . 

Ann or No . of No. of times 1,2, or 3 
No. rds , 
Fired TAHOET 

t Obl o Expl. eXPloded 

1 rd . 2 rds . 3 

rds 

rds. 

7 

7 

3 rds. of 90mm AP,T33 
2 cRrtridge cases of 
~un3ian 8Sm.'ll and 1 rd . 
of iLlGrt 90nu:l l',J> , \'33 

3" 00 7 2 4 1 

3" 00 7 3 4 

It i s notable that the arununition, botil u.s. and Soviet, t1ere ignited 
-v;hen the propellant cases were hit . 

Data Obtained bl...J!he British 

'ihe Dri tish have conciuc ted several f ir"i.n ·s of shaoed cbar;re a"1!1luni tion 
against tanks, ammunition, and fuel. The dct3.ilcd dcscri,...tion of these 
firings is given in ref. 17 through 2L In addition to these firings 1h oy 
have done a large nu:nbcr of •,dtness plate firinps, v;hich 1.re firin 'TS 

through armor with measurement of back da~ago made by 6etting up thin 
'?latos at various distances behind the ar.nor .. 

. ,ne of the most extensive firing pro~ams has been carried out in 
firings ordered in British Ordnance Board pr oceeding t, 6887 which gave 
some considerable data on the performance of the Enorpa rifle grenacie 1 

t he J.S inch rocket, and the 9.5mm HZA1' round against fuel, ammunit ion, 
and witness plates . Table ~ summarizes these firings for the Ener ga Grenade 
against plate • 

Conclusions that ma~r te dra;.m fro:n this table are that ti:e cone of 
damar.e is independent of nlate obliquit;} :\nd that t he cone of da."tlage is 
very narrow for the near critical thicknesses of armor fir ed ono 'I'he cone 
of darnai'(C is defined as the cone j_ncludine all the lethal spray of f ragments 
striking and oerforating a 1/16 inch mild steel plate 36 inches behind the 
nain ar:nor • 

. ~'ulc .. J ::-:.m:s t!·.c r esul. u of tl o ~ner t ~ Jrcr.:!~t. .:.·irin r U rough ar1 or 
of :mor oximatcly 245m:n thic!mess at a gr oup of nine rounds of 17 p:ir . .~>rCBC 
:J..In~nition placed approxima tely loll inches behina the armor , 
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T:'l !3~ X 

?erfOT'll·'lrCI'l of iner ga G!'c1:::.de 

-~tatic ~fitness 1'latc .. ..:.rings of t he .... ner::::a . ..if1e :Jrc1.•.Ce 1:ii tness Damage 1/16 :.:@ ) 611 

.lmor 
o61i~ity l!.qu iva1ent Front !iolc ·ro . -:ck Hole Avgo 

No. Grenades 'Th ickness Ar. ~le Thickness 1\.vg. ,Jiao er ... - ~..re . Dia . No. Frags/ Lone of 
Detonated (mm) (De;) (m.rn) (in) ora~.icns (in) Ronnds Rd. Damage ---

11 200 27 224 1.4 11 .6 2 2lo5 1)0 

6 200 32 236 1. 3 4 -5 4 18 .. 8 10° 
1 200 35 244 loh 1 .5 
8 200 37 250 1.5 3 .. 4 1 1.2 13° 

16 200 40 261 1.5 10 .4 4 5.8 13° 
~ 

7 200 42 269 1.7 3 .4 2 4 40 

11 150 54 221 1.7 11 .6 2 11 40 
1\.) 15 1)0 56 2)2 2. 2 11 .5 4 10 . 5 10° g> 

12 130 58 245 2.4 7 .5 5 7.2 120 

17 130 60 26o 2.4 6 .6 

Aver~ge 244. 8 67/104 .52 24 10.9 10° 

... ~ • 



TABLE XI 

ENERGA CRENADl:. vs. 17 pdr. APCBC AMMUNI'l'ION 

Total No. of Shots 12 

No. of Occasions Rounds Damafred 10 

No. of Occasions Fire Occur red 3 

Average No. of Rounds Damap;ed when Drunap,e 
Occurred 5.5 

No. of Fires Per Round Damaged 6/11 

TABLE XII 

WITNES::> PLATE FmiNGS OF STATICALLY Fmlill 3.511 HEAT ROCKETS 

Front 
Back 1 .• t 

Ann or Hole No. :a ness Damare(lL16"N.S @36") 
No. Hole No. 
Rounds Thickness Obliquity Equiv.thick-Av .dia. Perf. Avg.Dia.Rds . 

Avg.No . Avg. Cone 
Frapj.Rd Angle/Rd 

10 

3 

25 
6 

5 

mm de ness in) in) 
200 32 236 2.1 9 1.0 4 28 
200 37 250 2.1 3 1.2 2 21 

130 56 232 3.1 18 loO 4 28 
130 58 245 ).1 3 .a l 14 
130 6o 260 2.6 4 1 .4 1 15 

Table XI indicates that with low residual penetration there is a low 
probability of i~iting a:nmunition fires vTith the Energa fn'Cnade. 

Table XII summarizes the British v.ri tness plate firinrrs tvith the 3.511 

rocket showinp.; a mean cone anRle of da11 a.r,e of the order of 33° at three 
feet behind the armor. 

In firinrr the 3.5" rocket four ti"lles against 17 pdr APCBC ammunition 
in a test arrangement approximately the s~~e as that of the Lnerga de­
scribed in Table XI four fires were obtained for four shots. Two fires 
were also obtai.ned for two shots into caliber .30 am.rnunition. 

Table XIII shows witness plate data on the 95mm HEAT pr ojectile. 
The data indicate approxi"llately the same mean cone of damage for this 
round as the 3 • .5" rocket, which is a substantially greater one than 

.... that for the Energa. In firing on ammunition with approxinlately the 
same test set-up as that of Table XI five fires were obtained with 
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five 95mm HEAT shots against 17 pdr. APCBC ammunition. Static firings 
of this round into diesel fuel filled tanks caused one small fire in 
five attempts. The one shot into a gasoline filled tank caused a fire. 

TABLE XIII 

STATIC \HTNESS PLATE FTIUNGS OF QF95 MM HEAT SHELL 

ioJitness Plate Data 
Cone of 

No. .Ann or Obliquity Equiv. Mean No • .Avg .Fragj{rd. damage 
Fired Thiclmess deg Thiclmess Rds.(Perf. 1 1611 Front at 3 ft. 

mm mm Hole Dia. M.S. 
in. 3 ft. range) 

12* 200 15 208 1.8 7 31.5 

11" 130 51 206 2. 5 3 18 

* 10 Perforations; 0.611 mean back hole dia. 
** 9 11 1.011 fl II II II 

For the firings against the plate at 51° obliquity in Table XIII 
lfitness plates were set up at six inches and one foot as well as three 
fee t o The cone of damage varied as follows: 

Cone of damage Distance to Witness 
degrees ft. 

15 .5 
59 1.0 

J) 3.0 

These data are closely fitted empirically by the relation: 

de g. 

27 

30 

Plate 

Distance to witness plate(ft.) • 9.6 e -.039 x cone angle in degrees 

Although limited in nature such data suggests that the higher velocit,y 
fragments are near the j3 t after it passes through the annor. The results 
so far on wi. tness plate firings show pranise as an aid to the analysis of 
tank vulnerability. However, much more firings will be needed to supplement 
the existing fragmentary infonnation. 

A ~ualitative Description of Shaped Charge Damage 

For reasons of conciseness, data have been given in the form of 
numerical assessments. However, the analyst of tank damage must re+y 
heavily on descriptive assessments. For this reason, a brief qualitative 
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description of the damage to be expected from shaped charges is given. 

Reference to Table V shows that the rounds fired can be divided into 

several easily defined groups. 

The first group is fin stabilized shaped charge rounds with copper 

liners such as the 3.511 Rocket, 90mm Tl.OB, 2. 75 11 FFAR and 8 em AR. These 

rounds w.-1.11 usually do da'llage (providing "sufficient residual -penetration11 

is available) in a narrow cone along the path of the jet. Fra~ents can 

be expected to do damage to soft targets such as personnel and communi­

cations equipment. The fragments are not likely to i gnite ammunition. 

The jet rrill ignite the projectile propellant. The jet also uill ignite 

gasoline by a perforation into the fuel tanks either above or below the 

fuel level. 

Diesel fuel is not nearly so easily ignitable as can be seen in 

Tables VII and VIII. 1bere appears to be some dependence upon ignitability 

of the diesel fuel and the size of the charge . .ltounds r:i th a large 

residual nenetraticn have an aonreciably better chance of i g; iting this 

tyPe of fuel. Another effect in Lhc diesel {\t6l firings has been one of 

container nize. i n the firL~gs of the J,5 inch r o ckets, small containers 

containing five gallons of Diesel fuel were not ip:nited in 13 attempts. 

(~ee ref, 26 ) -

.C:x3.ctly ·.rhat constitutes •sufficient ro!J:!..c .. ual penetr ati on" cannot 

yet be spec if led. '!'he n.."lo unt of dam:1~:ing pot;er left in a shaped charge 

jet after a target ~erfora tion that is ncco!::r.ary t.) do 0'1/ll:!.gc ..,, ill vJ.r:t 

depending on thfl point of entry into the tan;{, If 11 r:J.J ·.cu·1l pcnetr a·:-.ion'· 

is acceptable as an index, the r ange of •talucs that can t"c se Lectcd :L::> 

probably greater than one inch and leos than L:1ree incites to do t he ·~.-~r.:e 

of damage that is confined to a narrow path behind the perforation. 1\ 

figure frequently used is 2 .S inches residual ncnetr~.tion. (See ref . 27) 

'!'he damage fron shaped cmrees using other llner r.taterial s is some­

what different. Det ailed reports of this have been made in refs. 22 ~nd 

23. i-laterials such :ls steel or aluminur1 tend to c;:;.use more fraPJlents to 

i'J.y off t he rear face of tho arnor and t hus f ragment damage is more rlide­

Si'r ead t han fr om conrcr cones. :-±m-Iever, nei thor s t eel nor aluminum lined 

cones have as great a penetration as copper cones of the same diameter. 

