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THEORETiCAL‘AND_EXPERIMENTAL STUDIES OF THE .
' SHAPED-CHARGE PHENOMENON*® -

Introcduction

Mining engineers knew, in the lBQO's;that'therOrCe of an
explosive charge blast can be concentrated onfalsmall‘afea 1f the
charge 1s arranged so that there 18 a cavity (cumulative cavity)-
in the charge opposite this ‘area. .The firSt'nention bf‘the‘effe ot
of explosive charges with such a cavity appeared at the end of the
18R century.

In the first years of +he Second World War, thére,éppéared-
nearly siﬁultaneously'in the armameht of ail the main combatant
countries a large number of new weapons whdSe‘operation}was based
on éonsidefably modified use of the 'shaped-charge phenomenon. It
was found that, when the Shaped'éavity'Of thé_exploéiﬁe'charge is
lined with a thin metal cone, it 1s'pqssib1e to penetrate armof
plate, concrete walls, and other defensive~structures,With very -
small explosive weight. Quite frequently, the new éxplosive'Chérgés
had the form of conventional artillery shells with metal 1ined nose
cavity. The advantage of such explosive charges over conventional '

o artillery shells was »that,theirupenetrating power1was practically,

independent-of-flight‘velocity, ‘When,penetrating_armor‘plate,~the

¥Survey is based on six articles published during 1948 to
11952 in Journal of Applied Physics, Vol. 19, No. 6, 1948, pp.
563 - 582; Vol. 20, No. 4, 1949, pp. 363 - 370; Vol. 21, No. 2,
1950, pp. 73 - 743 Vol. 22, No. 4, 1951, pp. 487 - 493; Vol.
23, No. 5, 1952, pp. 532 - 542. S s
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Cteohnigues, dependlng,

Conlcal steel liner

”Eialdgivg Ogive

ievipe . Cross section of head of UJ.S.A. bazooka showing conicazl
v L aanaer of shapea cxnlosive chiarge.

Cioevin det }dtLOn of such explocive charges was at least ac
the detonation of the explosive charge of arvillery

[/}

Lorer vy
2z S §

snelis whien cmploaoo on c¢Ihidet with the target.

PRI sic‘ atien Torced changes in projectile fabricatien
rgevs for which they were intended.
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»ing the war years, the armcd :orces: f yhb U.g.a, und Germany
Lued o several typec of shaped- charge praf ectiles which were very

~Iiective in combal i]g : 1Ls,'ih spitc ¢ the fact: thdt the
I lirnt velority was ﬂucr lower than that of the conventional \ti-

soak mvtillery yuo,ec+51 g, 1e American pazooka was ucsed oy

107 cideal Infantrymen.  The cross section of the head of this
weanar e shown in Figure 3.’-?&3 missile'explodes upon impact of

e D) ivul nuse cn the tank’-'As,a resuls. of dﬂ+onation &f the

sive charge, the xh-el cﬁﬁlb;l liner colla pses and tecomes a

'vV°l“‘l*j jet whi:h per o"ate° the armor plat: 1nd secs firr to
an“nnlt on, gawoline, and ul7 LnuldU’,hc Lank lbw,German

Ly Ml 0 bad a. mlssi.e-wn h sn pud
unad by vU” in;antrv against tarks:

2XP 1051ve uhargo which was

e
(Paustpasren) ..

The operating D*incip’é and'chPiguration of,all these weapons

wir: deseribed briefly in 1945 in [217. They made it possivle for

*?;_En;aftry Lo comb 1t the 1arges+ anko.' The Germans also used
senpons with haped explos ive oharve' and a pérmanent'magnet used

~e b

£ L6 the charge agzinst the tank Until'thé‘time fuse detonated
ir,.. Characteris tically, the. uapanns6 army ased a shaped oharge.
Wiapon doten“d to the end’ 01 ‘a long wcodon no1n. Tlo Japanese
5oL.dlen chargea from amouub with thisg weapon and jammed it 2galnst

Lhe tank.

Pin-HC-23-2850-74 2
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' sté911499§ . o Since the penetrating ability
’ . of .these weapons 1s independent

v ‘of'flightgvelocity; a large number
~of experimental studies have been

" Pentolite -

 Booster
Figure 2. Typical shaped oharde made;underbstatlc conditions.
with conical steel liner used in Figure 2 shows a typ*cdl weapon
static experiments. with shaped explfelve charge used |

Explosive is pentclite (weight in o -
115 g, maximum diameter 41.3 in the’ experin ients. Tn coni gl

~ mm, steel liner thickness 0. 6 'cavity of this charge ‘has a steel

mm). R e o 'liner. When the detonator 13

exploded a detonation wave develops: and travels alonz the a/is of

" the charge and coliapses the steel liner cone, startlng from its

apex., From the collapsing cone, there is fornmd a long thin steel
Jet ‘which: travels to the right along “he extension of the" CUne axis

with a velocity of about 9 km/sec . ¥ ‘The hlgh velocity Jet oene*rates'

the armor plate in_muoh;the_same way as.a powerlul stream of water
from a fire hose forces its way through a mass of soft nud.** The.
pressures produced by the jet traveling at this high veloclity are so

much greater than the ultimate strength of the. argor plate ,hat the
-hardness of the 1atter plays a negligible role 1n retarding Jeov~‘

penetration through the plate. In- fac , mild_steel provideq nearly
as much protection against these weapons as coes hard armor steel.

.The shaped explosive charge prinCiple may also find,applioation
in peaceful pursults. Of the many suggestions wnich have been

'advanced, only a'few.haVe‘proved to be»practically‘feasible, since
‘the same results can be achleved Just as well or better in’other

ways.

*Conventional rifle bullets have muzzle velocities of about
600 — 900 m/sec; in the case of special artille”y p"oje tiles, the
velocity may approach 1.5 km/sec. : , v

#%#Profound analogies cannot be drawn between these phenomena.

. While the water stream washes away the mud, ‘the metal jet does not

wash away or ercde the target metal. 'Carefu] welghing shows that
the metal jet is captured by the target materiai, while the target
egsentlally loses no weight (except for a very small amount at the
front surface). The hole 1s formed as a result of radial plastic

flow of the target naterial.

2
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K Shaped explosive narwou ‘have often been nsedfin GEIRG L
for rapid boring of ho le in rock formaticus. After 4 'hole has been

onowWore

“blown wJ,u the ‘shaped’ ch rge, the CaVLLJ nan ve "e”j"‘" wiin exnio-

sive for further blast ing. Thls blastinc ufchniqun 15, quicy znd
easy,.,ur ﬂacau“p of he h*;}‘cost of the explosive usea.in.bhaued

1t ¢an seldom be Justified. . The explosives whieh are use.

2harges

in mllitary operaaiohs;are n-eded to bbFain*satisfactory shaped

chavge performance, since *h@’pp fowmdnue of the cheaper ewrlosives
Ahich create low b]aatin? prwﬁruvos is dc initelv inferior,

Chargés-with1lined wedge-shaped cavities are used for cuttling
salvage work on suhken-ShinS,--uong
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workmen. than when using oxy ‘gen. tora hes. "This
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al of ‘the shaped charg _applicazion;.

A patent has been Incued in the U.S.A, for appllc *ioq 01.8.

mroup of shaped charges o jnﬂ“ea e 011 well produ Llon under ¢or-
tain conditions [281.. The charg e°:axc lowered into the well and
f’"ed s a5 to form radlal holes 1hv1he ﬂas;ng uuo and i the

my
i

=

'urwuuﬂa ng y%Ck_uo increase oll sswpggp inbo Lh» well. is

methsd avpears o be. supe erlor to ‘the methud of»crauking the sur-

rounding reex with ordlnary xp]uoive,chafges;

;_Shaped-charves-can be :soz to break .up 1argé.rocks. vThey'are

this purpose than otner chargec.  However . recent fests

et - -
QEL L E

w3
L]
o
3

save shown that tha ffecu4vunpss of brea"p of Targe »onks increases

1y slightly when a gi vtn'wc'yh“ uf e>p1 ive .5 Cormed inte a

shaned charge..

The shaped charge jp.inniﬁlﬁ can be used to'invesQ'gate’ths
greperties cf variocus hdterialo subiectnd o) high or ESSUres, Uhder
favorable conditicons, such charges produce shont-term d,“‘xjc
pressures cnncontrat d on a small. area uh*cn are higher than a

i
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,quarter'of a million atmospheres.*® By varying the 2ypliosive type,
cavity shape, and liner material we can obtain a “graded” |
- sequence of ultrahigh. dynamic pres ;res. The stuay u:‘phenomhna .
at these high pressures 1s, of\course,,ﬁSsoc'auad w*th severe
difficulties. Neverthe]ess, prelJminav' ‘experiments have shown
‘the possibility of creating peuaal chargss tor determining tie
ultimate stresses 1n materials at ve"' high s»rain ates.  The
" data which will be obtained Will permit some clarificziion of the
question,of the ngpagation ratehof dngOcatlpnq In metalllc crysé
;ftais'and}michOCfacksainfgiass.' Theré are at least three types df,,_
_experiments forideiérmimimg'the ultimate'Shear7stbesses,SQ Lhat tne
results of»dne'tyoe ofioxpebimpn'“can”bé uséd‘.o check the Pelets
'~of1anotherQ. In evppriments of the first. typ we’ naasurn the
fvolume and congouA of" the cavity formed in the rarbct durﬁﬁb _
~explosion of the same- standurd chargas - In the ehpe"ixen*s of tHe
',second type, we measure the deo,h of the residual penetrat;on of
the jet discharged by the sLandard chargo into the material of a
:standard target such as mild steel after It has pe rorated a E*Vcn o
'thickness of the. test material.- In the cxpe iments of the third
type, we measure the velocity of pe"forauion of the 1et ,hrough phe‘
target material Difficulties are encoun ered whcn 1nterore ing
_ :she results of these three types of exoeriments which i‘ is hoped
j_can be elimina*ed when the phenonena dlsﬂu»erec have boen s*ua‘a

more thOPOUShlJ-A f'

, Thémhollbw chargéglinihgsjqan,be made from ’ariéus_materials
and can have various. geomet"ié‘Sbabes. 'Many different forms of

_ liners are used in combat weapons. Charges using hemispherical,
V'paraboloidal, pear-shaped and.trumpetQShaped_linérs have‘beenj -

. tested. Although differencésin‘the'performance'of'wéapons with

the different liner shapeswenaobs;rved, none of them- nad any. B
remarkable advantage in comparisOn with the others.f Hoxlow charges_

'-1_1mprovised from headlamps taken from disabled cars . have somebimes

been used in military Operations, ‘the plastic explosiVe was placed
behind the. headlamp reflector. T :

#Bridgman measured static pressures on the ordsr of 102,070 atm
concentrated on an area 21 x 2 mm and obtained an estimated pressurc
or'UO0,000,atm,.but;was not able to make cbservations at this high
pressure. : N : . o '
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Figure 3. - PhotLgraph of solid o Flgnre 4, ootonruph of solliz
~steel cy]inder {Zlameter B2. S mm,e lead eyitrier (dinmever 107
leng*h 17e @m)'vwcticn.A.- S omny lengtl, zealones) which owas
oS utg .28 the stedl
Charge cross oeeti,, in pos;tion e :riiﬁéhu’;; D1 e )°h v
prior to detinatizu qhown above. J s e
“Charge containéd 11i3.5 g of . Thé stze fr
- pentollite;” contoat eafi‘y was . - .conical S€ ¢
1ined by steel come 0.6mm - embedded v . bout
,thick (bace diam L r 41,5 mm).c . 127 nm frsu-:hefbase‘of the

cyli 3%

was produced by Lhe slug, but high =peed movies mae 1T possible to
clarify the true ﬁ1+ure of th° phenomenon.l Thle:h&S lafervcon '

firmed by the fact’ that’ experiments showed thay ti.= siuz often
lodges i~ the W&dblc o the hole made in the ’h?@“fsfgcifplate by
-theljet. Come ‘cas es of destruct;on by shapec era~;%3 uhe'shpwn in

Figures 3 — 6.

