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of Enelish ·cunrsten c<>r',id2. The dat:.. frorr: 
·::r...s plot~ed subse•,. e:-.tl~r, ~Uld. for tuito,!sly ;: ~rho.. s, _'1 ·s 
s-'.:;r o.it,h"L lin~s "l::...l~1es cf t .. e _·o. s~uCllJt r1:si.'3t.'Jl1-.".!e •. >'..:.tL' ~-l . I 
! .. Les shcvr :.l r\,:n~-lr1~·:1}'3 ccr~:..-3 1·_.nc~· at J.bou~ 550 tons/:-
_ ... _JJ p~1_)ttinr; l~l?:cos ;:,, ·:ill(~ 1-.. : ,U~ c..".-:,,-8 --..13 :_r L.h\l 
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.n·· •:'1!' 

•r •. ; I~ 

•J.: 
··.i.-:-J' .l..J ·,,...., 1 :c.y l· 
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.. 
·.i11il" the 011'1. v' 

·_.deli tional dyn 1r.L.· .... t _"r 

ti8 ,, ....... 4 Lf'l.G the .&.. :J t , 
to ';he fact ';, ·t r 

;re •rer . there wi.L. b') ar 
I 

.. ~ 1n.i-o f thi::; ·'"! 
·,o· .. ,1ve;r, cxpec'; h·.+ 

u , o.s- i'tle, ..... ra~· "r r .L~ .. .s 
Ol.J. 

exact _..."' ..,. lr nc. ! 
,_;I'·)~t8r fer il'E,'; o.tt!riu.l o ... l.h ... 1.. _. t i s ·~o s, -r ii r 1r'tll 

.. n'i r of i:he tarr;ct 'at r •< 1 
+ ~ i err. llJ'\7 estimate of ~he 
r. +he rihupe of ogive; re shot...J, . ..:;~·.-es since for th·JS' the 

T_ L ( °":.JJ"fl tha.~ i1cr roi..."lt ~d .mes, 
I t is clei.:.r hat ;!-,is se-.:ond dynnir.ic tr r: . '.1 l mcr"<!Se indefinitely os ·r increases, ''rhile th.. ...i.rs ... GJ1 on..i.j" incri: c..u +-r .. r: ~ rr .3Jl.'rt~ U!1 to the value of p0 

holdinr; far fro::i tr,e ..;urtace . 

.ri'or this r· 11 ..... ..:.io!" l.t .. ._y r-t be accur " r :-r- o::i· ... n.l.. the pr ~ssure on i..h.e projec°'..ilc a;; i:. [,.1."·"3r .J..i.sti..llcc' i'ror,1 th1• .,1u·:~~· ·n "he. forc:i;.. + /3p V ~ HOl7CVE>r, ·.-:e shall, as a f1rst ap:1r1.iXLuaJ ... iun, rnakf '.1S• of + i
1"'tm. 

~ ie cornlit.L ).o for r,__,·turc of a rw.rd .;+ '. r.c "; r,0;m •:i th certJ.intJ; the most naturnl az..;u.~.1 ';ior, i.:; ';hi.1.t frc.ctur•. (smto.r) riL occur .1hen the r:iaximum stress o.il, er·mce rJachcs a cri tic:i.J vJ.lue. Tl.< maxDnum strc:ss • ifi'erencc w'ill be less thun -i;h ressure ~·n :.;he pri.. :~'"~t 1~P m .L J•~: .,. ..}S 1".Titten 