Both steel and aluminum cone shaped charges produce considcrD.ble pressure 

effects inside a tan!( unon perforation. 'l'he nressure from aluminum cones 

is apparently somet-:hat greater than from steel. Tests (ref, 16) on 

nni:nals placed in a tank fired on by a S inch shaped charge showed them to 

be unharmed unless hit by frag]llents. '!he apnroxi.ntate pressure measured 

by paper blast gages tvas of tho or der of ~0 nsi. 'lbis nressure did, how­

ever, tear off hatch doors ;md bend bt:l !<:l1cad~ uitld.n the tan~\. 

Although shaped charges <io not in l'ener al ~·rrec'( a t~nk by 1heir olom 

energies, they are nearl:,r oquall~r as effi.cient as the kinetic energy rounds 

in ignitine fuel and ~~unition in the tank. ~haned charr,es are equally 

t.s ?Ood as kinetic energy rounds at knocking out the engine or transmission . 



They do not, however, assure a kill when a perforation of the tank' s 
armor occurs any more than do kinetic energy rounds of t he same caliber. 

Target Characteristics 

Tables XIV, XV, and XVI contain information regarding the armor of 
various tanks and the effectiveness of several HEAT projectiles in 
penetrating this armor. 

Table XIV gives the probability of encountering an obliquity of 9 
or l ess for various tanks averaged over the expected angles of attack 
if the attacking projectile strikes the presented surface of the tank 
in a random manner . In averaging, the distribution of angles of att ack 
was considered t o be either circular or in the form of a cardioid, as 
noted in the table. The circular distribution is appr oximatel y what 
vmuld be expected in the case of attack by hand held AT weapons and the 
c?r dj oid distribution is what woul d be expected f r om mounted AT guns. Ref. 2S . contains a discussion and derivation of the latter distr ibution. 
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0 
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20 
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. • 

M-48 
(Circular)~ 

.03 

.o.s 

.06 

.17 

.24 

.43 

.59 

.77 
.95 

LOO 

TABk; XII/ 

DISTtUDUTION OF ANGLLS OF' OBLI~UrTl (Gt<.OUND AT'l'ACK) 
Probability of Encountering Oblivuity e or less 

:-I-48 
(Cardioid)+ 

T- 43 
(Circular)* 

T-43 JSO 1)2 SilOO T34/8.5 JS III 
(Cardioid)+ (Cardioid)+ (Cardi oid)+(Carciioid)+ (Cardioid)+ 

.03 .o.s .o.s 

.. o.s .o6 .06 .09 .oa .06 

.. 06 .07 .07 .31 .11 .13 .. 08 

.16 .16 .16 ·39 .31 .23 .27 

.24 .27 .24 -.53 .43 .38 .)2 

.40 .46 .43 .69 • .56 .49 .41 

..58 .64 ..56 .89 .79 • 71 .68 

.77 .84 .82 .95 .96 .86 .88 

.95 .95 .95 .99 -99 .95 .98 

1.,00 1.00 1.00 1.00 1.00 1.00 1.00 

* - : jrcular (Uniform ) Distribution of Aneles of Attack Considered. 

+ - 0~rdioid Distribut i on of Angles of Attack Considered f(y) = ~n (1 + cos y). 



Table XV shows the probability of HEAT projectiles encountering an equivalent armor thickness t or less averaged over the expected angles of attack for various tanks ~ssuming that the projectiles strike the presented area of the tank in a random manner. An equivalent armor thickness is a thickness at 0° obliquity which gives the same protection as some other combination of thickness and obliquity. The distributions of attack angles are the same as used in Table XIV. Shielding by external components was not considered in the preparation of Tables .IIV and rl. However, the net effect of external components is to lower the values in Table XV by about 10%. 

TABLE XV 

DISTRIBUTION OF E"UIVALENT ARMOR THICKNESS WITH RESPECT 
TO HEAT ROUNDS (Ground Attack) 

Probability of Encountering t/. or less 

te 
(in) 

M48 N48 T-43 T·43 (Circular)**Cardioid)+ (Circular)**(Cardioid)+ 
T34/85 JS III 

(Cardioid)+ (Cardioid)+ 

0 

2 

4 
6 
8 

10 

12 

14 
16 

18 

. 18 .07 

.48 o37 

.63 .57 
o72 .68 
o74 :.72 
.76 . 76 
0 77 o77 
. 77 .77 
. 77 .11 

.06 .o4 .22 

.41 o31 .62 .16 

.59 .48 . 72 .23 

.68 .62 .76 .46 
.72 .66 .78 .67 
.74 o71 o78 .72 
o75 o72 .78 . 74 
o75 . 73 .78 .74 
.76 • 73 .78 .74 

* t = equivalent thickness at 0° for HEAT rounds (a thickness of armor x e secant of the angle of obliquity) of armor measured from the normal plane 
** Circular Distribution of Attack Angle. 
+ Cardioid " " II II 
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Table XVI Gives the portion of tne presented area of the armored 

parts of various t anks m ich can be penetrated from various angles of 

attack. Shielding by external components was not considered in the 

preparation of this table. 

TABLE XVI 

Portion of Presented Area of Hull & Turret That is Penetrable 
-t' 

(Ground Attack) 

Angle of 
Attack 2.~611 lli:n'1' :•16t.6 

(dcfJ I·i40 T43 T34/85 JE III 

0 .06 . 22 .72 .oB 

30 .29 .16 .70 eOO 

60 .59 .66 ,69 .oo 

90 . 74 ·13 .75 .61 

120 .65 .70 .77 .62 

150 .58 .53 .64 oO 

18o .74 • 76 

~ ·2" HEAT I t128Al 

Mh8 T43 T34/85 JS III 

0 .6o .6} .75 .73 

30 .67 .55 .79 .70 

60 .72 o75 .11 o70 

90 .86 .84 ~ 76 e 73 

120 .71 .79 ~ 79 . 74 

150 .74 <> 76 .19 • 73 

180 .75 • 78 

*Remember that a penetration does not insure a killo 
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TABLE XVI (Continued) 

Angle of 
Attack 6.511 ATAR (deg. ) M48 T4.3 T.34/85 JS III 

0 .72 .77 o79 .760 
.30 .74 .6.3 .19 • 760 
60 .15 .77 .79 • 760 
90 .87 .85 .76 .768 

120 .72 .80 .19 .768 
150 .74 .76 .79 • 760 
180 .15 .78 

90mm HEAT .t T108 
M48 T4.3 T.34/85 JS III 

0 .60 .5.3 .15 .702 
.30 .6·7 .52 • 79 .6,37 
60 . 72 o74 o76 .62.3 
90 .86 .84 .76 • 71.3 

120 .71 .79 .79 .7.37 
150 .74 .74 .15 ~629 
180 .75 .78 
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TABLE XVI (Continued) 

Angle of 
Attack 

(de g) 72_mm HEAT 1 M66 

~148 T43 T3h/85 JS III 

0 .02 .05 o53 0 

30 .07 .06 ., 53 0 

6o .29 .37 .61 0 

90 .44 .56 o74 .504 

120 . 34 .so .60 .171 

150 .35 .33 .13 0 

180 .64 .67 

l05nun HEAT 8 M67 

N48 T43 T34/85 JS III 

0 .05 .10 .6o e063 

30 .20 ol5 .,62 0 

6o .55 .53 .61 ,.099 

90 .65 . 63 .75 .. 596 

120 .63 .62 .63 .576 

150 .53 .51 o53 0 

180 .72 .74 

~1ETHODS (J}' DA'l'A ANALYSIS 

The reduction techniques of damage data f or tanks have not yet 

provided simple indices for the measure of the probability of a given 

round killing a tank. Such firings assemble basic data from firing on 

obsolete vehicles to provide an accurate estimate of vulnerability of 

new or proposed tanks that have not been fired on., The probl em here is 

to use a small number of actual firings to give reliable overall damage 

probability estimates. 

The t echnique of data reduction is i nfluenced by 1-.' hat i..he data are 

to be used for. One use is the comparison of the effectiveness of 

specific vTeapons. A second is estirnation of the number of weapons needed 

to count er an enemy force. Assembly of data on relative kill probability 

on the particular tareet t anks used in exper iment s pr ovides a reservoir 
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of knm·:ledr,e the anal;,rst must assimilate prior to rtakill'.' an estimate of 
a vmapon 1 s effectiveness or c~:tputin:; a kill probabilit~r :..,:·ainst ~ny tur~;ct 
type . 

~·t·o orincipal methods are used for data reduction. 'Ihese are called 
the vulnerable area me thod and the distributed area n:cthod. Tt1e "vulner­
~ble area :'\ethod" is used l·Then the target. is s··v~ll co:-tpared to the dis­
r-ersicn of hits on the tar get. !he 11ciistributed area" :-:tethod i£ used 
ul:en tt.e dispersion of tr.e l~its is s..1all compared to the size of the target. 
l:te!Je .nethods and no1ne ap'.:' r ox:i.mations that have been m:1ce are discussed 
t elow. 