Figure ;. {s.2 ohotograph of the meridiona’ éﬁeiiun 5 - Soild
,'steel chinder [st:) ndged by an explosive charbe Eiﬁe_thagfshown in
'Figure 2. The shaped charge USEd to p"oduve the damnse is shdﬁn.at
-the top in vigure 3 ln the position prior tc du"ft\eu..» ) '

. Figure h 1s a photograph of a solid lead eyl-JCe" %hich has

“been damaged in the same uay as the steel eyll nder shown in Figure
3.. The hole in tne lead 1s broader and’ deeper, since the strength
of lead is louwer and the plas“ic deformavlonu q" 1n.g:v.

] ' , .
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disc (diameter 203 mm, thick-
_ness 51 mm) located 457 mm

- from charge similar to that .
~shown ir Fizure 3. =

After'eXpIosion of the Eﬁarge,

lg‘“ ' L "~ Figure 6. . Photograpit of lead
u R

Slgurve &, .nO»O-P‘Qh of ' -+ . _the jet made the through hole
camiaated eylinder {reated ~+ and the slug embedded at the
~imilar’ to the “ylxnders in ‘ top. - Evidently, the slug and
: Lgures 3 and 4. e L jet often do not travel in

. 2 oy
‘vper layer 1s steel, next is ‘the same direction.
c2ad third is steel, and so on.
riginal layer diameter dimen- _ 5
cion.was 102 x 192 x 12.5 mm. Figure 5 is z photograph of
Se,see'clearly'in the photograph»tbe se"tion of a lam‘n- 2d .cylinder

Lnat the various target elements
o ’ } . s » * [l
etain the radlal_momentum'comf ‘consi ting of alte nas ln teel

puenent’ for a short time ‘after and lead plates, nh ch unowerthe‘
the jet passes through them. = . .
he J p?°ses through them ,reffecc on such a cyl inder of - the

shapes charge'shown'in Figuﬁe 2. Figurp 5 shows the charge in the
Donltion Pfidf‘ﬁo detonation;' Th¢s plct ure provides a “ifing
demcns;ratch ;? tha fact ‘that the radial plastic fiow pr)auccq'by'
;he.jet s arvested 'cre rap*dlv 1n natorials with hich yield -
snrength (steel, for xample‘ than in materials with Zow yileis
utrenﬁth,ilead,vror'cyunp]e)A~ The diameter ‘of the Jon ghicg made .
tbﬁ"ﬁ'ho és vas'nn° ovar 2. mm, as shown by. the Tiash rqc**gnaoho; ‘
Tae diameter of cacn of the helas formed 1is consAderah¢v ireater than
it jed € dlsmcter, sven in the steel plates. ‘ '

Before obta'ning radiographic data on the jet dimensions, some
Iptercuting cxpcrimenté were conducted which showed quite conclu-
+ vgly +hat the Jet dimensions must be much smaller than the holes
ereated by tho Juet. In'these'eXperiments; theﬂjet from a shaped
charzre prior <o rceachlrg the target"passedﬂthrough a hole in a

- e em ot e AR A .




L

This charge was exploded in

target.

steel plate. Although the diameter
of the cavity fcried bty the jet in
‘the steel target was nearly 25 mn,
the diameter of tne hole through
" which the jet passed prior to
striking “he target could be
“‘.:reduced‘to 5.4 mm without altering
the destructive effect. It is
xsuspected that the jet diameter o
was considerably less thun €.4 mm,
since it is known that the Jet
Figure 7. Photograph of section oSciliates somewhat and this
of steel cylinder similar to increases its anparent diameter.

that shown in Figure 3, fractured
by charge without steel liner.

s

Figure’r shnws 2. nicfure of

direct contact with the cylinder a' 1ead disc (5.8 mn thick and 305

since such a charge produces’ the"

deepest holes at gero standoff, ™" diameter) in which the large

in contrast with the lined - . hole" was formed hy the shaped-cnarge
8 d charge hi a o

tggpgreages% da;agghagrgaggzg Jet which passed througn it, ;The
standoff | ‘A,.F‘;;.,.n“slug, traveling ‘much -slower than:

‘the Jet lodged in the disc.‘ The
disc was located 5. cm- from the charge ‘and this explains *he large

,vdistance between the holes made by the Jet and the- slug, ‘because of

charge asymmetry,. the Jet and slug often travel along someuhat
different paths - S o

Figure 7.shows,;for’comparison,va photographﬁor_a‘steel cylinder'
damaged by a charge without'metal‘liner'placed on its surface. '
While lined cavity ‘charges produee deeper penetration when they
are placed a short diutance from the target, unlined charges produ*
the deepest penetration when they are in direct contact with the

Figure 8 shows the. effect produced'by\a conventionalccharge'
without a cavity. This charge obviously contained more explosive
than the shaped charge, since it had the same dimensions, but nd
cavity. : .
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Pho,owraphs Op

- 9,
bcllow charves with me ral

7‘Figufe

Slgure. 8.
Zection of
-milar to tn2u¢¢hown-1n
?.&uLe 3. alter explosion
sordid . ohdrg ’

~x(“t '

Phdtbgfhpﬁ‘of‘
cylinder -

¥'1¢ner ~ ) : ' S
 f- prior to doto"av;on. -
"wexp10aivn charge 1is cast

~ 7, around: a steel liner adout 7
YL 0.05.mm thick wi vh.ape“‘angle*-, o
. 45°, charge diameter is the B
fsame as’that of the base of - R
the. cone minus the- flange

.l ‘area; b- approximately at
in ordﬁr ! - 2 y
= . theé Instant when the blast
.hie process of cavity’ liner col- :.wave reached the apex of
. » v the conical shell, i.e. when
Lapse nnd iet formation flashv b " ! ’ :
e v o | ‘detonation 'of ths final ¢harge
paddos: Lyl" piciures . uere Iirst element s began, the metal jev
o T is seen inside the cone; ¢--
taken of rha giage nt Pelativel DgPen SnBiae Whe conss.
e > v -+ 4.8 microseconds after the
smnll size with P5° conical cav1ty‘ . blast wazve reached the base
and steel Jiner ' ;ofdtnoicoqazo-d5i22.57;icro~
i sz2conds aftzr «ne blast wave
o ) i o reached the tase ol the conical
- Flgure $a shows a picture of . Lifer.. The urdisturbed liner
C TR T LoD T e P lange, metal o, sad the
one of the‘”ﬂanPS-D?iOP to deton- siug are visiv: . S
catlon and Fipure 9b ohows the charge ' .> , ,
ar.ouhe’ Ln»boﬂt une eboration wave hdb Jus‘r Pbabbgd *hc Slronge of

”OpiCul s*eel Liner. We see c;early the coll apz2 of tne

éinér nd 1ts t“avel toward the axis ol the nha*ge dn this 2izture,
A the .1r ofdge of jet forma ion a* vh? axls:ﬁf-the

iso see
»;uafge, since part’ of the collapsing lincr “has alreuav recched- the

“ivure 9c ShOWo a later stage of liner collapse , a few v »
atter the explosive has detonated, -gurov9d shows a .

":1" -
microzceconde.

taken qnuuu 22 microseconds after ail Lhe nxo’losivehas

piczure
devorated; we see the. "esulting metal jet formed from charges of :
this tyve. _ . -
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Detonator)

‘ - ﬁﬁ?tonation vave |
Figure 10. . Hollow charge with d: .. Figure 11. _CollapSe of hollow
wedge-shaped liner fired by - ~wedge-shaped charge. Detona~
electric detonator. . o tion wave from primary and

.. secondary detonators has
.~ passed through a large part
The phenomena deocribed abOVe . of the’liner‘and collapsed it.
can be easily understood AL we PR
apply some very simple theoretical conaiderations, uhicP wi l‘now

be presented

-Theory of Jet Formation in Charges with Conical ndyWedge;Shapéd o
'Liners ' S SIS [ T VR

'An'elementary mathematical explanation of jet fornation from

;,conical and wedge-shaped liners can be given.;'"igure lO shows the
',charge cross section, the conical charge is obtained by | rotating

this. section about the axis of symmetry, the wedge—ohaped charge
is obtained hy parallel mOVement of this sectlon perpendicular to

 the axiQ of symmetry._ We shall first examine the. wedge-snaped
’rcharge case. . The wedge collapse process is shOWn in rlgure ll
‘, The detonation wave propagating to the right frcm the booster
’ detonator cOllapses the liner. The wave’ creaces pressures so: c~reat -
‘that the - strength of the 1iner material can be neglected and we canl':
‘consider it an_ ideal. fluld. . We assume ‘that, af‘ter the 1iner walls '
’ have received the initial impulse from the detonation wave, the
,gpressureson all sides of the walls quickly equalize anc'the walls
.7continue to collapse inward with no appreciable change of velocity ¥
'Because of . the fact that. finite time is required for cetonation wave. ,
'passage from the apex to the base of the liner, the angle 28 between -
'-the moving walls will be greater than the angle between the walls

of the original liner.

#This assumption is later replaced in view of 1ts inadequacy
in explaining the formation of" the entire Jet..“ . .