q < l 

The unlmovms a and f3 :::oulr1 bn '1ctP.l'lTiined for iv•,:>. rJ,ad shape bj' de';erminin,o-shatter veloci":y for i.t •e s ,,f trro differ -nt o: ir~,_,si:~ s'orcn,rths. 
Finally, l. °'.: rrllll. t D•' r c:.nt~d ~ut th •• t •,,, .1;.r i ..r._ .,. • •J:".: ,.,hich arises becnuse more u..11d 1 ·1or~ .. ·.ia.L"":Pr s ~. + L1'~0 motion as the ._,h + c:m.= ..... v'3s 't·;il..J... probably not have a!J;/ lnrge effi.:;c ~r he Ln1 etriltion ,"i aor IlX tc_ tt'lt! n:r1c·thesis on \·.rhicr this report is br..sf:'d, • .·s • cf· the kinetic ;nu·3 < t' · b~ .ho-o is -scd UI in pl03t ... c defor mation of the T +.o.', -ohus any ener;::::,· •hich i.r i l 'l.1 :v 1.S ti·:i...'lSf.,rred to the target mat erial ..s t::L-i • .,nerw.:' must t..ltl.1 +pl' ...,cd -'1 the sci:ne .. -;ay, that is, in nakinr; t he hole. Alt rnatinly 1·1e r.i:J.y r,113.J.d·~l' that ';he shot :in the iuterial has a fictitioi.:s ,a.,;s, r ';he s:rme way th·t • "i ·t n0v-.r.e; in a fluid has . Tr.is fictitious inss ·.~1 • ~"''l..'><> the de,el•1· ' .,. mu. !r..!5 ..ncrcase the ~netrJ.tiCJL, i .. nd so 1.:::i.kr:~ u:._ ..1.0r lii.~ J ·ss of' _::inctic -!!"J. -~ y l•. P r ~rr:) ..... Jnu:nic tenn o.t the .;url'ace , v.t ~!10 '"'1t r·.t.,rcx.-.. 1tely. 

0 Pcnetr _ tion ::;r J.\un. ·oc jets 

he enetri.l.tion of ductile 1:w.tcrio.ls b:r ... "lro < c· 1 1
...-. ;:• .. ich 1.re ass\..t. •u .... 0 LJL: 1 J.'- i.d; for this purpose ,7c 1.J.ve 

lL~J. to e..:)t.~1a"tu ,,h..; c ... 1urc0 on c. prOJ'CLi 1e: ,, .. , J.J" .ith a lolv\m velocity V. ·;;e ~10.ve fomd "th.tt .;h"' r .:~Ul .. ·~ o.t the nose f ';hF ... ro ... ~cti .... ~ c.J:~vays incre:D.Ses -,,ith irlcri>:.i.sin~ ; , t ~ + : ... • ,he :..houlclcr i <; , :J.Y JP<..r ~", so ';hat the resulting force J.:.~cy v:....~ '.i._"r "'"O*' 2r.c.r0:i..-Sc: i-;i.th V. 

\"le hav• now -'..o c 
i:hat :'lo\7S or br· :i.r .} ,., ' 

J.-i••r .irrietratior. ly 
nn .s tri;d.ng the . .n\ 

:-ro ·'.i ' or ,ther att..:.ckin£: ~1.,cnt Th· ~'J" i c,us ex.Jill. les are : 
Sr c + < ,o\•· ',h_ .;hattP-:::- v l lc•C ~t,. 

(a) 
(b) 

An '"'l' 
A Munro• 
yet c.," 

-,. .• :r '" rb.ysicul s•·-i.t' f the 'J. " .'1 +he:.:e jets is not ~1..'1 ., • ". slnll considP.r 

( i) .... c' t of~ .... 11J.1C1 l' solicl i1P'li.1..i.., ... _. 11 y , • _,~ beinr' nc.:;l i._oJ.ble irt rQ . ' CJ;.1e ' (i:i) je '1. .. .,. t'. v~ ;hi ch 1~ ~ .....:1 ...I l.J. ..... t. 
The ca~e o:""' t.hi'.'11 1.h.n·1 "\ JP .J e 1S.J.. .. r l_ +- f. 1 -.J p· c h"' eloci ties u.re uc:."h11r, nn.d ;rill be ref ~red <; '' qi: i 1· l v. I •'O' t < in ,he .i.ght of ~h' t- "· < of or" .r r u1l.S ev:i.dc--nce [ int::> .O J" ,., !.!·, iln l G:i.'\~ "l. ~h <' rnn.ter inl, ~na. th~ U"l_.. c' "h' he:. th~ Jc'*" ""r .. u thr~ jet ital"'l:f, su..- .- 11. ~.i.": "''1=- vrr' / of the critic.'.lJ '101· ;i L'>S· J in • -u· 

l~oll a.orir..r a pr· ·· < ,., • )r<· (rd.l.'), 
!"J .ll, •c·vi 

'!...-.ollJ'\'iirlp- ,·g_·.y: lt 1..' 

~a,.ctcr th:m. .i4"_._ u,,n. 
than the v·~locity l ,,f 

:t .. ~ i..1.. t .. on1 of ~h.. o 
the .. ~e~; ~rie ~.ill.ti .. r. i..:. 