'lhe t:ist ri ubted Area I :et!!od 

·~ ;.c distributed :1rea rr.ethod . ·ill tc de scribed first. since the "~.rulner­

-:'t:le arc3 tc:t >ou is cs.scn'Li:ill:' " !; i·:-;15 fic:'.i:i on of it. ..::on::; icier tl:c c::tse 
' .. hen the Droh.?.bili t·- of a hit ~cin ... ~ ~-:ill l: .· 2 :"'·r-:>.icctile of :1iph vel:>ci t;· 
and lo~' tii :::cersi~n i:> 6csire:d (~1:c:1 ~-~ '..::c: ~' 1n: .1 ~ :·::; t:r.d :1 ..-~.:..nf,t tl:e 
J:.:III) . Terminal callistic da;mr-c C.ai :1. ·Jf tJ:is rounc:. on 'tl:c '!26;!: t ·u:!: 
1.r-e fi!'st acscmblcd. These a<ltt. include bot!: t:lc mr.::.r.;_c:.l an i <..escri·:>ti VL 

~snes!-;!ilent:.;, ,;cunlrn~.iun i~> ·~· c.~r. u· 1:' . ·-a.1:::",' ·:c::;\ilo..:i.n:• frc~1 :lito on 
co·nnonentn HLcrc n "\ ·:tar o i s ob-r.aincc.! Jn L • .' a lY.n·t o.:· U;o t..i.nc , : . .mch ?.s the 
:::;uspension, the i..1: rrct rin r·, l.\:lJ. in fr ·mt uf 6r'i.vcr ' :; controls, c'0c . .LO!' 
·1an;; other .1.rc:!s lcill ~Y::o!~.:u •U ·i.i. ., i'iH ..:c·)cnd m L:; ..~non r,r:.>babil i t :' of 
rer for:1 tinr , r;u.11cric :tl a!3::;c:3Dtn:Jt~ u.f d.:t i. ~l L c for v1.rious t:f:)es of rounds 
'J re con::1rcd t? cec i i' ter·.l:i.nal l:allistic l~.3.."1Gge after ';Crforation is 
ca'Tlt' ~r:1blc (as are the ?Jmm Tl.):·. :~d .::nc the 3.5 inch rocket). Zxa11ination 
oi the nerforatin: anti non-pcrforatinr hi t3 is ~.1ac.c to deter:'linc rcli 1bili ty 
of fuze o.cti )0 of chemical cnorf.f r.Jt:nc:::. 

Vulnerability C.ra•.vinrrs of the 'l.::t'C'P'Ct tank ai.·o n rcnarcci •,m~cn ::;ho\'1 the 
'll'rans;e11ent of the interior CO'Tll'oncnt5 to the; lins 0.f ~ire (::;cc }'i .~. 2) 
Using an overlay ~Tiu tr.c ;~rolJr\bi.litj~ 0f ~ hit, ·iJ:c chance \Ji ,~erfor<ti~.nr; 

and ·or0tn~ illt;1 of a ;:- crfor ~>t:J. ·n! ~ :n~.r. r• a 1 : ~.1.1. "1"0 or.t::1·r:cl 'i.nto c:tch ~'l ''lt'e 

for a =-i ven l)Oint. o~.' ;;,jn. 

... : .e ''rol :·.l.>ility of n ncrforatlon t·~irsf :. ·~ill :i o ,:c t.( !'·:ir.sc.! .:-:; 
esti!'a:;."Llnr lhe frarr"'!cnt. ~nttern .1.nd t!1e ex cct(;,.} cia'"'la• c· .·1· the ;jet. 
\eference t o t he 01~ ~.li t::.t.i·rc .J~~cri':"l 1 :i.on .;:· cb .,., -·c L· 1 -"Cr. 1~o11 nd. is 

l r.scC. here . ..·:u!llcric.al ctrt""la '·(. J.:::; c ·r."'Ut'.:.·i t.·: C0":1DJ.nl.n'' t :nc ,ia"1a~e fror·1 
comnonentG l~rinP, in tl:e r<A.th of the .ie t a nd fragments by tile f or.nula 

:". . = l - (l - i ) (1- P, ) (1 - r' ) •• , •• ~ (l- P1J 
. n. ··' c . 

vr.tere 1<. is the ~)robabili i..y of ;.; dRJ'lU ' o occurring . 

in ·: :1(~ ':: r· ccnt of 1·1 da..,are resultin:z fron a hit 
a 

on ccn!>oncnt, u D." , etc. 
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1n is 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 killi ng as a function of 
range r and azimuth 9 i s obtained , These data can be combined with the 
expected angular and range frequency of attack to give an overall figure 
of the vulnerability of one tank to an anti tank gun firing a certain:r ound. 
Such values have been computed in the following table taken partly from 
Ref. £!!• 

TADLE XVII 

PROBABILITY OF KILLING JSIII TANK 

Projectile 

90mm HEAT Tl 08 

.511 Cu Liner H. C. (assumed 
same dispersion as 90Tl08) 

Kill Category 

:,1 F' K 

.so .47 .44 

.66 .66 .60 

All shots are aimed fire without range f i nder at center 
of largest concentration of target ~~lnerable area . 
Answer averaged using range and angular d ist ribution 
functions of BRL M.590 r ef. 2.5 . 

Another calculation made for the front of the JSIII compares the 
90mrn Tl08 HEAT round and the lOSmm BAT HEAT r ound fired at the JSIII 
Tank. The Tl08 round is fired under the conditions of Table :XVII above 
ani the BAT guns were fired in a salvo of two using a spotting rifle for 
aim. No mis-match in the spotting rifle and the l OSmm rifles was assumed, 
(at t he present the mis-match is such that the values for the BAT rounds 
beyond 1400 yards will not be appreciabl y higher than that for the Tl08 
round). 

TAilLE XVIII 

COHPA.H.I &ON OF EFF'.c.CT OF' 1WO l OSmm BAT ROUNDS vJITH EFFECT 
OF 90mm '1'108 ROUND 

Range - Yds 

soo 
1000 

1.500 
2000 
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Probability of F Danage 
on Front of JSIII 

90mm noB l OSmm BAT 

.33 .33 

.10 .2.5 

.04 .16 

.02 .10 
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The Vulnerable Area Nethod 

The vulnerable area, which is the nroduct of the hit nrobability on 
the oresented area and the probability of a rando~.'l hit on this area beine 
a kill, is canputcd fror.1 the overlay of fipure 2 by merely assuming a 
unifo r.n hit prob·lbility in each square. It is aSSUI"l9d th·lt the point of 
a :L:t za3.y be :mywl;crc on the tnnk . 'l"here is no ran~'e effect to be considered 
l'or ~ha;>ed charf,C U'll:Ttunition . r·:any of the present CaJ 3hHn(.c: ch::u~; ,' t\) ..: n<is 

hJ.ve sufficient disuersion for l:its to be considered in this m::umer • 

. cveral calculations have been carried out on tnnk V'J.lnerabili ty us inc this 
r.tcthod. and are included in the follot-Jing table , Probabilities are ~i·:er~ 

ln terns of either vulnerable area or tre probability of a ranC.Oi'l hit being 
a kill, the vul::1e r:2ble :-d·e~ baing the latter nrobabi1ity r.ul tiplieCI by the 
presented area of the tank, 

VU".uif~l~ABL... AitiA5 uf JSIII 'rANK 'i'O Cif\Ol;:;u ATTAC:~ 
BY SE1lh:J C: ' •~"~C"" r\.i.~lf.!!;~. - r ~ 

Angle of A 1.. tack kaund 6.5" ATAR 5" Cu Liner ')01"'1:1 ll )._ 
:·I F K ~ F v :.• 

Front 
.. 

39 34 21 32 23 14 5 
()')0 77 51 31 68 37 23 30 

• 'i.dc 75 5h 33 7G 47 27 3' 
121° 7h 51 30 73 42 2i~ 41 

To convert f r om vu lnerab1e nre3 to probability of a kill, t he tot~ 
p r esented areas are needed. 

'J'!d.:iLE XX 

Fl:tt!:~i ... N'fill> . .JiJ~A m· J5 III T.U\n.;. - F '!·2·;· 

F ·r 
II. 

6 3 

20 6 

28 11 

~ l ~ lh 

Angle of 
Attack 

Ultimate Penetrable '-otal Area lncl\~c. i:1 f 

Front 

60° 
Side 

120° 

-::· rro"'! ref . 2L~. 

Area .:Jusoensj ·;n 

34 
82 

E4 
86 

62 
l h2 

137 
146 

'.'he nrob:.tbilit? of a r .:mdom hit c::r~1::in(l a :<111 avera·'·cd over the 
cxpectoCI anr~lcs of attack, f (y) ~ ~n (1 + '·OS y) is r;ivcn. in the follouinr 

tal l e and May bu CO"'lna::-ed •ith T:1ble .\VII l·!hich ~·ivec the sa.~e figure for 
ained fire avora~ed over the expecteo ranpea of en~a~err.ont. 
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TABLE m 

PROBABILITY OF RANDOf1 HIT FALLING ON TOTAL 
PRESEN~D ~\ OF JSIII CAUSING KILL 

Projectile Kill Ca te B2!:l 
11 F K 

90mm Tl08 .18 .12 .05 
5" HC (Cu lined) .49 .30 .17 
6.5" ATAR (Steel Lined) .55 .41 .26 

Comparison of Tables IVII and XXI shows the requirement for larger shaped charge rounds when inaCcUrate fue is to be used. 