11
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‘Detonation wave

. T
"f*b
Spure 120 Formation of jet 0 Figure 13. _GeOmetry'of collapse
and shwg from ccnical or wedge- - orocess.f : S e
sanad l-.p” vhose - 3¢ Apd’
il“-“ ners whose sides col - . OpPP? is generato. of oricinal

«#e :Lvh constanu veloclty Vo

1ssion of a charge which -~ cONe or wvedge; AP 1S'collapsinL

generator, traveling with the

e Uy e P, e 4
L4
i
-
\) i
2
=

Zrégge ngabhp”%;;Lﬁﬁ? Qgg?gd ‘. "veloclty Vo whose direction
ises ‘show liqn“'posLtion at <. bisects the angle APP'. Tﬁe.
it of time ¢lose to begin—:fi:detonat ion wave (velocity Sy
ning of collapse, dashed lines . moves from P-to Pf,i“ unit,time;
“shol poslition of linar walls ~ after. this same time, P'E becomes
alser they have traveled a .- the collapsing shell; A travels
distance equal: *o Voo 't . " -to Bat.the velocif ' :

e T | _".'.;._,._‘;: s4ncew ’r

) gTheﬁe“fect'of'fhe-dotonation
pressure, abting o&er very ahort
‘ﬁisfances,: is to givn ‘the' liner the veloyity Vo, ahose direction

;‘~ectu the ang;e botueen the pernbrdicu;a“'to un“ origlﬂal liner

:'"”abe and the Derpnﬂa;cular to uhe Lollapsing ;Jaarvvu fnoe . ®

‘Lh walls'of' 10 "Oxldb .g 1iner are two ﬁ‘&ne "Qvingfihwavd’
,}; shievn in Figu" 12, We ‘see from rigure 13 that the junctis
.d f"om bhe 1xne”_m3*eria1 nadr A moves *o v“izn Lhe veloc1 vy

R shaw‘tha: che vector Vo bioecfs‘fhn ang‘e APP' (uen Figure
Ty, 4o consider. a cocrdinate system whose origin traveis in unit
e tne distanee PP'owith consuant ve;ocity 'In-this coc"dirate‘
e vAT ‘a,steacy -state regime exists near the coordinate origin, In

sxite of the fact that the liner flowing.along P'P is forced to
cupve and flow along PA. This curvature takes place because of

"W ozetion. on the liner of the detonatlon wave prussurg,}whiuh is-
pl:fﬂ at the.same place all the time.._ he liner velocity changes
_ direction upon passing: through the coordinate origin tut does -
1% c¢hange its magnitude, since the. prﬁsoure forces are at all times
perpendfeular to.the direction: of motion.: Let P'P and P'B (parallel
v *A) bte the liner.velocit;eslin*the moving system, résp:=ctively,

; )‘v‘?’ll

,12.‘
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1’
V, -~ [V.-——;;‘-“ :

'_ For an observer moving With this
~.junction, ary point. P of the upper
- _ f.plan* traVeis with a velocity eguail
" Figure 14. Formation of Jet o to the vector difference between

and slug from -conical or. wedée-v~the velocitj of the wa’ls nnd the

"shaped liner shown in Figure ll .
. from viewpoint of .observer . | velocity of thc junction The _
‘traveling with the Junction AL ‘{observer sees the pcint P approach-

= ing him with the vel ocitV-

»;ﬂ;9$;§E+kd¥;ﬂj_*"'
i:fFurthermore, as shown in rigure 1& he will e the Jet mov ng'dff

_to the right and the slug moving to the left.

v We now’ cove to the crucial point of our dlscuqsioﬁ.e As wwewed
'by the observ;r, the entire process ie s*eady stdte ‘and we can use: L
1the Bernoulli integral ' ' EEUSE TR ‘

f If the liner wdterial can be considered incomoressible, i e. pi= Pus
vxwe obtain :_ S o : . : e

‘ prior to and after passing through the coordinate o"igin.- They are
~equal in magnitude. Since the .velocity of the moving system is o
" represented by the vector P'P, the velocity of the. collapsing liner
- 1n the stationary system :is- equal to the vector PP' + P'B = PR = Vy.

' Since the triangle BPP' is iscosceles and P'B is parallel to PA, the

- angle BPP' is equal to the angle °BP' and the ang]e BPq.‘ Thereiore,‘
" Vo bisects the angle APP'. , ' -




Tr buth ~ases, the pres sure'at avgiven point of the riuld determines-

“the fiuid velocity at this point., We aunumc uhai the liner moves

AWay S0 -ast that the pregsure on its urfacn ig very low, a:
hence the pressure 1is constant on tho entire surface of the
f’lapaing liner. It is well known that the orossure, and hCﬂﬂe

e veloecity, are conatart at *he boundary oi the jet._ F7um the
lug recedn with *h“,°ame

Ln particular,

1&

wiswpoint of - our obaerver, the ‘Jet and
D“e°ds Vo us.the Wq1ls approachvhlm‘(°ee rigu"e i4).

’“q '1ng 1¢ner nollapse, the Jet dnd slug have the same. lnngth whjch
,i:fo erved experimenta’ly..-’V i B o o

‘tu

'fin' he stationgry r*oo*'d*n te <vstom, the j~v; trav 11n

the right in‘Riguxe 14, has - uh° velocitj

)
~a

.whileithf ua, traval‘ng to Lhe 1e;t in the moving coordiniue
svstem o 1F1gure IU vtfally has ‘a qmal] f010c~ty to. the ‘Jght

Ir o.der £o visua;ize the enrire pruce,a,‘wé'hon% der 'ha*

locauod on the upper surface in Figure 12 trachs

"1?,*1a point P,
the jﬁner

co ooi,: B fixad in apace, in uni +ime, the matnrial o¢
of the upper lirer 1ncl ded between FA' and AB mOVrS into th

Cpary of ‘
Jtt. whose front mo ves during this c;ne to. the r*pht ﬁ‘dist nce equa1 
LD ?& + AB. Thus, the nigh_Ve1005LJ JeL‘Which pnnet“° oﬂjdecp into
“ne target is formed from the ’iner'matcrial;.' ts veloe 1ty is |

- """-['sr*'a"‘f"' ‘ @y

*aterlal of nhe outer part of the liner surface forms z.slug

'jl#"

- h'.‘\‘.‘
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With the aid of *he nowentun theorem, we can determing U
mass divislon between the Jjet and the slug. Let ik
unit length of the *wo ﬂo‘labsing rlanes nk'cu,co
'the Juncticn..;aet m1 be the part cf'm boi“g 1n.o the

the par‘igoinz'lu.o the slu 83 thus, m=nn, +nr_. The horizontzl

(-’ c. 1.
QO
b
w
‘0
(W)
[
ct
*?
[
3
T
Q
]
i
Y
o
(&4
¥
[$\
o
s

. component of the. Mdﬂ”ﬂuum prior to zndé 2?
the jet and £ Eyoldb=mus* be the same; hence we hzve, in he moving
_voordinave;system'(Figu e 1L,, B o

o B | ‘i-" "’l"‘”u .

.
nence v
P ghop o
am2fymp b
 Thus, the velocities and cross sections of the jet and slug are

‘constant.
v xhe conical ‘inef case éahfﬁe~*réé*‘d-ih théféamé~Way.' Howe
"in this’ case, the prob’e : i;l h,ve an ax;s o-_symmetryfrét;er’thaq
a plane of’ syﬂnetry and the ma e"ial .rcn the collépsihg‘linéf will
..onverse *o the du“ction"ro" all, iaes of thiswakis;"in_ '
case, the mov*ng observer can be =°1°cte“ Just 15;7+n ihe¢wé§ge cgse;
"Hownv-.,'in orde fo"“ha eh ire process *o appe. r:$£atibnar"'to.this
'vobserver, it is Jecessary ‘that the mass per un" ai:éﬂiehgthfte
cdnstantQ Th1= re~u1re ert i=' t*sfie~'or1' T 1;
liner of csn°tant tuickress and is SaulS éﬁ
- whose thickness *s 1nve“se1y prcportiona‘ To

"apex.

In the case of a. plane de onation wcqé traveliﬁg zlong ¢
axis with the ﬂongtan*’veWOcity b., we can. compute Vo exactly from
the basic relation " SRR

whicn follows from pL"=1V ge ometric considerations (ses T

_, I WvpTpe, | W R SR KRN




R

Subs itu*ing the value of, Vo obtalned from this relation 1n,o
\«) — (3), we obtain i ' S '

. v,-v. (-unm-m' ) | (2,3 .
Vo"’ut (m"'dlb-'l T)

Ehé jet vclocity 1ncroasps as thw angle a- decreaseu, oince, in ﬁhis
ﬁaac; thc ang e B also decroase;. In the. plane detonation Na’“ asé,
xﬁhc Jnt valoc1vy ayproacheo the maximal value . as o approacn -vero
Ppe (2') for a = 0, ,we have v = 2Ud, 1. o., the Jet veloczty cannot

xae ed thce the aeuonatzon wave ﬂe’octhf_
jln *he thothutlcal ca e of a conical wave front uravcling
'péroea ular to the sur”ace of the conical iiner 80 - thdv it st rike<

the @ ;ire line“ sxrface at the - r'ame 1nstant, B = a. and we obtain
»frdmi(E) and \3) the simp¢c t‘o*'mulaQ for the jet and slug v:loc ‘

v,- 1‘- u-n-q.
'u' ‘a"'"“-'b

;_In_thisACas the Jet, uelocz+J zﬁcreasns wtt ou, waz*:wtth
'.redzctaon of the cone anqle. Foweler,'as “ uenau to 7ero,A,he'jet’
and the;Jet_momentum

» 7 B v frﬁﬂhiﬁﬁiﬂv o
£ tend to zero. o
. Thus, we have'detormined ‘heormticaily the jet and slug
velocities [(2) — (3) and (2‘)'—— (3'\] and their masse (h) for
poth conicaL and W°dgc-shaped linprs.-r ‘ - . '
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Compggison with Experiment and Further Remarks

The preceding’ theoretical ar"uments correspond rougnly to
experiment with important exceptio; . sh radiograoh show that
the angle 28 of the collapsing core. i: great r than the Ofi”inai
cone angle and remains approximatel constant tPPOUghOJu the cvl‘ap 302
process, which;is in complete agreemcrt with the theory.' -urther,
the radiograph‘datazanngOme other measurer sents show that the speed:
of the steel Jet‘front and slug are c‘ose to cne.Speéds predicted
by (2) and (3), but contrary to the:theo"y predic tior
of the’"ear or last formed part°‘of the det *s considerabiv,s;owerzu.i
_than that of ehe front par*s.- Also cont"arv .bo the theory p?e@iﬁﬁ”
'uions, the ‘e* 1s emitted even after th l*ner has c011aosed

bcompletely

| Since the angle B can be determined appr 1' tely by flzsh
radiograohy, {(4) can be checked experimentallv" £ either the sieel
Jet or the slug can be recovered from the tarcet af+er the f\nlOS;on,
This can be done with both the jet and the slug, but it is more .
_convenient ano‘easiervto deal.with.the‘slug.. o ;