7. 

t ~r ,, t-iIJ.(.., ;-1h·:-norncnu. to con~idr-r 
lrIS. ~ h ~ e.."<.crin.~r .. t L. 

- ' exp:msion of he t..:rg •t 
l." P"'v"""!"'nJ.. '..;.j_., ( $ ;_hi. u.I' ,U. Of 

"-' i.,. J rr ~ . ~1 L .in . .,;.. c!: ~ 

, ~t.· +i'l!l -n the 
c '· V , 1. _ • , hole cf l' ';er 

i tt~ ' le city U, nhich is les: 
""• rr ch br·<ll:zs up on nttme 
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J .ns.:i..t: .. n 

J.iean /alues of ).,,;, 

y j_ l' .:.. .li.J.L . .inii..U ... -c=.;et c~ ct -- 1--

I 0 - " '. o. ?_7 -1-

( " .... 0 0,35 C• J 

" 0.13~ (',Cl; 
G.6 > 

> , 0.8:,i 84 
c.76 c 77 

- ' -; 0 'il l ~ , -· 
' - ~,c 0.58 0 } 

~ o. J'l 
- ".o 0.4-3 

1,j1~ ..:n -l L er'.µ ·c .. ~' c ' 

1' l,. ru..'11...:;e. 

i..tSC ... i. i ... o sn1al.J. ..:hJ .... J ·~, t. .. Jd. l..J"u. r·Lunr...t 1.,,. l1 curv=-.-;> 

c r J> • f cir are f:t t-1- '• ,u nu:nb i: rif sc__._ -1- •, '·'· ri-
l ..:rl 1..mt f"c.,. .. soue of _he Er1 ..... i:;t'"' -b}~~vi : "-o 

v ..i . • J It .. i_,_L b:.:' nvtic J. tr~"""t ""h' r>ne_"' ll lil r the 
i .... ·~ U:u ""~ ~ .. , as bet.,r. n t.b. t\.l.J tJ'"!. 'S of ~........... J"ld }--.. 

r J le! Sl.~ L'l1 the two CC..S~~. 1) u1em":lcrinz.. th ... t <). <'2 
... 

1 
.. ~ .. "" dt".1...,i ~- of the .ie' rh~ density ')f : L""J..: J .i..i .. s 

i:~ ol"'tl..'1.S r_J. 0ne-h_alf "Che!:.. v· 1 ..... e::.... 'l\11! ~:!1.~LL...: f "-h, 
t, " .xir•u '"'11J. then to fd __i: a:/ tO\.al' Ls tc r- r _..r 0f 

fro" stf!el cones is of the "fra£;ment" ty:;ie, /I. - 2, ~'1c.. thP. mean 

·"" ":c is arrrrx:Lar.rtC'ly one-third that cf the :;__ininr;. 

',;· • . ., .dcn· J.tions of th" cCJ. li~ r part of -'·he r· port would l e,.uJ one to supr s•• 
.1..r1.J.:'; !: ... u1: p! 1 ~r.J'tlu.tions, it ,·;ouJ.d beco.1e ucr·.:! b.nd more nen.rl~r correct that 
l, x voJ ur.1e of l:ole energy given u:ri by jet • . • ( 20), and the.t J;b snould be about 

') to 5.5 tit es the dyn=ic yield stress for rienetration into nild steel (_a.ra.4) 
l•' r a solid or li ;_uid jet , r 'lativ e to oxes movi Eg .Tith velocity U (fi,:. 12) , no 
t'nerey is losi;; '.;he 1:iatcriul of the jet flows away u: the sides o~· the i1ole ·ith 

i ·~::; oric;i.1...1 ·1:olocity (I - U). Thus the los s of ener,_r relativ•~ to fixed axes is 

1 ( , ( )2] 2Mlv--v-2U (21) 

"-,h~re !.l is he .o- !ll i~Ms of the jet. After a short c"'lcu:!.ation -.re fil,d that the 
:ropo..,.·ti.on cf the total anerLl"" .:...iven up to the tor'"-' "t 1 •• uterinl is 

,.,here G 

l~· r a rrc'.,Cjae:r1t _l:{; on th~ oth·r hand, the kinetL; enerr;y -;-Till be rurtl"· us·d ur 
I1 iC ~·-i_r E r..d d frnm:i.n, thQ fr 0 ients themselves. The amount of ener v consumed 

ll l1es ·t 'C'" s .~ ·i.1l be e lull to the energy loss relativa to the 1,.ovJ.nr i;x._.s of 