The foll owing table gives a summary of vulnerable areas on the T34/85 Russian Tank to the 2.36 in and 3.5 in Rockets. 

TABLE U I I 

VULNERABLE AREA OF T34/85 - FT2 

Ground Attack 

An&1;e of Attack Presented 2 .,26 HEAT M6 J .~" HEAT M28 
Area Ft2 

M F K M F K 
Front 45 1 5 4 9 6 5 
45° 95 18 11 8 20 13 9 

Side 91 36 17 15 37 21 16 
135° 95 35 14 11 40 17 14 
Rear 45 23 5 5 25 6 6 

~0 ° Air Attack 

Front 87 19 17 15 21 19 16 
45° 135 30 19 14 35 21 17 

Side 140 38 18 16 45 23 19 
135° 135 45 17 14 51 20 17 
Rear 87 41 7 6 46 9 7 
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Table X.XIII gives the vulnerable area of the ~26 to the 3.5 inch 

rocket. 

TABLI~ XX III 

WLNERABL.I!. AAE.A OF 1·126 'IO 3.511 ROCKl:.T Ft2 

Angle of :\ill 
A-ttack Categor:z: 

!" !C 

Front 7 7 2 

30° 18 11 6 

60° 29 16 11 

Sidn 36 23 17 

120° 33 16 11 

150° 27 8 5 
120° 2~ ') 

' · 1 

::one calculations using em 'lp~roximation of the vulnerable area 

technique have been made usin~ the ~rociuct of the probability of a 

perfor ation ~verared over the e:~ncted angles of attack and the prob­

ability of a kill in t~e una~ored com~onents of the t~nk averar,c~ 

over t he expected andes of attack. Calculations wore made for the 

average of the f ront and oides of the tanks ::mly. These calculations 

approximate the nrobability of a randorn hit being a kill on the 

ultimate penetrable area, llhich is the penetrable area a tank presents 

t o a round of infinite p enetration. 

TABLC: XXIV 

APPROXD!ATE PtWBADILITY OF f... rtJlilLO:>l I!I'l' :;;, JLTL .1•.1I... ~r-. 1.:'1', ... \it.!' 

Aitl!:A OF' SEVEi~ii.L SOVIE;'i' A...t.·h .. ii.W V .... HICUb liiVD.G A KILL 

Tank/Round 76r.un IlliJ-.1 9Qmm .rrr;AT 

., ...,.,... __ 
<J..)J.J..l 

T34/ 85 

JSU 152 
su 100 

~ F K ~ F K 
.20 .16 vOB eJ7 .31 .lC 

~46 .JL .22 .47 ~39 .23 

.44 . J4 .19 ~ 49 o40 e24 

.44 .34 .19 ~45 o40 ~2J 

lO~mT'\ HEAT 
~·i F :< 

.50 *41 .24 

.53 .42 .26 

. 26 

.27 

Tank/Round ~erga Rifle Grenade 

JSIIl 

TJ4/85 
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A rough check of the consistency of these approx:iJnations can be made by comparing Tables XI and XXI. This check shows that the values shown for the 90mm Tl08 vs . the JSIII shown in Table XXI should be 
approximately half of those shOl·In in Table XXIV, which is approximately so. 

Evaluation of Present Hethods of Analysis 

The present methods of analysis are not completely satisfactory. Fairly reliable estimates of the probability of a hit causing a kill can 
be made but the method is tedious. Additional data is needed to reduce the subjective elements of damage assessment. Further reduction of 
ex~sting damage data should help. 

'Ihe computation of vulnerability by considering the chance of a kill after perforation on each small area is cumbersome . However, it is reasonably reliable and until a body of this reliable information is assembled approximations must be viewed with suspicion. ,•. 
• The method of analysis does not yet accurately account for the transition point between the inaccurate fire where vulnerable areas can be used and accurate fire l-There the distributed area technique can be used. Where the gunner starts aiming at spots on a tank rather than the Hhole tank as a target is not known and probably will depend to some extent on the training of the gunner. 

Future analysis will be helped by witness plate data such as the British have been obtaining for many years . However, there appears little likelihood that the vulnerability of a tank can be computed from s.yntheses of many tests made .only with simulations of tanks. The analyst of vulner­ability must never be misguided into the assumption that an exact measure­ment made of an assumed condition (such as the box tests represent) can be used to the exclusion of the inexact measurement of the real condition (vulnerability firings at vehicles). 
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APPENDIX I 

M~ICAN HEAT A!-111UNITION 

Cartridge, HEAT, Tl08, 90mm Gun • • • • • • • • • • • • • • 300 
Grenade, Rifle, HEAT, r-t31 (T37E4) • • • • • • • • • •• 301 
Rocket, HEAT, 3.511 T230 •• ~ • •• • o ••• •• •••• • • • 301 
Grenade, Rifle, HEAT, }128 (Energa) T41 . .. . .. o ••• o • 302 
Shell, H£AT, N307Al for 57mm Rifle • o o ~ • o • • • • •••• 303 
Shell, HE.\T, }1310Al for 75mm Rifle o •• • o o •••••••• 303 
Rocket, HEAT, N28 ('£80E2) • • • o •• , , • o • • • • • • • 304 
Rocket, HEAT, T205, 3 .511 • • o • • ••• o • • • •• • •• 305 
Rocket, FFAR, 2 .,1511 T2016 • • • • • • • • • • • • • • • • • • • 306 
Shell, HEA'i.', r167, 105::mn Hotd tzer • • • • • • • • • • • • • • . 307 
Sholl, IUA'l', H32h (T43) for 105mm Rifle •••••• •• • • o • 308 
Shell, rl".J\T, i134h (Tll9Ell) for J.06mm Rifle • • •••• •••• 309 
Shell, HEAT, i'-166 for 75r.un HOi·1itzer • • • • • • •• 310 

NO'l'E: Specific penetration performance for the ammunition described 
in this appendix is not given here . A list of some of the most use­
ful references where penetrati on data may be found is given. Pene­
trations are not given here for one or more of the following reasons : 

a . Nuch of the data expresses penetration per forrtance in terms. 
of complete or i ncomplete r erforation of a given target 
thickness instead of absolute penetration . 

b. Target mate::.·ia.ls used t o obtain r enet rat i on data are s oM.etimes 
insufficient~ described to per mit use of data reported . 

c • Penetrations given are frequently achieved "ri th experimental 
modifications of t he round t.rhich do not permit it to be c·on .. 
·sidered: a's· t ypical . 

d. !1uch of the penetration data ~1hich can be f ound tvas obtained by 
probing the hole i n the target . The error possible i n such a 
determinati on of ~enetration , because of variati ons in slug 
length, and of tl:.e a:-nount of jet ·1aterial deposited in the bottom 
of the hole suggests cauti on l.n ci t ine' -this data for penetrationo 

All references cited are available at t he Techni cal Information Branch 
Aberdeen Proving Ground, l1aryland , Abbreviations used in designatin g 
references are as foll01vs : 

Ar.F - Arny Field Forces 
ArG-FR - Aberdeen Proving Gr ound 

Firing Record 
Nn.VOIID - Navy Ordnance Reports 
NFG - Naval Proving Ground 
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CARTRIDGE, HEAT, T108, 90MM GUN W/ FUZE PIBD T208E7 
Reference: WDA, OCO, Vol 1, Apr. 1953 

Muzzle Velocity: 2800 f/s 
Explosive Charge: Composition B 

Reference: OCM 33185, 16 Feb. 1950 

Penetration Requirements: Through 5" of Homogeneous Armor at 60° Obliquity 
Penetration References: 

APG FR 49200, Sept. 1951 
APG FR 51386, Apr. 1952 
APG FR 52898, Aug. 1952 
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APG FR 55338, Oct. 1952 
APG FR 55812, Mar.1953 
APG FR P-59892 (Not yet published) 
WDA OCO, Vol. 1, Apr. 1953 

• 



GRENADE , RIFLE, Tl3ATJ 1131 ('£37E4) H/FUZi. , GF.F.NADS RI Fts , PIBD M211 

Reference: AFF Board No., 3 Report P2.543, l~r . 19.53 

Fin Stabilized 
Cone Characteristics: 

I1ater:ial: Copper 
A 1 4,0 pex . i.ng e: 
Cone Diartete'l": 211 (Approx .. ) 

Explosives: 0.78 l 'b .Composition B 
Total 'Jeight: 1 .6 lb # 

Re f erence: 't.'J)A , OCC, Vol. 2, Nov. 19.53 

This round is to replace Grenade, Rifle , 1~8 

Penetration References: 

AFG Report, Project TA3-.5911/1, June .19.52 
AFG Report, Project TAJ-.5911/2, July 19.52 
Aro Report, Project TA3-.5911/3, Nov. 19.52 
WDA, OCO, Vol. 2, Nov • 19.53 

F OC v·:-.r ·r·· ~ T 3 r.'n t. ~~ , . }J4J.. , ~:> , T230 

Hefcrence: 1·wA, CCO, VoL 2, Nov. 19.53 

Similar :i.n nost res.r;ects t o t he 'r20.5 cxcopt that the round will have 
a maximum vcloci ty of 700 f ps • Total "toreight of t'Ound is to be !l • .5J lb . 
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GRENADE, RIFLE, HEAT, M28 (ENERGA) T41 

Reference: WDA, OCO, Vol. 2, Nov. 1953 

This round is the American version of the Belgian Energa and is to l>e replaced by Grenade, 
Rille, HEAT, M31 

Reference: AFF Board No. 3 Report P2543, Mar. 1954 

Muzzle Velocity: 174 f/ s 

Reference: OIO 325, Sept. 1947 

Explol>ives : 0. 75 ll>. Composition B 
Total Weight: 1. 45 lb. 