Durins explosions of}charges with wedve shaced-c,/ities‘ana
4liners, slugs which survive ‘the deuonafion and snos~fu nt co
process are- not formed, however, during exolos:ons o“ charges
with conical liners with apex angles of 60° and less sncnjs '
'are forned. Ir the charge 1s expioded in sawdust oi water,
w'slugs can be recovered from the target v1rtually indanaged ‘It has -
';been found that a snaller part of the. ‘conical shel .ass \han
'vpredicted by tne theory (see [H]) goes 1nto the zorna‘ion of ¢t these
slugs. ‘This is-not surprising, since even OUdlioatiVL SvudieQ of

the slug show that the’ cone collapse process does not renain at all

‘- times ideal as was assumed in deriving (H) If, to loadins C

and firing, the charge conical liner. is seccioned by a se“ies.of
planes parallel to the base, the jet. from such a. cn rge will be
formed normally and will have the usual_performance. Each section.
of the cone forms a corresponding“pOrtion“o -une-s’ug._iTheSefpor—:
tions, 'recOVered'from'the’target in the form of “div1dnai‘pieces

a7
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Tt wm

and fitted together, form the same slug as that formpd 1n thP usual
way. By welghing . each parv of the liner bafoxe and - after firing,

e Lnn deterwine what fraction of the liner e,’cerc “the | Jurr wnd whas,

part ﬂntars the jPL ‘It was found that, for the'parts‘of the cone
.kwse }O_Lhe‘dpek, the distribution of masz between the jet snd
tné-slug‘agree~~ﬁith (u)‘W*thinsthe.experiméhtal,uncebiainty.1n
determining B Irom thp r"sdlogz'ams.-i Thé percentagé welght ;dss

1incfcasgs_fo the part .or the cone lcc“ted near, the base, 'This.
'msy be~due, in part e 1ncomolete cone collapse nedr the base and

yweaking o”f of some. meta ; ahd also to'uhp,xormationvgf an a'*uxJ 2t

frem the slug af*oz the collapsr process iy comb1ete;“The xorhstion

S

5 the dlterie+ from ‘the slup is- a]so clearLy seen from tnev”a io-

-dat
. i“ft‘ 15 ce -nterestiﬁg to estab’i h why Je* formaLLun'zcn,lnues
3f$ur-ssme time aft ~omp1ntion of ‘the collapse oroces oIt may be
"th;t ths pressure o 1e devo i on wave “in ne baceﬂus f*plOsin
'pro@ucts_concent" ate s.ne i the 1 g and "quirf the altﬂrjer out
Lot iﬁﬁlike”tobth['_‘e is owced froh a tahn 8 Ludies of sllgs

the targs 'havp "hown ‘ha‘ the wnfa] te"ﬁera*ura nea;

the 2lug axis Is ciose to.! reltinr'pojht ',mhe dduCLdulO L. wave
2 which'.ay_ ﬂverge on. the npwly formea slug u.ooubtncly

cclncidas with the “reosure whirh would" Ve nrea:eu by ﬁ;plosic
the *”me -harvr wftnou1 a Ljne‘. Imwedlatnly aILe"‘a hOllOU charg

She ut a liner has” been exp’oded,¢ ~he - conp"essed ga S'Sfrear ;.to
b av*ty ‘and con e"PP on tn';axi",;Lorminb a;h*"h “=fﬂc‘tv Jet *

?n& ﬁrxpct DPCdUbed bv such.d ch»rge is shown 1n F‘ﬁx _7A'_i,

- in ordpr tu exp;ain the observedrafte”fé*,"elﬁﬂity UQlJnthis

'ksh m\, it is necessary tnat the econdary cowprcssiow WAVE con- .

vn“gjnv on the s ag crea e a highe" pressure than tha* whicb we W“ﬂ;d
sxpect from the jxplqsion Qf‘a nharﬁe similar to that shown in
Pigire 2. ‘Therefbre,isOMQ. otk er epr°nsticn must be found.

Similar to jeu formatfon behinc an ordinary sphe“e droppes
irtﬂ wakter [204., 5
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Another possible cxplanation of afterjet formation iu Lhat
i1t 1is pulled out from those parts of the original et wiich are
immediately adjacent to the slug thrbughcut the entire Jer farma-
tion process. This ductile drawing prodess can be compared with
filament formatlon from molten glass or :uartz., Eiperizents carricd
out by Bfidgman showed thaﬁ_most metals necone verv nlaostie under
the influence of high pressuré Tt may be that She metal dess not
lose this property for a few mic“o=econd° ary the pfessu‘ev
released. If this lztter mechanism Is correct, it weuld account
for the velocity graoient exis*lnb in the jet.'; sinee ;z:celera‘;iuw
of the slug material causes deceleratlion of varts c!f the Jet alrcady
formed, The latter mechanism is more probablelchan the preceéing
but it is possible that both mechanisms play somc role.

The afterjet forms espeéially easily becakse the 2cre of the
slug is heated aimost to the meliting point. This heating may be
explained ty the followlng crude approximate two-dimensional theory
of propagation of the heat caused by.deformatiaﬁ of the.liher {ihe
time involved in heat propagation is too shcrt for heat conduction
to be important). B '

Let us again introduce the moving coordinate system of Fi?néé
14 and assume .hat the llnear material deforms as a perlect flul
[30]. Let u and v be the components of velocity along the % anc v
axes, respectively, at the'poinn with cobfdinates (%, y). ¥z lmnou
from classical hydrodynamics that the divergznce and curl of the
velocity vector are equal tc zero,; 1. e., u and v ca*ic*v Lhé'Cauchy-

Riemann condltlons
» [ ) [ J
‘-—-‘-q ) -"-‘-'.

Hence, the inf in*tesimal strain uensor [31] is descrived by the
matrix ’

e
La |-.nl
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.nracteristic roots may be written ny

 , A=l de-l*.;-ﬂa. -

Twh e o= U - lV is the conjuga e complex.veldcfty,and z = £+ 1y
thz compiex position vector, Hence, the rate of straln cf a
Si e Jh‘-ﬁlteoiu 21 &1u*d zlement 1s propertional uo‘¥1

For simp l city, leu us abSume Lhat the‘heat of deformation of

Lt e

Teaent depends only An 1t tuual strairn -

ﬁ*"

ANl ;s'indegehjent,of_the r;te oI btrd¢n. Tha 1“Vegra1 i° eVQLduqu
r

“v}7:h¢»elementAas’ip travel Lh"ougr ne reglon nearﬂthev?bagna—»

ﬂ% iff‘rﬁlﬂf"? .

: ’ﬂ’ﬁﬂ .

mence, the heat genéra;ed'by_eaChiof thg'élements is;prdbohtiohalﬂto

-2

i (5

i S
That iz, fhe tqtql;héqﬁ-rb”ewﬁpd te 'i volumo ig preportional to
CEre aviuiton of the Zﬂgurzthm o, Goor the 109awzt47“cf Lhe complex

aollnity §om W iv. Since the logarithm of zerc is infinite, it -

q';{ear'fhat.hhe. lement" uear the xio of the Jot Wwhich pass
_ﬁsai-thé snagna ion pOlnu nay bte hnated ¢nf1n¢t°1y *vonbly
vF>t:i'Ij, as the vemue¢atu £ of the ’innr nauer~a1 approacheu"ts
Cmelt Ing pvinb, ‘the properties of the. material approqoh more ang
inloTam luﬁ prop»r ies Jf fha 1deal f1uid with negglg*bLe v1sc0°1ty;
o that‘the'he'ting 13 reducM greatly’ 1nd as A resukt of this,

| art of the metal is nelted. 2 , '

'J

crly A very sma 1
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Jet Penetration intc Target

_ The pfocess of hollow charge Jet peretration Into o tasgon io
much like that ol a high speed Jet froem u fire hote pcnetratfng 4
'bank'of soft mud. Target material is spidshed outl radially .
hibh velocity from the impact noint. . The dizmeter &7 the ho
produced is considerale gréater than thh Jet diameter and 15 oo
directly related to ‘this diameter.- It cGep Oo, rather, on the jev
energy per unit penetration depth (sec-[ ) : '
ibetween the impact energj ‘and the hole"or'orater yolume;ie proved .
expcnimentally) As shown in Figu*eb 3 — 5, the hole diametere
“hard materials are less,than‘in_soft ‘since morsz work mas
‘expended in'dest"uciion'ofhthe hard'matctial In soft ﬂ,t*:““}s'
~ like lead, large di amete" holes are . produced becauge tne ma*eria

sp“eads radially ’rcM the point of collision with the Jez u il It

‘1z stocpped by elactic forces or viscous_force

T4
IR+

On the other hand for most charges, the rate dqd 4op*h of
penetration into. the targct are nearly independent o.~ ety Va‘ge,~
'material strength. This arises from the fact trat, btcduoe of the
high velocities, the shaped—cnarge Jets ereate at the impact point
epreasures which exceed markedly the Jield point of rclt materials.
 To. a first approximation, the sfrength and-viscosity n';tne tarje;l
_Amaterial can be neglected and we. can solve thn proiem an the b 535

of the laws of hjdrodynamics.;v’ ' ' - -

TafgetvPenetratiOn_byTCOhstahtfvelocity;Jet,

Conslder a jet of constant lcngth 1, velocity_Vj; and dehsi’v
p‘j (Figure 15a) penetratinb a. semi infini* tergét of eqsitJ Py

with the velocity U (see 1“igur'e le l We-conSider the caeeAuhen'U
"remains'constantQ- lhe phenonenon simplifies if i‘ is examined in a_'
coordinate system moving with the velocity U (se ee Pigure 15¢). In

-!-L

this coordinate system, the hole prof*le is fixed and the jeb

-

travels to the righ*‘at the velocitv VJ‘ --U, while Che terger move

[
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= | = SN
L Penetration velocity
"‘ép Target density

-Stétiopary surface
Target . . }.-
: ‘velo%}ty }

Moving ccordinates

Jet velocity e

F;gure 15 a~'icoa“ized je? of Length A with velouity VJ, density
p., and eross section area A b= *deallzed jet penctrdqlng target
L]

me,e‘lax of ‘density pt with velocity U. Since the Jet is continu~

28, "1t spreads sut as it peaches the tdrget;' ¢~ steady state (&)

TRS,

in coordinate system traveling with penetraticn velocity U In this
anving coordinate djsvem, the hole contour is ilX“d

o he ¢ fo at the Jn1001ty v - lf ‘the jet prcasure is largeL *han

thne strengths of.t&g JeL and 'arget ma*eri°ls, ‘the latter can oe

3at a as,ideal tluids. The vrnbsure on the two sides of tha Jet
and target contact surf~r must ‘be the game. From the Bourn°11i
integral, whicn can be u=cd since the- phenomennn is sta 1onary in
“he ccordinate q;stnm, we have .wLected . ' '

~~
~

'3'¢}W:?Lf)'- -;;JtU 2,

The valseity U has been measurpd ‘or a large number of - chargns and
target,mater;als. . When <ing charges of the type shouwn in ngure 2,
nhe velocity U in the s eeT target case was. on thn order of 2.7 ¢ 108

e d

em/sce. In this ;*Se; Lne.Je Lres«ure is (1/2)~ 4= 6.5 x 7.8

S “O’)z = 2.3 --10‘?2 "nq/cm or more rban a quart-r million
uthrspher=a, which bxcn~dv by far the yield strengti .{ any steel
and - heénce, confirms ‘the ﬁossibillty of usin* ,he_meuh is of nhydro-

'dy1dm*cs.
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The mechanism of jet penetration into the targe is illustrated
in Fjgure 14, which shows how the jet interacts with ‘the target. If
it is assumed that the steady state is reached nearly instantaneously
and that the penstration stops as soon as the end of the jet reaches
the target,* the total penetration on the basis of (6) will be

. p o .
. . I . .
pdm-#&w(s—)ﬂ ‘ (T

‘where 1 is the original jet length and t; is the penetration Lime.