J 1 ~ "~ . ' 

, r to 'i.:ed ruccs, -1- he ene:·c;y· 
r I 

l v u2 
- (v - ul2j 

expen:ied in actual penet::-o:dor is 

( 22) 

·is ll. "'.f a..s ,.~uch 
+ l J?: 

.s _1 , ormula ( 21); the croportion of enerwr "iv· ·n 'l 

A .; r ie::; )r 10<-l5ur0ments of volume of holes :i..11 a r.i.ild steel tareet, caused by 
'-' cf ~ t,' 1 ri.1 •,.U:lraium, ii; 13ivcn in an early r~:iort by Ev•JilS und lfobc:lohde 

(, ... . Ii;.,. i >r the d pest l enetrations, which are of 1,rllaa.ry interest in this 
. , .. mi in, ~h~ to-::<1.J.. VOlU.!C Of Uom£18e tended to rouehly 8 c.c 0 for steel, and 5 w.C. 

:adln:ttt1, ir.u.e .mdently o ... the mass or t he lininr;, for a lVen chnrge d i OI!leter. 

10. 



The density conside r t i on::; of the ! r e-rious sec i;ion, cor:ib ined \n t h t he plot 
if vcl'"lcities m '.;he report 'J.UOteu (ref . l_.1;. l!ad one to SU?J10SC that t he ::1ass of 
the ~ + cont-ibutin,s to !enetrati on 1ov es ·-ith = averll/_;e ,el oci-:.y rour;hly e 1u al 
to thirds of the - elocity of the i1ea:i. of the jct. Putt in[. t he u a.ss 1· of t he 
Jet egual to four- f ifi;hs of the r ass of the L.nll';::, +.o a ll0'7 for t he f=nt ion of 
a plus , ·;re them assume that ?? 1! V2 is t he cner13Y of th..' _art of t he .,et ·::hich 
is effecti v.! l y the _,enetr ;,inc accnt , rith V = 2/3 Vh .Jl~ Vh = vel oc i ty of" t nc 
viaC:. of t he j et , The i.;r~phs ( rd . 15) sho77 ""~t, for st ·el j et s penetrating 
alur.~i..l'll.UJJ and copper U .w.y b' • ut e']_ual to ~ V , .. rich ... i ttle l os s of accuracy 77hen 
cub:::ti;-ut d in ( 22), t he f orault.. aPl ropriat~ for ener0· iven t o t he .. a terinl by 
fr'lu.1en t inr; je"L.o I t ap_cru.·z ver :· lil~ely th'lt th'! s ::ie relati on bet ween U and V 
for z tcel into scecl wi ll not lead t o ver y larce errors in assessine this 
<:Jncr r::;y. 

1 ppl~ these o.ssuupU ')nS in combination uith e iu-ti ons ( 20) $ld ( 22) to t he 
r esult'- of i':v<::.llli nnd Ub' eLhle ( r ef . 14-), for thidmess of lin:i.ne ,048D an<l. 
sphcr i(;al cap o.l raclius C. 7 _, :::> .:her.a :J is the char,.,e tliane'"er, and r uttinr: 
Vh = 5 x 10 5 cm. / s ec. , o.nu Y = 50 tons/s l• in., Po w folllltl to be 5. 5 Y. This 
result c:an only be coi':; i clcred for t uit ous, liut it does point to p 0 being of the 
or der of , :a.e;nitucle _:r eJ.icted. 

ReEtii. t s rill onl:r o• consis ten t f or diffe r mt 1 .. asS•'S of lininc ii' J.!Vh is 
"onstant, when:::> i s const;.:.nt . 'l' i1is i s fol.llld to be true in ex: e riae nts carried 
out by Bessent :m cl .=:vw1s ( ref . 15) fo r c ons t;;nt r.:..tlius of .;urvature . ,fhet her 
t he r el at i on is t . ·ue lrnt :cen clif"'erinc radii of ·~urvature is not r.nO\m to the 
aut hor s . 

'.l.'he r esu:Cts ;·or ~c.fr.Jiu. ~et s cannot ·' calculated .i.thout so. 1e better 
:~ L,·,-lec'(:e of the :•:!l!li i ons hi p b~hreen I ...nd U clurin.::; penetr :.on . 