Penetration References: APG Report, Project TA3-5911/ 1, Jun. 1952 
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SHZLL3 1-BAT N307Al FCR 57T·ll·! RECOILLESS RIFLE 

Reference: Ord . Dwg . 75-2.,.354 ~ 28 Apr~ 1953 

Liner Characteristics: 
Remispherical type with Spitback Tube 

Material: Copper 

1:1all Thickness : .,048" 

Liner Diameter: l e6" (Approx o) 

Radius of Curvature: 0 .8411 

Reference: Firing Table, FT57 ... E-1 

Muzzle Velocity: 
Rifling: " 
Spin Rate of Shell: 

Penetration References : 

1200 f/s 
1 Twist/30 Caliber 
213 Revolutions/sec. 

AFG FR P490281 21-28 Apr~ 1951 

SHELL, HEAT3 M310Al FCR 75NH RECCILLESS RIFJ..F. 

Reference: Aro FR 50546, 6 Nov., 1951 

Striking Velocity: 1000 f/s 

Reference: Ord. Dwg (' 75"'2=31511 17 ~far. 1953 

Cone Characteristics : 
Haterial : 
\\'all Thickness: 
Cone Diarooter 
Apex Angle : 

Copper 
..,07311 

2 ·~" (A pprox " ) 
42 

worE: The sam liner as is used in tl:e 75-.rn HatJi tzer 

HZA T round H66 is used in this round. 

Reference: Firing Table FT-75- BB-2 

Huzzle Velocity: 1000 f/s 

Rifling: 1 Twist/22 Caliber 

Sr.in Rate of Shell: 185 Revolutions/sec . 
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ROCKET, HEAT, M28, (T80E2) 
Reference: OCM 32304, Aug. 1948 

Modified to M28A2 by replacing the base fuze P. D. T2000E2 
Fin Stabilized 
Muzzle Velocity: 325 f/ s 
Explosive: 1. 93 lb. Composition B 

Reference: Ord. Dwg. 82-5-131, 28 Mar. 1952 
Cone Characteristics: 

Material: Copper 
Wall Thickness: . 093" 
Cone Diameter (Approx. ): 3. 08" 
Apex Angle: 42o 

Penetration Requirements: 
Defeat 12'' of armor 60% of the time 
Defeat 11" of armor 100% of the time 

Penetration References: 
AFF Board No. 3, P-2579 
APG FR R2888, Jul. 1952 
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APG FR R2889, Jul. 1952 
APG FR R2890, Jul. 1952 
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ROCKET, HEAT, T205, 3. 5" W/FUZE PIBD T2030 

Reference: APG Report, Project TU-2-1015 A/1, Jul. 1953 

Cone Characteristics: 
Material: 
Wall Thickness: 
Cone Diameter: 
Apex Angle: 

Muzzle Velo'city: 

Copper 
. 075" 
3.09" 
45° 

440 f/s 

Explosive: 1. 5 lb. Composition B 

Reference: OCM 32753, Feb. 1949 

Penetration Requirements: 
Defeat 12" of Armor at oo Obliquity ) 

Defeat 7. 9" of Armor at 450 Obliquity) 90%ofthe time 

Defeat 4. 7' ' of Armor at 600 Obliquity) 

Accuracy S,)ecifications: 
75% probability of hitting a target 7' wide x 8' high 

at 500 yards with first r ound. 

Penetration References: 

APG FR 3036, Jun. 1953 
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APG Report, Project 

TU2-1015 A/ 1, Jul. 1953 
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ROCKET, FFAR, 2. 75" T2016 W/ F PI T2023 (ROCKET HEAD T208) 

Reference: US NPG Report 779, May 1951 

Striking Velocity: 2100 C/ s 
Explosive: . 9 lh Contposition B 
Cone Characteristics : 

Material; 
Wall Thickness : 
Cone Diameter: 
Apex Angle: 
Spitback Tube 

Penetration References: 

Copper 
. 096" 
2. 33" (Approx. ) 
42° 

Report No. 779, May 1951, U.S.N. P. G. 

. . 

APG FR R2923, Oct. 1952 

'" 
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SHELL, HEAT, M67, 105MM HOWITZER 

Reference: Ord. Dwg. 75-4-107, 29 Aug. 1950 

Cone Characteristics: 
Material: Steel 
Wall Thickness: . 103" 
Cone Diameter: 3. 23" {Approx.) 

Apex Angle: 42° 

Reference: Complete Round Chart, Apr. 1954 

Explosive: 2. 93 lb. Composition B 

Reference: Firing Table, FT 105-H-4 

Muzzle Velocity: 1020 f/s 
Rifling: 1 Twist/ 20 Caliber 

Spin Rate of Shell: 148 Revolutions/second 

Penetration References: 

APG FR 33438, Sept. 1944 
APG FR 34445, Nov. 1944 
APG FR 36802, Apr. 1945 
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SHELL, HEAT, M324(T43)FOR105MMRECOILLESSRIFLE 
Reference: Ord. Dwg. 75- 4- 107, 29 Aug. 1950 

Cone Characteristics: 
Material: Copper 
Cone Diameter : 3. 23" (Appr ox. ) 
Wall Thickness: . 103" 
Apex Angle: 420 
The cone dimensions are identical with the cone 
prescribed for the 105mm M67 shell. 

Explosive: 3. 00 lb. Composition B 
Spin Stabilized (Pre- engraved Band) 
Muzzle Velocity: 1250 f/s 

Penetration References: 

APG FR 48650, 18 Jul. 1951 APG FR 52363, 23 Jul. 1952 
Reference: Firing Table FT 105-AH- 2 

Muzzle Velocity: 1250 f/s 
Rifling: 1 Twist/ 20 Caliber 
Spin Rate of Shell: 181 Revolutions/sec. 
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SHELL, HEAT, M344, (Tl19Ell) W/ F PIBD 
T208E7 (ELECTRIC) FOR 106MM RIFLE 

Reference: OCM 34899, 1 Jul. 1953 

Folding Fin 
Explosive: 
Muzzle Velocity: 

2. 79 lb. Composition B 
1650 f/s 

Reference: Ord. Dwg. 75-2-510, 31 Mar. 1954 

Cone Characteristics: 
Material: 
Wall Thickness : 
Cone Diameter: 
Apex Angle: 

Copper 
. 100" 
3.56" 
42° 

Penetration References: 1st Memorandum report on the 
"Lethality Tests of 106mm Shell, 
HEAT, T119Ell (M344) ''Pro­
ject TAl- 1540 Jul. 1954, from 
APG to OCO. 
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SHEU., HEAT, M66 Fat ~MM HOOTZER 

Reference: Ordo Dwg. 75-2-Ji.S, ReT. 17 Mar. 1953 

Cone Characteristics: 
Material: Capper 
llall Thickness: .073" · 
Cone Diameter: 2 ·~" (Approx.) 
Apex Angle : 42 

Explosives: 17 lb. Composition B 

Reference: Firing table FT-7$-1•3 

Muzzle Velocity: 1000 f/a 
Rifling: 1 Twist/20 Caliber 
Spin Rate of Shell: 200 Revolutions/sec. 

Penetration References: ARJ FR P33263, Sept. 1944 
Aro FR 48424, Mar. 1951 

. 
• « 
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.~PPENDIX II 

FOR!:..IGN TYPES OF J..~?-:UNIT ION (SOVli.T) 

5oviet -~~\T ~rojectile for 
122nm How. , r-:od - 38 • • • • • • • • • • 312 

Soviet Jl:f~T Projectile for 
76. 2mm Regt . Gun Nod - 27 • • • 

Hollo1-r Charge Shell 7 Scm .on 38 

• • • 

• • • 

Soviet Grenade, Hand, Hf.:i\ T, Hodel RPG-6 

Soviet Grenade, Hand, AT, t~odel 1943 • 
;.u--o 43 

• & 313 

• . 314 

• 315 

• • 316 

Intel ligence Reports on Hiscellaneous • c 317 
Soviet HEAT Ammunition 

l~OI'ES: J\11 references cited are available at the Technical Information 
Branch, Aberdeen .Proving Ground, ~aryland. Abbr eviations used in 
designating references are as fol~ows: 

Ilr\-PAH - Department of the Jtrmy - rarnphlet 
OI N -fOrdnance Intelligence Number 

lOrdnance Technical I ntellieence Office 
Ol'IO - Ordnance Technical Inte:Ll.iccnce Office 
O'riS - Ordnance Technical Intellieencc Section 
ST-F - Special Text - ~oreign 
TH - Technical Manual 

As will become apparent f rom a perusal of the f'ollouing pages, there 
is a severe lack of information regarding Soviet kmmunition . 
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4. 917" DIA. 

SOVIET HEAT PROJECTILE FOR 122MM HOWITZER - MODEL 38 

References: 

ST-F- 87 
TM-30-240 
OIN 5451 
OIN 4920 

p. 261 
p. 72 

Cone Characteristics: 
Material: Ferrous, Cast 
Wall Thickness: .106" 
Apex Angle: 40° 

OIN 3317 
OlN 4204 
OIN 5050 
OlN 2009 

Explosive: 3. 19 lb. Cyclotol 

ST- F- 66 
ST- F- 74 
OTIO Dwg. No. 40 
APG TMI- 5002/3 

Penetration against homogeneous armor plate, statically fired: Max. penetration 5. 5" 
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3.828 

.471" DIA . 