This ihdicates that thé'depth‘bf'penetretion into 2 massive. target
depends only on the length and density'of the jet and the target
density and not on the Jet Velocity. "At first, this seems surprising.
However, upon careful examination,'weksee that the jet penetration
velocity [see (6)] and the rate at which the jet is dissivated are
proportional to Vj' Hence, we see that, the faster the jet truvels,

the faster it is dissipated and thus the total penetration depth <does
not change as a function of the velocity Vj. " Of ecourse, this inde-

pendence of the depth of penetration on the Jet veloeity can hold
only for velocities at which the pressure generated exceeds by far
the yield strength of the target material.*¥

- We see from (7) that the penetration depth of the Jet froem o
given charge should be inversely proportional Lo the cquare root of
the target material dedsity. This agrees very‘roughly in many
cases with experiment, but there are many exceptions‘for which this
rule must be modified. ‘

¥It is probable that, when the jet strikes a relatively soft
target, all the jet momentum is not expended and the hole in the -
target will be made deeper as a result of the residual momentum.
We term this effect secondary penetration; it is not considered in
(7). This explains the fact that the hole depth is greater in a
massive lead target than in a massive steel target, even though lead

has the higher density

¥*#In the case of a jet formed from a conlcal liner, a small.
amount of the liner material travels behind the jet so_slowly.thaf‘
it does not form a pressure greater than the yield strength of aruor
steel but sufficiently fast to exceed the yield strength of mild
steel.. Thus, the process of penetration into mild steel lasts longer
than the process of penetration into armor steel. This phenomenon,

-~ ) i i e meths Man WA
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Penctration, cm

“igure 1. Curve of average pengtragion into mild bt?PL as a
function of standoff for standard charge. :

¥~ zverage penstration with average nean deviation; x- maximal and
l” "imal peg‘{* at .I.OnS. '

This theory exri:lains correctly a‘number of expe“impntal : v
oawnomszea, but as the same time, there are many expenlnent which
do not correspond tu this slmple Jet theory. With increase of_ 
the dlstance petween the charge anu the target, the averagc peneé
Lration into a given target at‘first increases and then decresses
{zee Figure 16; 2 charge of the type showa in Pigure 2 was fired

Intz + mild steel target).

A number of tests have been conducted in which the massive
mild steel target was part of a ballistic‘pendulum,'éo that the
woxrentum of the'Je' could bhe measured simultaneéusly with the pene-
trazinn it producea. These experimenté‘showed that, while the
averagC penetration depth varied greatly with stando®?, the average
TORMENTUR: was almost constant. This result agrees well with the
pre~ant theory, which indicates that the penetrationlshouid be -
*n@2nendent of the jet veloclity. Confirmation of fhiv 15 found in
Tigare 17, where *he abscissa axis 1s the penetration depth and.
the ordinate axis !s the corres pondingvmomen,um for the same stand=-
off distance. The maximal momentum'changes are less than the maximal'

together with the secondary pnnetration phenomerion (seec prer@ulng
foctnote) accounts for the fact that the total penetration depth
into armor cteel is less than into mild steel, and that the penntra~
Lion depth into mild steel is iess than into lead.- ,
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a 1 ° T’ thern i= ne corretatian petwes the
o : e e an ey 44 A PRI PO
o ﬁl°°$ 8 . momentum a;d senetratic: ng;ahiJﬂS.
3] o ° , S o o T
o : : .f ot - .Jdeéts having the largest momenta do
— - o® ] . N . b ; S .
o r " s - C oo . B . " 'v - . . ’ : .
o e * (N not produce the decbest penstravions.
- ] Lad S ‘
a i
2 .
- ~ ‘e : K -
2 o S _ . IT the Jet is broken up inte
& - ;13 s . . Very small particlss so thar vhey
o (- e T Y : S L : R
. ) 2 - . ~’~3hanh(\ %r}flua"" noo e dnot 'v“:;wﬂ e
Penetrration depth, cm Scanln <1 e MOt @nliiae e el
v S pressure produced by the feu will
Figure 17. Deflections of . be 3.eateL-tﬁaﬁ-thatﬁiﬁd;ca:egAby
ballistic pendulum versus - - e e . - '
Li25LLT pendu : ‘*hc Bernoulii integril {(§). This

penetrations into mild steel. e
for standard chargas at s*and-a is axo¢aine kb*-* 

: ' _paru c1e Je* does neT 3IDreas ouL
Circles show data o tained‘fdr ' ; : '
charges of one batchj; crosses T :
show data obtained fcr charges conuinuouq Je:w .The contimicus

over such a Gargs area 25 the

of another batch. These = - R
. : S J s capable oI supporiing
charges were made tc be L Jev is capable o Supperting
identical and observatlons _‘J-*nte"nal p”cs sure winile the particl
e fir howed no 1= L o
before riring showed no ver Jet is nou..’A pressure gardient

ations. The charges of the . .s. ‘

second batch gave nearly the '-r,is‘crea d alu g the jei axig
same average penetrations as o e
the first, althoubh the average

o

mementum of their jets was ‘_ab He pf*ru o¢1¢m§écﬁ*witb’bhé
lower. ‘ : S giua“ eu to Zero a?':halguher-ead &
the jet. The pr essure gradient causes 2 g dlc cf?ﬁ%c oppbé;zc
sign in the velocizies within the Jet f?mnthevelocityvé %% The
1mpact poinf to V, at the opnosite end Offfﬁeﬁja , i§fteé»fH5 Jes

begins to trave; uﬂipornlv, the producv'of the4vel§city oy The et
cross section area must be the same for ﬁ‘l ﬁciﬁ“s Qf tﬁé 5 N
therefcre, the Jet croSs‘section‘areaA ncrpaqes as it approacnes
the target. R o ‘ S '

If we assumre :hat in the parti cle jeu case, *h par:ic1és
regain thelr ve¢ocity and cross: seytion pr*or to *qe‘ '
with the targeb, such spreadinb will not- take' plaCe.
produced by ‘a particle jet can be_calculated gp;fbximatelg»by:
dividing the-to;al rorce requ;red to[a1§e?jthe'jetfmbmcn;um during




iapact by the area A ol Jet COntact with the:target. Th: fotsl fopoes
is glven by the rate of chunge of tne xomen.,ﬂ_b,ﬁ(V

o

o

the average pressure‘on the-contact *urfaﬂe'is‘pj(vﬁ - U

Ty = - ] ’ "‘ '.I‘uu .~- - A . ’ ) p - & - 3 TN “V‘.' -
This relaslion différs from {6) only by-the factor 1/2. The
relatisns {61 and (8}]can hé cpmbined,into one
- N 1 z , ‘.‘I-'."
L’,(V, b’ ' Py AU
Cwheare :he~cjnscant ) is 2qua £ bne-fﬁ; a c0nv‘nucu¢ dwg, and two
for-'a garticies Jet. *f the dec ha an inoermediate struc«uba A
will lie BetWeen ong anﬁ uwo.:' ' : '
?rcm'(Q),fme can ca culace :he targe:. peneir io deqth-for a
ti¢ of 2ither type E i ' '
2y oay
Pu! _Lj! NY
™1 %‘-ormula'4 eriies
.bnlng Ty "l\-na x ﬂeul J;:t

R N

'bahef 5 uuCh mors ccmrlexly.

“Target Fenetration by Variable Velocity Jet

Jets feor ed f"om a con:cal 11n°* are rct o

stan t'but chasge
ag they tr vel; For. theae iets,.(lo\ ﬂas be d{ ied.V As ment loned
earliér,;;hé jét*veloc¢vJ du*"edses -onpinad11v fron front Lo rear
73N *uezjet; heﬂ::; the jevvbecomes lo ger.,. The incrn° g"e '

Iéngth leadsjto'changs o‘ Otub _'nt characteristiub in the course
tim

ot

. Furthermore, at éach siven noment of time, the Jet proper-
o

are not the same along its length and‘usuagly the Jets are

:*'sm
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completely formed at the moment of Jet contact with tho Large:.
Thus, a question arises: can the targe:. infliuence the jet In the
sense of changlny its characteristics during Jet formatlon?:

pulse produced bty the target cannct travel back %o the'v..ci.it~ ct
the staghatioh"point’(Figure 12). This cenditicn is usually
realized, even at low staudoffs;731hce,theﬁvelocities of Lhe iPront
part of the Jet are higher and the velocitles of the rear gart of
the jet are, in turn, only slightly lower than the speed of sound In
the jet material. . ‘With charges-of the type shown in Fisuvc 2, the
steel targetvwill-not-have‘any.influence on ject -ormation jf the
standoff'distaﬂce'is not7less"than 12.7 mm. - This makes it possiblo
to eeparate the: process of Jet ponetration jn*o the t get~fr0m'tbe
Je* fornation Drocess. ' .

To calculate Jet penetra*ion into a Laréet we need £O. rnow
the physical oharacteristics at all points of the Jet at every:
1nstant of time. The exact cbaracterisuics ‘are undoubtedlv very
complex. However, in calculating Jet oenetratlon into a target,
ue'heed know only the average densityvp and deUPLG of dispersion,
'characterized by the. quantiLJ A;;oflthat-part of the Jet.hnlyh
4strikes the: target at. a given lnstantlof time.  The average density
3p, 1s equal ‘to the mass of an elementary volumé'of thezjét'divided
.by the volume. We shall consider’that for a contlnuou Jet, it is
-equal to the densitJ of the liner maferial and less than the valua -
for the particle jet. The quantity A can be. consicered a lunct*o‘
of pJ, .although 1t also depends in part on the size cf *he pariicles

7.1nto which the Jet is broken. We assume tha* the A and p for_

that part of the jet. from a gzven charge which s,rzkes the target
at a given instant of time are zndependent of time and depend only
on the distance from the base of the orzgznal cone to the‘*ar get
poin* at which the jet impacts. s
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SER AP AR T I

CThese assumptions ar: made'only.?o sim"ijry v
tRey are protably just as valid as any other 7imp1e 238l qu‘*n,
whiosn could bc'ndde. lf WP neglect ‘Hn‘\lirv' pompressivliicy U