0()0 ooo 
!i0r.U"Im 

a r ::>ili.us of i..t1JlC :?:' ".ole 
c · ... a.ius of plo.st i c r ec :'..on 
v Foisson ~ r atio 

"" YollllL'" u odulUB 
y F lor: st:::-ess in ' msilc JUdSt 

Po Ir.t .rn . .J. 1ressure 

.AI'P~IX I 

L:m C-·lindric -1 Hol' in lnfini tc 1lediur:i 

T hol0 ir su;. os ~ .;i denc<I. st::i.t ic<.U.l:· ::'ro.n zero rillli us by inte rnal 
·r J..:iur 

..,•or r " c "'.he stres s clis tl· i "cution is riv n Ly tn· ordinary e lastic the ory 
for :lane strain. 

Tb.e r-t!.i.:i.l stress er 
r 

rnu the tOill'.ential stress 

= - y cz./f3r 2 ' 

CJ' G = Y c2
/f3 rZ, 

r ;;. c 
(1) 

r ;;. c 

Tr_c.oa elu.-.tioas s tisf:: the :ioi.m,, .. r y co.:d.1.tion CTr .. 0 :iz L" .. "' , and a l s o the 
.~ises cono._ i0n :"or !':as tic fla-·q nn r = c ·.riz : -

- CT 
r 2 Y/f3 ( 2) 

In the plnstic re[ion , or:~- .o.rJen:L'1,'." :!S ne l ct :l ...nd J,:iscs ' co:id it i on i s 
w1..ken 0 · ... old uniV"'rS~ly. ~ lC C'1U.....~·ion of !i, l.~ r1.U:1 

d CT r err 

CJ' 
r 

y 

- 73(1 + 2 lo[, c/r) r .;; c 

lo c/r) r c:; c 

11. 



·hen cr9 and err are made ;o v.:ry oi tinuously -cr,s. • c. 

The relation detemir.J.n, c ..n ,< _ E of fc l • ~::, .r 1 ~ JU'lt:L"lJ rlis_ ·e.r;ien .. s 
...is LcP.ments ~ tho 
- "t s .re~s-o..)trn.in 

in the elastic end r>last.LJ r •ni n or r " (: . -Tc fin l th 
r-lastic r egion it i";, neces.;...r• , ' I:i:J:~ :I:i ie .....,:tt l. r. 
relations there . ".'le t~e the: r •C.ucticn m "'olull.J f .1 

ree;ion , due to Ylidenine the bole frru" _er r li1,~ t r 
t ri l in the :-.1.~t1.c 

"1.US a, as £1Ven by 

_ ( 1 - 2v) 
E a 

If u denotes the disT'la.::ea1em; .. nicr ...n ~lei <:ont , u . .l.L • n the rlastic 
boundary ( :rhen the hole is of ·· J.""ius a 1 has i.;nder"' r .:t.i'°.n .h ,;ideninE, of 
the hole, 

a2 
- 2 UC 

(1 - 2V) 
E 

( <; vruer Y;E) 

~·rom the elastic r egion solution 

u 

Eliminating u : -

Ye 

73 

y 
E o 

(5 - 4 
'13 

An alternative assunption o..bcut the :':.~ti...: tJ01-; i~ .. n 

change , in which case 

a2 
- 2 UC 0 

y 

E" 
2(1 + v) 

:./3 

The internal pr essul'e p 0 is , 1v~n fro11 ( / by 

Po 
y 
73 ( 1 + 2 lo~ c/a) 

(~ 

her • is no voll.De 

(.J} 

and does not vary .-ti th the h,,l<J r;::.dius. l'.Gl'·'OV •,· ~1i • nu: rical Vulue of ::'o 
is but little affected by the ~oice nf (4) vr (<+<-). 

Consider no-:1 the ener;:::; ;istrL u'·i n m ... he 
;\;r ..;im:licity we assu.':lr ';her·· .c· r vohu dun,_e 
that an ele ient at r .:.dius r ii ... h.• l~s .i • r i,.,n ' 
as initially at radius s such '·hat 

s 2 = r2 - az . 

\i"hen the hole is of radius a', .i·· ·n o:; 

,i ' !' 1 I as tic r• ·cions. 
'1 .,h· _ ..;ti~ re. ion, so 
• n : , LJ.!.. _s of radius a) 

the e lement lies on th. i;l~t.1;:i: · 0 :nd . .i. y ccrr ->}JL!"d •• <; 
final posi tion r, its ener y .$ he. >f, r" u ,ly •:. w L 

..1.. ......... :.IE.. u.'. In ii;j 
nu u· ly l :u.~ Lv. 