SOVIET HEAT PROJECTILE FOR 76. 2MM REGIMENTAL GUN, MODEL 27 
References: 

ST-F- 87 p. 190-193 
ST-F- 66 
ST-F-74 

Weight of Projectile: 8. 7 lb. 

ID 588910 p. 109 
TM 30-240 p. 54 
OIN 3352 

Explosive: 1. 14 lb. Cast Cyclotol . 
NOTE: Tracer element in base of shell 
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OIN 4617 
OIN 3197 
OIN 4178 
OTIO Dwg. No. 22 



JD.IO! CHARGB ~' 7 .SCM GR 38 

References: 

ST-F-87 P• 190 .. 193 
ST-F-66 
ST.:.F-74 
m588910, p. 1o9 
TM 30-240, p. 54 

OIN 3352 
OIN 4617 
OIN 3197 
Oil 4178 
O'riO Dwg. No • 22 

Statio Fired Penetration& 1.8" at 30° Obliquity 
2 .17" at 0° Obliquity 
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CD HANDLE ASSEMBly 0 SAFETY CAP ( CH 

@ Handle Assembly 
@ Safety Lever 
® Stabilizing Ribbon 
G) Safety Cap (Check Ball Retainer Cap) 
@ Pull Pin and Tab 
® striker 
(!) Striker Retaining Pin and Spring 

@ Anti-Creep Spring 
® striker Body 
@ Striker Lock 
@ Detonator Booster Assembly 
@ Grenade Body 
@ Check Ball 

SOVIET GRENADE, HAND, HEAT, MODEL RPG-6 

Reference: DA PAM 30-2 , p. 13 Reference: OIN 5050, p. 4 

Penetration: Up to 3. 94" armor 

Reference: DA PAM 30-50-1, p. 102 

Effective against concrete pillboxes 

315 

Explosive Filler: TNT 
Average Range: 17-25 yds. 
Radius of Fragmentation: 26 yds . 



CD Handle Assembly 
@ Safety Lever 
® Pull Pin and Ring 
CD Stabilizing Cap 
<]) Stabilizing Cap Spring 
@ Fabric 
(7) Safety Pin 
@ Safety Screw 
@ Detonator Booster Assembly 
@ Grenade Body 
@ Safety Spring 
@ Firing Pin 
@ Closing Cap Disc 
@ Closing Cap 

SOVIET GRENADE, HAND, AT, MODEL 1943 RPG 43 

Reference: APG-OS-501-C 

Weight of Grenade: 1, 200 gml:l. 
Penetration in Armor: Up to 75mm 
Not recommended for use against the track of suspension s y::;tem of a tank. 
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INT~IGENCE REFORI'S ON SOVIET tf£AT ~1MUNITION 

?anzerfa ust: A copy of the German Pa.nzerfa ust 150 which 
had a range of 165 yards and the ability to oenetra te b 11 

into armor, fief : CA· PA!: ·Jl 2 

Rifle Grenade Xodel VPT-S 41;. Armor oenetration given as 
1.811 Ref: JA-PK1~3o-2 

Hand Grenad~;. ]E_qe!_ ~:":h)..!, ~ffecti ve against armor up to 
2 o9S" thick , Ref lA-- PA.T-4 · 30· 2 

Average .tange· 17 22 yds DA- P.Ali-30-50-1 
~plosJ.ve 1' J.ller 1.3~ lbs cyclotol OP1 5lC:/ 

Anti-Tank Rifle Grenade, VPG 

Ref OTIS FJ.le 
Range : 50=75 meters 
Explosive Charge 334gms of Compressed TtiT 
Penetration: Armor at &J0 Obliqlllty: )0':!1Pl 





--

Heller 

APPENDIX III 

FOREIGN (HISCELLANI:OUS) 

• • • 0 " 0 
e 0 0 D 0 0 0 0 320 

8cm Oerlikon • • 0 0 • 0 0 0 0 0 321 

0 322 Panzerschreck 0 • c 0 • 0 0 0 " 

Panzerfaust c.oooooooo •• 323 

NOTE: 1\11 references are available at the Technical Information Branch, 
Aberdeen Proving Ground, Maryland. Abbreviations used in designating 
references are as follov1s : 

Ci\RUE - Canadian Armament Research and Development Establishment 
N.\ VORD - Navy Ordnance .Reports 
APG-iR - Aberdeen Proving G~ound - Firing Record 
ID - Intelligence Department 

Ordnance Technical Intelligence Office 
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09 3 ~ . 004 

VARIATIO N I N 

THICKNE SS- , 0015) 

WARHEAD DIMENSI ONS 

ROCKET, HELLER, 3. 2" W/ FUZE M52 

Reference: Miscellaneous Report 51/53, CARDE, Nov. 1953 

Total Weight of Round: 8. 5 lb. 
Muzzle Velocity: 720 f/s 
Dispersion at 500 yds : 1. 2 mils 
Penetration: 10 to 11" homogeneous armor 

,.., , 



8Cl1 OERLii\ON (S\VISS) AIRCMFl' ROCKET£ 

Reference: Navord Report 1901, 16 Aug. 1951 

~/eight of Explosive: 
Haxirnum Spin Rate Due to 8 Cagted Nozzles: 
Penetration into Plate : At 0 Obliquity: 

1.4 1'.;. 
1200 r .(Jm 
7.0911 

neference: APG Firing Record R-2617, 26~28 Feb o 1951 

.... 
f 

Explosive Loading: Pentolite 
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PANZERSCHRECK 

Reference: ID 945677/ 13, dated 1949 

Maximum Range: 150 meters 
Penetration: 7. 9" Armor 
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PANZERFAUST 

References: ID 945677/ 13 dated 1949 DA- PAM 30-2, p. 22 

Explosive: 3. 5 lb. 55/ 45 Cyclotol 

Penetration: 7. 9" Armor 
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LL, FRONT, TOP- ROU.ED 
2.3 IH. ® eo• 

NOTE, ALL AHGLES MEASURED FROM THE VERTICAL. 

.. 

IIELLY ARMOR THICKNESS: 
CREW COMI'IlRTMENT• 2.41N. 
ENGINE • •0.81N • . TANK, SOVIET, .JS m 

.. 

HULL, SlOE, UPP£R---' 
AOLL£D 2.4 IH. (j ·M• + .:liN.@ 45• 

HULL, TOP, ROU.ED 
1.41N.(!!> ~ 

.. 
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..a 

CUPOLA, SIDE, CAST 
2.2 IN. CURVED 

TURRET, SlOE, CAST 3.0 IN. AV. @) 
(APPRC/ll 13" TO LONGITUDINAL AXIS 0~ TURRET) 

TURRET, FRONT, CAST ----... 

3.8 IN. 

NOTE: 

MANTLET, CAST 
4 .5 IN. CURVED 

HULL FRONT, UPPER, 
ROLLED, 1.9 11\L @ 60" 

ALL ANGLES MEASURED FROM THE VERTICAL. 

BELLY ARMOR THICKNESS • I IN. 

• 

CUPOLA, TOP, ROLLED 

@ 90" 

TURRET, SlOE, CAST, 3.0 IN. AV. ~ 20° 
( APPROX. 25° TO LONGITUDINAL AXIS OF TURRET) 

HULL, TOP, ROLLED 
.8 IN. @ 90" 

lo• 

HULL SIDE, UPPER, 
ROLLED, 1.8 IN. @) 45" 

' 
TANK, SOVIET, T34-85 

" 

I 
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en 

CUPOLA, SIDE, CAST 
2-:l IN. CURVED 

SUPERSTRUCTURE NOSE, CAST 
4 .0 IN. CURVED 

HULL FRONT, LOWER, ROLLED 
3.0 IN. @ -60" 

FRONT, ROLLED, 
3.0 IN. C!) ~0• 

NOTE : 

., 

ALL ANGLES MEASURED 
FROM THE VERTICAL . 
BELLY ARMOR THICKNESS• I. IN. 

SI.JPERSTRucTURE , TOP, 
ROLLED, .8 IN. @ ItO" 

SIDE, 
ROLLED, 1.81N.@ 20" 

SUP£RSTliUCTl.ftE, REAR. 
ROLLED, 1.8 IN. Ci) o• 

SELF-PROPELLED GUN, SOVIET, SU-100 

,• 
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.";t:J.biUty of jet vs. JJ.ner thickness, 193 
~>tresses and st.rains within, 99, 190 
Tl:eories of 

~~'First order" theory of f ormation, 22, 23 
:Iydrodynami.cal theory, 13, 20, 25, 26 
11 Zero Order" theory of formation, 20 
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Jets (Continued) 

Ultr'a fast jets, 27 
Velocity gradient within, 5, 8, 2 3, 27, 31, 32, 49, 94, 95, 96, 97, 

96, 99, 100, 190 
Velocity of jets from cylindrical liners, 14 
Velocity of jet vs liner apex angle, 89, 91, 93, 257 
Velocity of jet vso liner thickness, 89, 90, 92 
Velocity of jet tail, 99 
Velocity of jet under peripheral ini tiat.ion, 32 
Velocity of jet vs velocrty of penetration, 7, 8 
Velocity of penetration of, 7, 30 
Velocity ratio slug/jet, 20, 22 

Jones • equation of state, 122 
Jones .P Ho, 122 
Jones _p Wo No, 5 

Kanders, Erich, 4 
Kerr cell photography, 177 
Kessenrich, Go J o, 4 
Kistiakowsky, Go Bo, 5, 6 