¢ liner materia), then all parss of the jet of @ gHiven Tharmje Mgt

Jeo e Lnefs:ég.d ion pciJv (Figure 11) with the oa.d density. If
theijet, becausé_ ,.the_iarge»velocitj *Padl“ﬂu, or eaxa'up inve.
"pa?ticlaé, it is'ao°sible th“*‘the'fron "uart cf the jet broaks
up first and the rear part lhuer ‘and thuo, the ent;re'je: My
bi::k up 4r She adme Hoint af soa -he chanbe o.'get1da"< ty.
Laking 51q¢e bec ause ol ;ts braa( p’ s a conseQuewve:cr"%e e;iseenrf
o8 the ve;;cit}’;‘a ient and ofhcr causes’ probab y depends more on
17 distance trave sd oy ‘the g‘VGn secti >n of" the Jjet after its

h ﬂﬁevpositlon in the jer or tﬁe time since the

. *

It Shauld'b;‘noﬁiceu that; h* thn theory o; Jev Towmras ton
from a :ordcal liner of uniforn .*hiukness indi<ateﬂ thit the mass per.
Jni"length.in'thw fear par! of eacn Jutishould be great er':b““ in

pe frent of the Jt;, tﬁere 1is no reason to belleve that the den-
sitics in *heae ar s of vhe jat will u“différent. The jet cfess-
section vrobably decredses along its length érom theffean_:owardf-
rhé'?yunj;»:his wii not 1n“1;enup the depth cf jﬂt'pénétraticn
Znte the’taféér, b'L shou;a alfect “he uiamcte ol thé'hoié oroduced.

dnder théSQ'QSJ%mpt¢Oﬁb since } depends on p3, th:’pjf(ahd,

hgjoé'zrefﬁ)-fér.thc oart the'jéti rom a ivén -harge ;friking
<ne target will depeﬂd on- t“v éi#taﬂce'°_o- the ta"r= ”f:»x;ch¢ "
b;ésv@? che criginail ﬂonc - but will not depend on: ;,

We have the,?ohmdia,fdr thé:péhep&ationfdgpthxxl
whare the intev*aliiw‘éﬁéluateﬁ in-théﬂlim§*“'fﬁ "bﬁ#i"ni“i of
vu netracion té the end o; Je, e etrat*on inito itke target. . Sui
2= (V, = U)dt  where JL 15 he'je* el -menz,str,kA“# t“c_uﬁ"g&t;
i.e the element dhich dur; the - mc‘d will e carrled by .the

28

[ W, S W TSR R




Jet through the boundary.of‘the térget. ‘Hence, neglecting,transient

.unsteadyfeffects’1ike'th03e ment ioned in. footnote preceding (7),

we obtain

IT" o (11}

‘where the integral is taken ovei'the'eneire'length of'the:jet as it
~ strikes the target.- Assuminv 1’ha'c"Q) holds arproxiw 2tely for the

variable Jet, we can rewrite (11) as :oiIOWe

“or, 1if the'terget_has.constant density,r"

| wtjw R
The integral in (13) depends primarily on the Jet cha"acturistlcs,
so that the penetration depth of .variable Jets from- similar charges

into different targets should be Inversely proportional to the

. square_root of the target density; this is valld for constant Jjets
" as well. However, we see from (13) that the penetration of a vari-
" able jet into a given target will depend on the standoff, while the

penetration of the constant‘Jet.is independent"ofvthi;wdistance;

| Let s be the distance between the base of the original oonn"

~and the target surface. Since the Jet lengthens as it travels, the

integral in (i3) depends for a given jet on s. " Exact calcalation' _
of this dependence 1is very complex’ and is hardly Justified con=ider- .

" ing the uncertainty of the original assumptions.‘ However, an =
- excellent idea of this dependence can be obtained by use of some -

, approximations.

_ We write (13) in the form

.:‘P'-T“'-;,. ‘l. ‘
N ‘_’tj -
29
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.~

where J. is the average value of (va- during penetrat‘un. Thi.

Auantity lies ‘semevhere between the values of Gore  at the veginning

and end of penetration. ,According‘to the assumption that A anu o
Joroa glven charge depend on s but not on'tlme,”l depends primaerly

v o

on 8.%  The intcgral far alqo depends primarily on s. If the jet

0@ 3 écnstant31enguh Jat- Y181du thenjet length, since 1ntegration

o

»

is "do o\re'r'al'1 the Je* elements tr*king the target. For jets ot
‘a.1361€ ¢ength, fd’ yielos the efre ctive length, since it.is the
bpm.o. .nn 1engths 0. all those Je elements which penetra*( the
Thrget. e effective lenguh Idl Z depend~ pxlmari’y on '

.

5,"av¢on (;3) i°'rewr1tten au Io 1ons

,p.w‘z.l:;_,“ R )

2 2an obtain the. approximate dependence of P on s from (1%).

We shall conslder threg ea§555'each'of which may be eneoun‘er
at some stage of penetration of a par*icular jet Into a target.

Case-f-"Thc metal Jet ls drawn uut plastically and becon es

nafréwer; Tho jet den@ity p does not-ﬂhange and since A is
¢onstant for a uiﬂUOUa Jet and eqaal to one, P inc es'inT

~rooor01on to 1. ¥

-

g *”he guantjuies i and fdl depend weakly on the target denslity

by, Since. a;thcugh peneeratjo“ into 1argets with different densitie-
08 euange the average vdlue of mw\ as’ weJl as the V&*U& or.Jdc,
this “ange'ﬁs- Y slight‘“hau'it may be aeglected S

**mhn p”ocess c“ GUCtJLe drawing of the Jet due t‘ Lu-

velocxuy gradient in if was first sugbested because the increase

penziration oropor*ioxal to @ . for particle Jets (as in Case
5» did not appear to be "dnid enough t ~account for the experimentil

ou.eLvatlons.r'
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Case 2. The jet 1s°'in the process of changing‘from che firss
to the second type. It has broken up into'narticles but the pac—,
ticles are stlll so close- together that the *mpact of the Jed on
the target 1s nearly the same as. in the,cor inuous Jet case. The
value of X lies between one and two, but . °o“roaches two in an
urknown manner as’ *he Jet- lengthens.,_”hts A increases with
standoff and Ly decreases.' The average ,alue oi, o, defrtec by

ave of -

(L

J, varies, depending on the rate of increaee of X. and de'r

pJ. Ifr increases af the same rate as p1 decreases, then B

,remains constant, if A increases at a higher rate than oJ dec_ es

then v increases and, finally, 1f A Increases at. a ’owe" raté tha
pJ decreases, then 3 decreases. Some eXperimen*s suggest tha* uvj

“first increases slightly and *hen decreases with 1ncreasirg ‘star nc;;;
jProbably the- penetration produced s nuen’ the sane as’ :hat_of Case

1, when J is constant and the penefration is p"coor io ial.to 7.

_ Case 3. The Jet consists of finelj ai vided o~.ziciesfwizh
Vunchanging cross section.iv”he factor A is consta “eﬁi_shue:]to

S e e
L.

two. - Since the decrease in pJ is causec‘oy 1~"fn;n-uz L.
*due £o.1its velocity *radient, he average 'alueﬁof~ofrshould e’
‘inversely proportional to 7, and 3 should be in.ersel‘ 'ooortionzlj-_-
" to ﬂr' . Thus, from‘(lu), the’ quantity P will be p.ooort*onal
ANy (see preceding footno e). The penetration depth wili'increase

Tmore slowly with increase of the scandoff than in Cases 1 and 2

_ The nature of the Jet from the conical liner deoends on the=i~7
vfphysical properties of. the cone material and on the terperiture and-fj*
»pressure in the Jet. Probably all metallic Jets pass through each
-of these three stages, starting out as continuous Jets but, sooner
or later, breaking up into particles._ Under these condi ions, Jets”
of less ductile metal break up into particles sooner +han ‘Jets of ,’
more ductile metal., Thus,‘charges with- 1iners of a mor= ductile
metal such as: aluminum or copper penetrate the tareet ‘more deeply
‘than charges.with,liners of less ductile metal, In each case, the
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teroetrating ahitity increascn with 4ncroasc of the stemdn?™ dicuanc e,
p1d1lv at Iir dur'ing stretching. of tha jet, and then clowly of-er
the jet nas broken up 1ntovpartioles; It ‘might seem that - i
vonglvazing‘ﬁowef of the 1ets should: ircrea<c indef;n‘na’"' howzv o,

aturally 1is, not’ 80, because'

3 S in '"antice, *he jeta are'nevor perxgchly unifcrm, oo

Cthey veré uo spread anu ‘their. effoctch iens*ty decre ses wnn L he

penstrating ablility decreases.

AN The aaq%ity reduction cau\ed by lengthenir:c and sarfqdirp
v redutes the nressure of the jeil on the target unfil the
rength can ne longer be neg]ebted and. Lbe Smell?jed

N
d
or
&-'
et
r* -

N

b e
[
(8]

ecomes irvaiid,

3. "he oart_ule acafter upon breakup of the Je* 1s éb it
tnzt “he alr resistance for »ach 1nd1v1dua1 particle becomu" an-

fzmpurtant factor,®

i1 this reduces the penutrafing power with incroaae of the

cai _1ner initially 1ncreases at 1ow star@o f Lecause the
first stretcnes and then breaks down 1nto part:cles, anu tnen

stansaff. . Thus, the penetrating ability of a. Jet formed from a
ni '

tho o ﬂnetrating ability decreases with $ncreasing sta ndnff ‘becausa
. .

the recuction in jet density resultirb from its °preadiug._ Ir
Wi L.t the dependﬂnve of P Ou the : istance s, the eulva v‘sea tc
mziimum 2t the optimal standoff and then ralls off uzesin as

svnoin Figure 16, We no»e that), altxough the indideuul-poinfv
G conSiderable_scatter, the average penetration d»pth huvvp is

2

1% amooth.. The la*go'point.sca ter for most cnaxves,Lo‘aUUocLated

Wi oamperfect: aILgnmen .

*at distances ol 10 or 15 dizmeters from the base of the cone,
;2 air can be treated appraxiwafe;v like any other target having
w2 density of air. ~The front of the Jet_hreateb a very irtense.
nzok wave with an evacuated. space btehind it, which reduces the
sistance on the rest of the particlps to a negligibly.omall
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Theory of Jet Penetration into Targe:
In the vaPiable Jet case,'an'épprjximate rziation for det -
inining the penethation depth as a_fuhctioh of s‘can‘bé cbtainea:
from (14). It is necessary to neglec any'chang&s'in"el'""" caused
'by the internal orces acting on cacr of the le
tmpact on the targ

't particles in The

()
(l-
ct

A

»*

time interval frem. Jet’ formation to particle.

wn
T
~.

:

The effective jet length T-iwcre35cs linearly with increas

s, since it is knmwn that the ve‘o"**v gradient along the jet is
'apsroxinately constant. The ratic of the effective,leng;h>dn

standof s to the iength at s O will 5e rc"gkly

®

N

I+AA’
~where k; 1s a congtant depending on the velocity gradient.