The elastic enerr;y _.er unit volu; of ' .. 1' n c h 11 

and its 

(There 

y 

75 
2 

a 
202 

plastic enJr,:::.; 

y 2 

73 (-? + 

' r •i; -
l' 

2 1 [, :;) 

is no volu:c,e clw.n,_ .ill 

+ {', L: 

i h r l ~ i · r 

_, 



;r 

+ ( 6) 
J 

of ,;hich 

is cl...stic cnera. 

On ! i1t~i'l~ r "'° c enc.. n' ::. ~c ';infT Yf::, co .. 1par •u. ·:it t unity ue find ( r .:!1:1C<'1bermg 
· h~t !.lo~ i.J.

2 is "'-'"'4e totJ.l ,-or_- clo ... c) that: -

(i1 .::,.•! encr[.'· 3.n 

(ii) Pla~ ic _,_1era 

(iii) Zla::; ,ic ·n i·._.::· 

Y (' c) ~ ~ i:: r ·~ion = rr a ~ ,~ +- 2 loi:;-;;: 

'iT"' 
y 

2 loe ~ T3 a 
1T [. 2 

y 

73 

10y sy:une-try thr "'L ;r"'t.. ~titl stresses 

Radi,u st:=ess a" 
r 

'.i'hc Mises condition for clo.stic flo,·; is now 

y 

In the pla::;tic rot.1c·n 

er 2Y 
(1 l ~ %> r j .. .) 

er 2Y 
(~ . 

lo< 
c. - J:J g 3 

?he~. =- follm: fra.i th' c .!.uilibriu;a equ'-'tion 

To find c/o. .. ' 1 ·or 
c....'1U. i':ind 

~:.er .. 

~~i...)r" 

u 
y -. z 

? 

tjv l" 
' 

.3 c 2 u 

(_ 1" 

y 
~ 

t·~ 

y 
(. + L ..,; 

r, r .• o 

2 Y c 1 

,, 
.!. 

~ f'ror ( 

In the elastic re[ion 

(1) 

(3; 

H n" 

(4, 

VO l' ch:.n £'S 

(~-, 



Po = ~ ( 1 + .3 lor ~) (5) 

To f ind '-he ehPrg .lis "il:ution ·~ • ro ;eed dS .... ~. th1> -;yl.indricul 
The total energy up to nc.liu..; r in tha : las tic r J,_,ion L 

l± 'TT a 3 y 
( 1 5

3 
2 r3 r3 ~ .S s' lo[ 

s3) 
(6) .3 l 3 c'!o + 3 8! lor? .3 ar a 3 j 

3 
wher" s 3 ::- r3 - a ' Of thi..;, ~ rra' y~ J.S 

;J JC3 

elastic en ergy. The total elnsti~ C'ner r:; is 

I ~ 2s 3 
..,. 'TT aJ y 3 . 303" 

.AFPE!DIX III 

Let r • · •-': :r rac.li us L f "' iu::>, .md ~ 1.wua ... ,u' ~s<' the outer bounJi:ry 
to be unstrc>.:ise·.o.. Then in the ,l'-"-'t1c rcr;icr, (b ;,. r ; ;J: 

CJ" 
r 

I n the ]!lasti c r ;r;i on ( c <> r <> a) : 

CJ" 
r 

Equating displacements on r ~ c leads to 

l: y 2 C'2 ? = v"3f'.[ s - 1 .. v- (1-2v) V J 

(1) 

( 2) 

where the s ame ass umrti on is .ade r egardi'1f . -.l.StJ.c volune chJJge as in e1uuti<lt1 (4) of Appendix I. The radius of !·lastir' !'lo c.m t' c'alcula~.ecl as if the block 
were inf i nit e, vlit h an error of ,:;,out 4 :i'r cr,nt. m tbn ·orst c:is •when b c. 
The inte r nal pr essure p 0 is i iv~n by z 

p0 = J
3 

( 1 + 2 loG ~ - ~ (3) 

and n a;r depends on t h e raclivs of the hol~. The enerw r ·1u.J01d to •. 1W::e th~ 
hcle is 

l 2 11" a Po da 

or, t::ikinr 

v 
.::._ ( l + 
-{3 

\ . , " 217' I 

.3 r!'".lll in .Ii. t"'J'l.':.)ile ..,,st L
0

0r .... L, ,L \J.;;.J 1-1 I .. .i...L1nUlr .t-l.·"' "' wJ.ll, tu cl ~ose 
l _rox"i.i1ation, LC re_.1..~ .. ~e1 t ·i., :"' ..... ~ - rci "' !; .1..lI , 