Lawson, Wo Eo , 12 
Leonard - Jones - Devonshire equations of state, 122 
Liners 

Alignment of lin~r in charge, ll2 
A:pex 

Angle 
Apex angle vs penetration, 60, 62, 257 (See also nTotationtt) 
Apex angle in projectil es, 109 

· Initial jet velocity vs apex angle, 89, 91, 93 
Configuration of, 46 
Sharp apex vs spitback, 111 

Assembly: Liner to body 
Cementing, 111, 112 
Crimping, 111 
Locking groove, 111, 112 
Ring, 111, 112 

Axial symmetry of, 58 
Collapse 

Angle of, 14, 15, 20 
Process of, 20, 119 
Profile of, 23 
Velocity, 20, 22 

Configuration 
Conical, 20, 46, 108 
Cylindrical , 14, 83, 204, 205, 206 
Double Angle, 46, 83, 108, 109 
Fluted, 20, 34, 177 (See also "Spin Compensation") 
Hemispherical, 45, 46, 82, 83, 109, 177 
Non- conical, 34 
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Liners (Continued) 
Configuration ( Continued) 

Spherical capped, 45, 82 
"Spiral" fluted liners, 35 
Trumpet, 45, 46, 109, 177 (See also "Rotation 11 and 11Spin Compensation") 
"Havy" fluted liners, 35 

Design parameters for, 52, 104, 107, 109, 110 (See also "Spin Compensation" ) 
Jiameter of 

Defined, 46 
Penetrations requiring specific diameter, 104 

Flanges in, 85 , 06, 113 
Fluted (See "Spin Compensation") 
Geometrical accuracies in, 49 
Manufacturing methods 

Casting, 1~7 
Dra\ving, 4 7 
:Dlectroforn:i.nz, 47, 63, 78 
lr.achining, 47 
Shear - forming, 247 
Spinning, 46, 47 

Haterials, 9, 29, 108, 199, 201 . 
Aluminum, 9, SO, 63, 66, 67, 70, 71, 72, 73, 92, 93, 95, 108, . 242, 283 
BerylLium copper, 89 
Bimetallic, 79, 108 
Brass, 3 
Copper, 9, 27 , 50, 63, 64, 65 , 10, 71, 72, 73, 74, 84, 87 , 89, 92, 

93, 95, 108, 199, 200 
Copper clad, 79, 108 
1lass, 49, SO 
Iron, 29 
Lead, 50, 63, 69, 95 
Paraffined paper, 3 
Steel, 3, 9, 27, 29, 5o, 62, 63, 70 , 71, 72, 13, 84, 85, 86, 07, 89 

92, 93, 108, 128, 129, 242, 283 
Zamac-5, 47, 63 
iinc, 3, 50, 63, 68 

Metallurgy of, 49, 87 , 89, 200, 247 
Annealing, 47, 87, 89 
Crystalline structure of Liner material, 29, 49 
Ductility of liner material, 108 
Helting point of liner material, 108 

Non-Alignment of liner in charge, 112, 113 
Tilted liner, 112 
Offset liner , 112 

Obstructions within cavities of, 85 
Per formancc 

1:easures ofperformance, 45,104, 107, 108 
Penetration, 2 

Suitbacl-: tubes in, 87 
Attaching spitback to liner, 111 
Dimensions for, 111 
Sharp apex vs spitback, 111 
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Liners (Continued) 

Tapered ualls of, 83, 84, 85, 109 
Thickness (See also "Spin Compensation") 

Apex angle as related to thickness, 61, 62, 109 
Confinement as related to thickness, 109, 110 
Geometrical non-uniformities, 51 
Initial jet velocity as related to thickness, 89, 90 , 92 
Jet stability as related to thickness, 193 
"Optimum" wall thickness, 109 
Penetration under rotation, as related to thickness, 197, 199 
Variations in thickness, 3, 57, 109 
Waviness in liner wall, 49, 57 

Tolerances in dimensions for , 58 , 62, 109 
Walls (See also "Configuration" under 11Liners11 ) 

Grooves in, 51J 57 
Non-uniform, 51 
Tapered, 83, 84, B.S, 109 
Thickness of (See "Thickness" under "Liners") 
\'larping of, 51 
.faviness in, 49, 57 
\-ledge-type, 27 

Critical angle f or jetless impact, 27 

Lucky ruze (See 11 i'uzes11
) • 

Hemispherical lucky, 160 

McDougall, D. P. 5, 6, 7, 8, 10, 11 
l1isznay...Schardin effect , 4 
Mohaupt, Berthold, 4 
l1ohaupt, Henry, 4 
Munroe, c. E., 3 
Murray, 20 
Huskat , Morris , 6 

Obstructions within liner cavity (See "Liners") 
Ogive (See also "standoff") 

Geometry of, 114, 115 
Thickness of, 168 

Overmatching the target, 108 

Patents on shaped charges , 3, 4 
Pauling, Linus, 215 
Penetrations (See also 1l'fargets 11

) 

Armor penetrations, u.S 
Caliber of Round vs Penetration, 105 
Cylindrical liners, 205 
Estimates of, 104 
Explosive parameter related to penetration, 123 

Charge Asymmetries related to penetration, 132, 133 
Charge height related to penetration, 107, 113, 126, 127, 128, 129 
Density of explosive related to penetration, 133 
Detonation pressure related to penetr ation, 123 
Dupont Laboratories, 123, 124, 125 
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Penetrations (Continued) 
~xplosive Parameters Related t o Penetration (Cont ) 

Naval Ordnance Laboratory, 125 
Peripheral initiation related to penet ration, 32 
Various explosives as related to penetration, 123, 124 
vlave ,shaping related to penetration, 119, 129 

Flange effects on penetration, 85, 86, 87, 113, 114, 128 
Fluted liner penetrations 227, 228, 229 (See also 11Spin Compensationn) 
Liner design as related to penetration 

Apex angle, 6o, 62, 63, 76, 81, 95, 109, 111, 194, 196 
Apex angle vs standoff 
· Aluminum liners, 63, 10, 71, 72, 13 

Copper liners, 63, 10, 71, 72, 73, 74, 84 
Steel liners, 63, 10, 71, 72, 73, 84 

Opt imum apex angl e for penetration, 111, 196 
Optimum standoff for various apex angles, 62 
3harp apex vs spitbacl<, 111 
Spitback tube, 87 
Thickness of wall as effect ed by apex angle, 61, 62, 109 

Asynunetries as effecting penetrat ion, 51,, '57 
Diameter of liner, effects on, 104, 105 
Flange effects, 85, 86, 87, 113, 114, 128 
Ha terial 50 , 62, 108 

nluminum, 9, 63, 70, 71, 72, 73 
Hemispherical, 82 

Bimet allic liners, 79 
Brass hemispher ical, ~2 
Cadmium hemispherical, 82 
Copper liners 

Dratm, 9, · 63, 70, 71, 72, 73, 74, 84 
Electrof'orMed, 63, 70 
Hemispherical, 82 
Spherical capped, 82 

Copper cl ad, 79 
Steel, 62, 63, 10, 71, 72, 73 , 84 

Hemispherical, 82 
Spherical capped, 82 

Wall thickness, 63, 75, 78, 79, 80, 109, 197, 199 
Tapered wall liners, 84, 85, 109 
Thickness as a function of apex angle, 61, 62 , 109 
Variations in wall thickness, 57 

Process of, 256, 257 
nate of penetration, 30, 31 
Rotation vs Penetration 

Effects upon penetr ation, 186, 190, 191 (See also "Rot at ion" ) 
57mm and 105mm penetration compared, 191, 192, 193 
Liner material, effects on penetration u.'l'lder rotation (See 

11Rotation11 ) 

Hound - Penetration Performance 
57mm, 216, 217, 223, 232, 233, 234, 235 
73mm, 83 
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•)cnetrations (Continued) 
Rounds - Penetration Ferformance (Continued) 

75nun, 105 
90rnm, 105 

105mm, 105, 216, 217, 223, 232, 233, 234, 235 
120nun, 105 

Scaling penetrati ons for different calibers, 193 
Standoff as effect i ng penetration 

Opt i mum Siandoff vs apex angle, 62 
Penetration vs st andoff, 8,32, 34, 62, 63, 64, 65 

Target Density related to Pene ., 7, 10, 
'l'heory 

11 First Order11 Theory of penetrttion, 31 
Hil l - Mot t • Pack, Equation for penetration, 30 
"Residual" penetration, 10, 32 , 104, 2)6, 257 
Theory of j et penetration, 9, 49, 186 
"Zero" order t heory of penetration, 30 

Trumpets, 177, 200, 201 
Peri pheral initiation, 19, 201 
Piezo-electric ef fect, 142 
Projectile (See "'o/arhead" and "Rounds") 
Pugh, E. M., 1, 22, 23, 27, 31, 256 

B.adiographs (See 11F'lash Radiography11 ) 

nanl<ine•Hugoniot, 120, 121 
liayleigh, 36 
Release wave theory, 20, 24 

Applied to flange effects, 86, 87 
Applied to liner collapse, 119 
Applied for qualitative predictions, 129 

ltesidual ~enetration theory, :9-, 10!1, 256, 257 
Roberts , c. H~ M. 5, 6, 14 
11ostoker, N. , 15, 20, 23 
1~otation 

Effects upon: 
Jet , 34, 177, 183, 217 (See also "Spin Compensati on" ) 

Bifurcation of Jet , 183 
Deterioration of j et, 177, 178, 179, 180, 181 

Penetration 
Liner apex angle effects on penetration, 109, 194, 196 

Larger apex angles, 196 
Smaller apex angles, 196 
Theory of, 194 

Liner material eff ects on penetration, 199 
Liner thickness effects on penetration, 197, 199 
Penetrations compared 57nun, 3.511