For particle Jets, the effective Jet densiry oJ depends o’

its effeeciVe iengtb 7 and effectlve cross. see,ion ared._'The”
effective cross section area »f the jet increaacs Nith standof?

s because of spreading. If large forces_do not act on the JeL
'paruicles, they will trdvel"in‘a Straight:line and theeradial
spreading will depend'lihearly on's. If the radial qo"eadirg'ié
symmeuric about the axis, the ratio ‘of the effecriv\‘ueo rajiu. 4;.
-standof’ s to the Jet radius at s = O is roashlv ' '

. l+~_.,. )
 where k, is a constant deterrining *he bpreadiug "ate.7l-be PcL

of the effective cross section area at standoff s to *haf at S =7C; B
if the spreading is symmetric, will bef' ' ' :

(l +§Q‘

%¥This simplification 1s not serious because the .*rces-arting
on the Jet particles in this period are relatively small., The :
internal forces acting during the ductile drawing process change
the velocities somewhat, but not. 2nough to seriously affect the
rate at which the length of the Jet changes, wh*ch i1s what we are
interested in. o .
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. ‘he spreading ls somewhat asymmetriv, tils relation holds oS

~yactiy.

fithough in our sthdy he actv al jeh dens vy for tne contlnugus
2% 15 constant {”aSe-l), the ‘of;ectivn density may decrence with

Lorezse Q? standoflf s be ause of waver caused by faulty al gwnenu.

s lack of r 1 able data c¢n Jeu e , We . may sume that tne
LU inuo S i2 i

e ’er:- ler ‘h“ongn th e same go1ld angle as “he cartlele
ead. The ratio of *he'.ff ective Jet density dus to spreading

r
o wevering at standefi s to that at’s‘=‘0‘is roughly

Tlom {L8), For Tases 1 and 2, we have
ted) s P
e (13)

o0

»=re Fq is the penetration at»s.='0.: bor parti le Jet (Case 3),
“ov which A = 2, the perztration 18 roughljv

p..p!l.!!.‘*!t“_ L . : (16

whére P4 1s the value of P obtained from (15) for s = si (5, |
ance at which the fet breaks. inta particies). fGenerzily, pach .
‘24 n2sse3. in succession, hrough-thcvstageo descr1~-c,:yb¢a~es 1,

- Curves of penetrétion *a*susretandOFF can be pletted ue ing
i:5) and (16) with the valuﬂs “f k;, kz, and s de uermzned from
ﬁt?ervexperiments; Howe"er, the Se: curves vannot be: »1otted 19
vaeis of (18) alcne. At low stundoff the expeerenual peneuratlon
3 ~ith ¢£a off 50 rap idly that 1t is necessary . to oootulate’
Juctile drawing of the jet to Yplain AN E:) o“eromenon.

Y




Experimental Studies of Relations for Determining Velocity

Equation (9) indicates that the peneiration velocity U depends
only on the target material density Py and does not depend on all-

‘the other target properties. Sinre (9) was obtained for a steady-
state process like that shown in Figure 15¢, it cannot be strictly
true for varilable jets. However, from it we can obtain the

approximate average values of VJ and U, if we measure the velocity

over short segments on which the jet properties vary only slightly

- during the entire process. In comparing the results with different
targets, ﬁe must locéte the targets at the same distance from stan-
dard charges so that, as nearly as possible, the average density of
‘the penetrating Jet will be‘the‘same for eéch target.

Many studles have been made with targets in the form of plates
Si’mm thick of'différent-materials, using standard charges with
conical steel liner (cone base diameter U41.5 mm, apex angle 3i5°,
liner thickness 0.9 mm) and_standoff 152 mm. A high Speed rotating
drum camera was used to record the speed just before and just after
target penetration (ij and vja’ respéctively) and the time required

for penetration. . The average jet penetration veloci.y U during the

.

perforation time 1is

Relation (9) canfbé written as

or -

£ o | - an

where W depends only on the Jet density for a given liner
material. ’ ‘
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1f -“he ratic

Jatty
A

of the average velocity is cuonsidered
a function of /p_, where p, is the

target density, then ('7) is recre-
sented by a straight line (see
Figure 1§). The scatter of the
Figure 18. Ratio of average - individual points in the figure

Jet velocity to average pene- is quite large, but the points

sration velozity in targets of . : :
various materin is for s%andard : (circles) corresponrnding to thé

bharges. L averages for each ¢f the targets
Crosses show resuits of indi- 1ie falrly close to a straight
vidual te:ts; cirveles are - :

ne & iou ¢ expectsd
averaged iesults for each | llne, whicn as would be exp
material. ’ , -+ from (173, passes through the

" point (9, 1).

. The scatter of the individual points 1is due tgc tne variation
of the Jet density caused by vafiation-cf*:he spreading or rate of
elongation of the jet, The jet spreading variaticns are Known to.
nlay the primary role. Af'a‘diéfancé'of 15 —-20 ﬂm'frun’the pase
nf *he cone, we nau"finu the avnrage value of Apj ("Pc1pro al of -

the square oi the blop€) frem. thn-slooe of the straight 1ine in
ﬁigare 17.  “he average. mazximal, and minimal valueu'of Apj f'rom

Tlgure 17 arv, resﬁecuivély, 3.0, 9.0, and 1.4 g/ém‘.' I? ) is

near 2'in each uése the %:tvdensity is equal to 1.5, 1.5, and

2.7 ?/cm’ pec*ively . These density values should be compared

ditﬁ the density of stenl equal to 7.8 g/cm®. The value'h.s g/em’
'18 clcsest to the denoity of ateel ard it 1s 1ikely that this jet
acted 1like a uontinuous_Jet,with A less than 2. In this case,

ihe usctual density is greater than 4,5 g/em?. ‘

An intercsting effect was ncted in some earliar measurements
v Jet velocities from charges of nearly identical shape tefore
snd after they perforated a given target plate, When the targe:
w:3 located near the charge, the jet velocity after rericratinmng
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was less than when the charge was located at a greater distance
from the target. For charges of ‘the type shown in Figure 2 but with
an aluminum liner, the velocity after perforating a mild steel plate

51 mm thick at 152 mm standoff was only L4600 m/sec, Whereas in the

same experiment with standoff 458 mm, the velocity was 6300 m/sec.
At 762 mm standoff the velocity again falls to 6000 m/sec.

This rise and’ fall of the Jet velocity after perforating a
given plate may seem surprising at first, aMthough such behavior

of the velocity should be expected on the basis of the discussion
- above. ' The velocity is measured at the front of the Jet The'

target snortens the jet by removing the faster particles from its
fronti At exit from the plate, the. jet consists of slower moving
particles and the observed velocity is slower. The reduction of
the observed jet Velocity‘after'plate'perfOration depends on the

~amount of material which the target removes from the front of the

jet. The more jet material removed by the target the greater is

rthe reduction in the observed velocity., At both large and small
-vstandoffs, Jet penetration into the target is inefficient, since
_the maJor ‘part -of its mass is removeo by the target, whereas at
foptimal standoff, the jet penetration is most efficienc' in this’

- ‘case, the smallest amount of material is removed.-_Since the velonity

gradient is nearly oonstant along ‘the length of the Jet the amount

‘_of Jet material removed is roughly equal to

where AVJ isithe'observedlvelocity reductIOn and v}~v“;;'is'the

difference between the velocities of the front and rear parts of

the Jet.

The fraction of the Jet remOVed by the target at a given stand-:
off is approximately equal to b/P, where b is the: plate thickness
and P is ‘the depth to which a jet of the same charge located at the:
same distance would penetrate a massive target of the same material

as the plate. Roughly then,

‘ AV,-”A"' ,
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i.e., the jet velocity reduction caused by Influence of the'target

plate is_inverSely proportional to the jet penetration depth into

s massive target made from the same materlal and located at Lhe same

dlstancze from the charge as the plate. Thus, the distance at which
5 smallest should equal the optimal charge ‘standoff. As

mentioned above, this has been observed for-charges with conical

alumirum 7i1er.’-ror cha"ges with other iiners, the situation is

rnct 8o clear, p0ssiblv because of inaccuracy of the observations._

Kerr Cell Photography of High speed Phenomena

The metal JetS'fOrmed.from shaped’charée liners { ] prcoaga.e
witi: velocities exceeding 7000 m/sec. Since the Jets are'_ess
luminous than the accompanying explosion, their phohograph) vy -
visible light is Very difficult. For this reason, many a*tewwcs
o photograph shaped-charge jet travel have been.unsuccesslui. N
The first satisfactony photogfaphs were'obtained in 19U9'(seo
Figure 9) using flash radiography. Visible light silhouette

'phovog aphs have been obtalned by synchronizing ‘a hiyh intcnslty
-1ight source (electrical discharge yielding a brighfness of 3 —

. 10" candle"ower) and a Kerr cell shutceh Wlth the nncnomenon
undar study. To obtain the detaiio of the fas t moving 1et at- an,

-ﬂb~°ct-to-1ers distance of 90 — 180 em, the exposure time huSL
_be one microsecond or less. Since it is necessary to use sceciali

very high sensi‘ivity, il.e., large-grain, film, the rierative must

'be guite Lane to preserve the Jjet propagation debd‘l* ”hus is

accomplishe . by sing a special lens with focal 18”7‘1 (7 8 mm 3
and apev*ure /2.5. The apertu.e 1s reduced slightly by the Kerr
cell and che image -s obtain&d at an effective auerture of /4.

- Figure 19 shows 2 chenafic of the experimental setup. The
charge is exploded ina special chamber senarated from the obser-
vation ros by a heavy reinforced concrete wall. Portholes

. protected oy speclial balletoroof glas are provided in the bomb-
proof chamber walls 1in order to photograph the phenomena accompanying

the explosicu. The si]houette of the phenomenon is imaged on a
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 Observation room
o N LI

‘Light source

Porthole
‘ Diffusing screen

Polar01d
Kerr cell

: 1
A Polaroid e o
A Camg:a B Bombproof'chamber: ’

Figure'19.' Schematic_ofoéxpeﬁimental;setup for Kefr cel]'phormgrapby;
dif{u31ng screen bdoklighted by the elecurioal dibchdrgﬂ The nelL
cell camera with erossed polaroids trangmitb 1ight only dur,n?

the one microsecond interval wher a 95 KV pulbe is 1<pplied . ,its

electrodes.
“Jets Traveling in Air

Attempts to photograph?the hibhospeed }ét" in visible light

led to failure; the jets were not visible on rhe photou.’ Suchoa
picture is shown in Figure,?O. " Only a omall portion_oi the_j@tiis> .
visible 1n the uppér’part of’the'piCtufe; the‘remainjﬁg iet 1s not
seen because of the dark badkgrouhd{.-Nor were imagec of 1he'j@ts o
obtained on other photos until the 1ight source 35 made so- brillla”Q”
 that the dark rebnon surroundinb the jet diaapppared z2nd TuP GYDO°H?0
was so short that it was poosible 1o slop fho motiOL.-' o S

If the dark beg*Oﬂ'at the tip of fhe'jet lv‘magnffi@d eavorais"
fold, we can see that 1t consists of a large numbér of small -
partlclos traveling at high qoeed parallel to the Jet and vapov1,1nv
continuously because of LheLr rapid motion Lhrough the dir. To
verify this conclusion, photos were taken of jefs pa sing through
an evacuated V]dbb tube in which tue ore"cure was less tqan-{q '
mn Hg. 1In this case, the dark region is not seen vb.qll tho_f"'
pafticles are too small to be visible in the bhoto; dnd the metal
vapor is not formed in the 3b§éhcé of air. Flgure 20 shews o
picture of a jet formed from 4 copprr rone with flaf apex;  (In
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Pigure 20.

apex.
of the let,
is sur"oundeu by
consisting of par
by rapid mozion of th. Jet
uhrough the alr.

truly coni *al nu-nted apex.

is primarily PLbDOﬂb'ble for fhe apoearanﬁe 01
20. ) When teoting a charge with

seen 1n Pigure
Liner,'mab neﬁ a 1anhe,
was. obta;neu .
a small
incandescent
,through fhe ai

Fi"ures 22 ano 23 show DiPuUPeS (Uricr to
two- ho];ow lined ohqrgpa dr\buﬂ*cd

of Jer ormat*on from

gusly.