14 
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i s L 
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( •I . .n L •• + " r, 

l',/cb ?Y 
r l '' ;r 1 f- ~, 

~ 0 Vi 
lo, 

} 

'' t ( l -

1 L. I 

0Li ,. /v 

v."'' .. 1 ''• J. c>g ./. ., I 
J 

,:;/ 

l~ 
'X> 

- i:: 

x 
J; 

TT /· 

Y/f · +(Zf/f >) L ''"' c/ 1 t -r.Z,J L 

J.ll' LI. • l 

.1.'l'JJ 

I OJ• 

• I L ,r ..u, t. 

- - \ _/,',. "-t/t. 

/c/, 
1 , .~ • ~/+ 2n J '-( . • :... 1 

'r l .. c 

( , 

Jt/t 

I c 
2 c . i'. 1) 

!' i•ti.ld steel, usini:; •:c.lues ~i·; ·n .:_., r>Jf (: , . l ~ 0)'..., .. U..: .... .J.cui ... u.io:1 (1..\"l;J 
1 0.1. 1--worL <..uch> '-' ' l'f.1 ,,f the c rl r •.C 
Y -3 :.. iout .500L, l:g; 1- / s i• ·r . · , -I J"" .. rJ-: '1'-.. 

rl.:s :.. .. ~, '-41.r t "'I er .... L..,. 1.. ~1l 
1I1 u c , J .... ~ 6 J l ~r t_ ... ·i... l 

f 
' • .<l 

/.; •• .;, ' Y/{j + Zl1'>';, 1-:.;:-
• • l.l ... s )nl..1t 'SO JCr c.• ... nt . . 

<.:: ..... ~ f d .... L .... "' r .,,.r1. r 
,,, •n C..l. 1, 

uf n,l .. 
I 

.!.1h'" .... ·· ;S 11 "' .. ~ Li-:"r ,. ~1..._ it .... r 3'11-ort li.l:; ,. l,!1 .... L.tts·"on. 
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'i'he o.ccelero.tion of n..'1 cle:ien t o.t radius r i s : -
•• • 2 

a.a + a r 
r 

_ ,,o 'ohe equatio:i of ,·,ot i on in the lastic r egion is 

erg _ er ___ r 
g.li + a.2 a2b.2 

+P ( r - rr) 
r 

Dnd intei:,ru.tion then r;i·,cs 

'ZI. loc r/a 
:.; 3 

2 
+ P (..Ji.+ ii.2

) lor; r /a - T. ( 1 - a 2/ r 2
) 

(1) 

I.L u denotes th3 ..lisnln.ce .. tent in the 
encl the tW1_;ential strain eg = u/r . 

elastic r ei::i on, the r adial strain er = a\_\/'ar 
On the plastic boundary r = c, 

E(efl - Pr)_ 
( 2) 

1 + v 
.::ind 

u = a2
/2c ( to order Y/E) (.5) 

!foyr the elasti c stress-strain relations are 

uhere {J. = er + eg + ez . 

Sinc e ez 0 her e, we finu for err on r = c: -

(~)(l - 2Vj' er E r ( 1 - v ) er + v e0 

e
9 

- ( 1 -v ). 2(1 + v ) , Y~ f r om ( 2) 
. /3 

a2 /.?c2 
- (1 - 11 ) . 2(1 + v) /E (4) /3 y ]!; .... 

Substituting for err in (1 ) :­

- 2(1 - V) y 
P- </3 ( 1 - 2 v) -

E 21 •{'ZI. ( -a 2c 7j+P aa + 

. . . . . . . . . . . . . (5) 

a 2 /c2 is an ulli::nown func-tion of t (of order Y/E) .rhich can o;~ly '.Je determined by 
solvin.[; the elastic >mve equ....tion . 