, 105nun, 191, 192, 193 
Standoff effects on penetration, 34, 107, 198, 199 

Historical notes on rotation, 177 
Reducing effects of rotation (See also 11 spi n canpensat ion11

) 

Built-in spin compensati on i n liner, 247, 248 
Cylindrical liners, 204, 205, 206 
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ltotation (Continuad) • 
lteducing I::ffects of Rotation (Continued) 

Double-body projectiles, 215, 249, 250 
Fin stabilization, 215, 250 
Fluted explosives, 247 
Fluted liners, 177 
Hemispherical liners, 177 
Lawn mowers, 247 
Peripheral jet engines, 215, 249 
Spiral detonation guides, 247 
Spiral staircase, 247 
Trumpet liners, 177, 200, 201, 202, 203 

Rotation with wire driven rotator, 177 
Scaling relationships under rotation, 29, 187, 188, 189, 191, 192, 193 
Theory of effects of rotation, 182, 183, 184, 185 

;zounds 
57mm (See also "Rotation11 ) 

ldner, dimensional tolerances, 58 
Penetrations w/fluted liners, 216, 217, 223, 249 

75mm 
fenetrations w/fluted liners, 247 

90rnm, Tl08, 57 
Fuzing for, 145, 150, 152, 161 
Liner dimensional tolerances, 58 

105nun (See also "rotation") 
Fuzing for Tl84, 161 
Liner dimensional tolerances, 58 
Penetration '"Tith fluted liners, 216, 217, 223, 249 

t(ound performance in tank vulnerability 
Grenade energa, 280 
Panzerfaust, 270 
2.3611 HEAT round, 277, 278 
75mm HEAT M310Al, 274, 287 
75mm HEAT !166, 284 
8 em :ili, 283 
2.75'1 FJi'AR 274, 283 
3.5" Rocket, M28, 27, 274, 275, 277, 278, 281, 283, 287, 295 
90mm AP 1'33, 279 
90mm 1'108, 271, 274, 278, 283, 288, 292, 294 
95mm QF, HEA'f, 282 
105mm H67, 274, 289 
105mm BAT, 2 92 
6.5" ATAR, 274, 288, 294 

SAGEB Society, 4 
Scaling laws for shaped charges, 5 

Law of Cranz, 29 
Linear relation of, 46 
Rotational effects upon, 187, 188, 189, 191, 192, 193, 196, 222 

Schultze, 1-1. A,, 3 
Seeger, 12 
Seitz, Frederick, 6 
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Rotation (Continued) • 
Reducing J:;ffects of Rotation (Continued) 

Double-body projectiles, 215, 249, 250 
Fin stabilization, 215, 250 
fluted explosives, 247 
Fluted liners, 177 
Hemispherical liners, 177 
Lawn mowers, 247 
Peripheral jet engines, 2151 249 
Spiral detonation guides, 247 
Spiral staircase, 247 
Trumpet liners, 177, 200, 201, 202, 203 

Rotation with wire driven rotator, 177 
Scaling relationships under rotation, 29, 187, 188, 189, 191, 192, 193 
Theory of effects of rotation, 182, 183, 184, 185 · 

ltounds 
57nun (See also 11Rotation11 ) 

I~ner, dimensional tolerances, 58 
Penetrations w/fluted liners, 216, 217, 223, 249 

75nun 
fenetrations w/fluted liners, 247 

90rnm, Tl08, 57 
Fuzing for, 145, 150, 152, 161 
Liner dimensional tolerances, 58 

105nun (See also "rotation") 
Fuzing for Tl84, 161 
Liner dimensional tolerances, 58 
Penetration ~-Tith fluted liners, 216, 217, 223, 249 

itound performance in tank vulnerability 
Grenade energa, 280 
Panzerfaust, 270 
2.361

• HEAT round, 277, 278 
75mm HEAT M310Al, 274, 287 
75mm HEAT I-166, 284 
8 em. :u=t, 283 
2.?5u FFAH 274, 283 
3.511 Rocket, H28, 27, 274, 275, 277, 278, 281, 283, 287, 295 
90mm AP T33, 279 
90mm '1'108, 271, 274, 278, 283, 288, 292, 294 
95mm QF, HEA'£, 282 
105mm H67, 274, 289 
105mm BAT, 292 
6.511 ATAR, 274, 288, 294 

SAGEB Society, 4 
Scaling laws for shaped charges, 5 

Law of Cranz, 29 
Linear relation of, 46 
ttotationa1 effects upon, 187, 188, 189, 191, 192, 193, 196, 222 

Schultze, 1>1. A,, 3 
Seeger, 12 
Seitz, !rederick, 6 
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Shofields A;, 185, 186 
Simon, J., 11 
Skinner, L. A., 4 
Slack & Ehrke, 5 
Slug 

!"ormation of, 20 
Length of, 22 
Slug to jet mass ratio, 20, 22, a) 
Slug to jet velocity ratio, 20, 22 

Smith, Turner L., 6, 8 
Spin Compensation 34 (See also "Rotation") 

Achievement of 
"Built- in" spin compensation, 49, 247, 248 
Fluted explosives, 247 
Fluted liners, 34, 207, 216, 247 

Linear flutes, 238 
Spiral flutes, 35, 221, 242 
"'·lavy11 flutes, 35 

ll[on-conic~l li.ners, 34 
"0ffsets11 , 31~ 
Spiral detonation guides, 247 

("LawnmoHers") 
("Spiral st.aircases") 

Caliber vs spin compensation, 222 , 224 
F~uted liners, 34, 207, 216, 247 

Design parameters for, 224, 225, 226, 227, 230, 231, 232, 237, 238, 239 
Flute depths, 237, 238, 239, 242 
Flute types, 224, 225 
Indexing of flutes, 232, 239, 241 
Number of flutes, 231 
Tolerance requirements in liner dimensions, 242, 243 
Hall thickness requirements, 231, 236, 238, 239, 240, 242 

}uture prospects for, 248, 250 
Hanufacturing methods for, 243, 244, 245, 246 
I>1aterials used in 

i\luminum, 242 
::>teel ,. 242 

Nechanism ofJI 217, 218, 221 
11'fhick•thin11 effect, 218, 219, 221, 242 
"Transport" effect, 218, 221, 242 

Penetrations obtainable with, 227, 228, 229, 233, 234, 235 
Scaling relations with, 2 22, 232, 233 
Static- fired, 221 
Trumpet shaped, 242 
Types of flutes, 224, 225 

Historical background on, 215, 216 
Spin rates requiring, 21~ 

Very high spin rates, 224 
Spin rates of modern HEAT ammunition, 215 
5tandoff, 2 

1.'ensi ty of jet vs 34 
Juzes for long standoff, 169 
'J.-;i ves as standoff 107 llh, 168 
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Standoff (Continued) 

110ptimum11 standoff, 49, 107, 199 
Penetration vs standoff, 31, 32 (See also "Rotation" ) 
Projectile standoff, 107 
Spaced Armor vs 107 

Stein, otto, 6 
Stein, P., 27 

Tank wlnerability to shaped charge 
JS III, 292, 293, 295 
JSU 152, 295 
Iv126, 295 
su 100, 295 
T34/85, 294, 295 

Target 
Array of, 45 

Laminated, 32, 259 
Non-homogeneous, 32 
Spaced, 32, 107, 199, 258, 259 

Cylindrical l i"ner jet into target, 206, 207 
Density, 10, 256, 259 

"Density La.rT, 11 256, 257 
Density vs target strength , 10 
Penetration vs target density, 31 

Hole volume :Ln, J4, 45, 104, 107, 126, 127, 129 
f-1ater ials 

Aluminum 11, 257, 259, 265 
Doron, 262 
f ormica, FF-55, 262 
Glass, 11, 255, . 260, 261, 262, 263, 265 

Laminated glass, 260 
Lead, 10 
Hild steel vs armor, 10, 31. 45 
Titanium, 255 

..>trength (~ee also 11 target density") , 10 
Liner apex angle vs target strength, 257 

Thickness and weight of, 11, 259, 260 
Taylor-Birkhoff Theory, 14 
Taylor, Geoffrey, 14, 36 
Thibedeau, W. E., 4 
11Thick-thin" effect, 218, 219, 221, 242 
Thomas, L. H., 218 
Throner, G. c. , 47 
"Transport" effect, 218, 221, 242 
Tuck, 133 , 194 

Ubbclohde, A. -~ ., 5 
J'nl, L. G. , 4 

Von Neuma~, J., 12 
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Vulnerability to shaped charge , 
Area of hull and turret, penetrable, 287, 293, 294, 295 
Armor obliquity, distribution of, 284, 285 
Armor thickness, distribution of, 286 
Data ana~sis, methods of, 289, 296 

Dtstributed area method, 291 
Vulnerable area method, 291, 293 

Vulnerability drawings for tanka, 290, 291 . 
;<Jar heads 

Accuracy of, 103, 104 
Caliber of, 104 
Design of, 103, 107 
Length of, 107 
I~nge of, 103, lOh 
Specifications for, 103, 104, 105 
Standoff for , 107 
Velocity of, 103, 104 

WASAO, 3 ' 
"dave shaping, 19, 119, 129, 133, 201, 205 
Wilson-Kistiakowsky equation of state, 122 
•~inn, H., 103 
Hood, R. ~; , 4 

• 

Zernow, L. , 9, 11, 15, 24 
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