~enote the exITession 

(1 + v) 

by k, so that !: is e ,ual to the stdic v:Uue of if / cf . !"rom ( 2) and (3) 

k 

A r=C < 0 ( 6) 

since the :.iaterial in the clc.stic re[_ion on the ~,las tic boum:wry is co .. ressod 
J.urin,s a continual widc:n:in,:; of the hole . •r is i!;1plies that the plastic re,sion 
extends further in '.;he clynrn:iic c:u:e th..m in the static case (for the sane 
instuntaneous rc..clius of hole) . On the other 'and since cerg)r:e > o, \"re have 

( ?:i 
-err )r=c < 7j 

from llises' condi ion . I t .'.'ollows ,·ran (4) that 

17. 



a2 /c2 > 2 u}.: 

Co: ib i nin;:: ( 6; anJ. ( 7): -

2 u < a2 /l:c" < 1 

The work per unit 10!11.,tl 
r 

ID = lo ?• 

nee cd to ·,'iv.. n 

21rada 

(. 

ho.:. ·. - ... -Y t r hus r is 

.-rhere p is [iven by (5). The st<itic ',mrk is 
,.r 

·:rs 
=Jo 

•1n - ""s 
y 

,f3 

r 
But j 

0 

P(aa + a 2
) 

y 
I lJ {) 1 + los (!:') 

r [ l - a
2

l1cc
2J 

0 1 - 2" 
;: 

+L 
loo- .2 ,_,a 

p( a.ii + 
, 

a I 

since •re are t akine a 0 ;:hen a r. 

Hence finally: -

r 

- 'TTPJo 

Usinr; the inequaliti~s in (8;:-
y 
'7j 

2•2 a a 

Y ..r ' kc" I 
2 'TT a .la .. -13 j 

0 

l o , 7 J 21T r.. da 

c 
lor; a 

r 
27l"ada- r; 

.r 

a. 
2 

2. 1T a da. 

211" a da + 
y 

T3 
kc 2 

7 1 • 21Ta da 

d (10£: C} •... ' . ' .•• (91 

f a" a2 
TTP C 

de 
• aa· da 

1\ rour;h estimate can be a.de of th·~ vulm• of the last t<J:rn. ly •...::in the "st~tic" 
value for a/c. dc/da (i.e. tU1ity; cill.J. a iean va ... ·ie for a. 

?or exam;:ile, for. a 1 rojectilc : ei.et'' ~';ill[. at -;, loci.ty Y, ~ cur. t.....<e -~ V t.m ct 
as a mean a (ct = ogive scmi- ru1[.lo1. In th.1.s case if Y _ 7 ~00 K&1 /s .. 1. a:i. and 
V = 3000 f't./sec., the ln!3t tYm terms approx:LJa+.EiJ .;:(lil.;:el, ::.nl sc ';he extr..,. rork 
U.one dynruni r.ully is less than about 20 _er cent. of the st-.1.tic \":Ork. If a 
s:i.milo.r calculati:m is 1.10.J.e for .lie enlar1.,1ni:_ of a sr •r_c u. .101.e t 1e upper li'llit 
to the extra work is founJ. to 'ie nore like 10 :::ie·· 'Eilv of th" s~~tic y;or:. 
However , the inequalities o.r · no, very c.:lose ancl t'1e .;.etc.cl value of 'ID - ',7 is ~'l'Obably a '--ood cleal less . To obtain th• :irecise v...J.ui :o tlu re u.i.1 ~ o..n ex~licit solution of the elastic wave e luations . 

Critical Velocity of Pe: ___ --~ 

A rou,::,h est:i.J:i tc of tLe c:·itic . ..l • .o .ity ·1, • ,.:.c'. 
than the projectile ci.l!l 'tie .n.U.c \1 en thr rojec+ e • ~ 
then the cylindrical 1011.el is a __ 1·o_riu. '',/J ~.n 

( Z:l l 
p log ( i3:) l Tj + P ( .:U.. + ..... / J 

(terms of mU£ni tu'"e Jl1J. • or l 'S ·, • iJ ~ rt r. 
'.i:lu.s is tantanount to n 'Llectin l' ... .IBt1.; .r 
kinetic ene-r[!Y and enercr f drif 'I" 10.ti,n. 

..Juppose the cr. uation L t11e 1.eo.c;. is ~· 
1 t •rial is stil in ':u:itact -i.'.L ti.~ be"d 

' •'-· 

11X 
r s...n <l, 

p hr, 1 (' 1J s idcr 
( ..i._ T"ll"r')W nead. :eor 

x_ ly 

l ' : c/a;. 
'1. .c 
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