Jet of hullow*charge_f
with copper cone iiner with flat:
We see orly a small part

the vest of the Jet
a dark reglion
rticles ‘'vaporiczed

v;‘n ‘h‘s gicturp
part in the v cinity of the: front i
meta‘licrcloud iormec bJ thP ranid

xlf

'mdse prcduvLJun 'i

Lo produce coniccl Llﬂprﬂ

~iowever, the Wavk o*

tn@
vib jc *uhotowr'ﬂh
nearly all t)e, jet
Q\Ar

l')‘

and

large
u;dly

:huwn

e B oo M A

Wigure e :%(¥n\llmu‘
charge wlth coouer. wone liner
‘with truly awniu‘i‘d“,x; The.
~pregion surrcunding the jet im
'.ri jure 20 i°.ﬂ_ iminarss.
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r,“Fivurw’ZY Cylindrical péntolite
- ~charge. deton:ted siwultaneously
"rom bo h ends

Figure 25. Damage taused 1n :
‘mild steel plate by pentolite

charges standing on-the plate;  twc sxplosive product regions is
detonatlon was shown iqt&' Lo S . S = L
‘ ated - within the -wo intersact-
Figure 95 : .loga_rp withiy R ‘sect
ing’co‘ s and & oright juminous

'f»rinb is. vis;blc._,»
' 'Photographs of bhock Wave and Cracklng in. -arg t Material

'nigh speed Kerr cell photography was used to stuoy shock wave
propaga*ion and fracturing obtained in targets of Various materialsl
Thé shock wave - formeo from explosion in water of a long primacord
charge is shown in Figure 28. We see the. slowl y propagating-dark
central region occupied by the explosive products._ Jue to the
presence of the air-water interface, ‘the shock wave has chlntP
curvature. From such photographs,'we find that the shotk wave
propagation velocity in water ranges from 22“0 n/sec near the-;
primacord charge to 1700 m/sec some distance away from it v at.ﬂf
still greater distance from tne charve, the shock wave veloc y
probably approaches the velocity of sound in water (14 50 m/sec).

A similar picture of a pentolite charge detona ed under water (not
'shown) indicates that the initial shock wave velocity from the
detonation of such a. charge is 3200 m/sec._ E "

It is interesting to study the phenomena occurr*ng in‘

transparent bodies from high speed jet’ propagation in tne" ,'For'
this purpose, 152.4 x 152 4 ox 31 8 mm plexiglas blocks were used.
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Figure ¢5. iinderwater detona=-
tion of primacord charga,

Datunation wave propagates Figufé'90 C Devonation of small
dounward wich volocinj rN?O - pentolits charge on wop of

nS/sec. C 15200 % 152,08 x 33,
- ' glas slab. ilote o

; _ wave, reflectaed wave,
Figure 29 shcws a pisvure of C shatteréd_dnpk remion.

ingl shoek
snd

if
[y

& mm oplexi-
i
P

such a picxiglas plock after S

detonation of a cylind iual pentolite charge on ité’éu;“
cylindrical charge was placed uO tha right of thc ne er on'th
152.4 x 31.83 mm surface so that, in addition te the or¢hinaiq'
cowpr&ssign wave,7ﬂe'see yhe expanoion ane ”e“ipc & fvo ,5hnf» |
righthand face.. We also uee, in the pioture,.*h»'.rjh1a1 *rd buring
at the instant of dgtonation. ' : | SR

s
—+,
(1
3
~
o
. o
-
-
-t
o

D

Since the détonation wave veloci y for most cxpiosivas is.

well known, we can determine hn shock WdV9 ve]o““*'es ih T“dﬂ&p*”@nrjf

todies by »lacing the charge on the body surfa Lnﬂé_g lJﬂttP
tthion and neasuring ‘the . angle between the'.n fa“c'anq he %hocki
wave. rigure 3P shows’ the shock wave produoed by d”tOﬂdLLOﬂ of a
pentolife charge 1ying on ‘the uppar face of a plexig liS,bLOCk.- lhe ,
shock wave velocity varies Prom 3&00 to 2&00 m/oc<."¢neiio¢ef33h00k'
wave velocity llmitlagrees with the value of. the opeed of sound.*

‘)

<7
I »

#Protzman, T. E. J. Appl;[?ﬁyé;):le.'?O; 1;&9.,9; 6o
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Figure 30. Detonaticn of . Figure 31, Metal penetrating

Jev
cylindrical pent 31 te charge f'l'«i12;71mm‘"hicy;\te:ltt late.  Note
lying on upper surface of DleAi‘“,' Intense spalling from the lower

te

"5las_313b T | -~surface of the pl

: lhe next six ¥ gures_show pictures of metal et_penetrétioni
i_into VdPiOJb naterials._.ln Wigure 31 the uarget is'a_l?.ffmm:i’
f'thick steel plete.v-.fjfglf- o | - B

At the too of,‘ne picture we see the revion OCLl“ ed byltner'_
vfexplosive orocucts- this region is moving downward; gether N ‘h.:'
- the rear part or t he Jeu.g-ﬂear the steel platr 1n the V101nity
'of the point where the' Jet strikes the target we - see another‘
cloud formed frOx‘the fine particles coming from, he térgetV |
material The oear uhaped cloud 1ocated under t » are COWSISLS
of a. large number of particles spalled from the ste plate and
'lhas quite high den ity, this cloud obscures the tip of the: Jet

'emerging,from thegsteel plate,throughcthe_hole formed in the.plate,

Figure 32 shows a jet penetrating a glaSstanV filled uith_
water.. The Jet velocity in the water, in thls case, 1s‘abouu |
5000 m/sec. Sincw hc_shock‘wave,forms,an angle of 30° with the
Jet, its velocity is close to ?SOO‘m/sec,»i;e;,’1.7ftimes the
speed of sound in water. Theijet~contour 15 not visible ir the
picture, since the liquid. near the jet is cbviously very turbzleut

o o Reproduced from a -
15 . | best available . copy.' -

- toe N .
),. . . Coe . . e-
. C e b s B o "




i

in this region. Tne cicpure xndicate that the g crong r(wpro

o

Figure 3z. Metst jei penetrating Pigure 33, Mot jwr-pere*rl'.

water; Lne 20U contour canniot be - plexigias.,
seen since tie liguid near the B '
jet is extremsly turk ulent.

o)

cshows a Jet penetratin a 152.4°x 152,04 x 3801 mm

-
.t ivecs
Figure 3

C

plexiglas bl

-

glas and tne resulsing refleo ed wave “as_shatté“nd the p¢evj

Ul 3
4
[e}
3

wave does not bazte" thﬂ plexiglas.v

Rigure 3i s nw a2 pieture of seQuen iuL jet renevration o
plexiglas and glass plates 31.8 mm thieck, seprrzozd by 2.7 mm.

oY

In the plexigias platé,ﬁwe see a reflecued nhp;ﬂsiﬁﬁ wave

ck. The =eglon above the ‘ip of the jet 1s aphaguo

Ty
H

propagating upward from the: lcwer surface and comnlfcatingg$omewhar

the cracking pattern. Within the glass, the.jet,{s éur“whnd@d'by-
dark line carnst be. n sheck wave, since a sho K wavm hdS a ﬂonn al

rather than ﬁylincrical<40rm. It seems»probublw thuh,'invuhlo
region, the glass has m.¢ued undeﬂ the action of tho high nressww
he Lio o- the jet.. It follows {rom “he nn@rcy’nﬂn,pr

hat the zlasb in this region shﬁuld be heated to

(T

producsd by !

ct

vation law

K

)

A un e 4

‘a transparent region whiﬂh is ciearly'boundmﬂ'b ) “V line. . This

1

"~ because Lhe shock ‘wave has reached"tne-lOWQr»suriace of the plexi¢ »
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. Photo*riph of -metal  above tﬁKﬁé'ihﬁO'a((Guhu Lvhoe
erforating tuwo 3.2 mm | N
t orafin EN ’) < 2 1n "r.xaf:]_.)"‘ ‘1=n Ith l ‘h—‘ 1‘3"

- . -~
- o tdr{:ffflso

; e = ..r*e:"'n'ltiné from the exp erimenta Tlv
The o 4 45° angle with -2 & ’ P
Lt targets., The siug {on the diSLO’“l¢; ve1001hy 5;dd1€nY =1on5
Y N 1rgl : 2. v 3 . :

‘ohi otravels rolatively siowly. "

b ) JeoiT LT ~the length rx,the PL 1t does not

wid doos not participats in R LEngLh o J !

svne s penetration. : j - permit satisfaﬁf ry wxn'araL*Oﬁ 3%

, ho Pedhon for the oocurren 23 of
iuis credient. The jets Formed frur tﬂe kn:sed cav i*v liner n“e

LethliLy moon EQnger’;han or d cted by t n rJ and co tain fJ“ nore

matarial tharn can»be pradicted - on tha basis of Lho ste “d\ ~state
crcrodynzmis theory presented above.»flh' the he ror GE uheﬁ,

eont porsions of the jet agrees quite weil wipn the‘gheory; the
benavior of the rear portions does not. Flash. radicg craphs ol the
1irst stage of Jet ¢ormatiox confiﬂmed the prcd1crions of hvdro—‘

tgilﬁi: theory. The plctures of the 1 é* stages s? Qw'a‘jet

smerging from toe end of the slug aftnr the oollqp e,prqcéss is .
smgiovaed. This gave rise to the pogtalaue'that the fqrmation

f the jet follows the sféidy stat@'uhpow' wnile

the‘;et,,ternéd the "af fcrjpt " are "o”m-d ;n an

erenl way, pcssibly an ex rus Jonior‘drawlng.irom the

& coilapse. ‘The,exlstvnne £ the~aftérjet can
= plain why = ‘éep hblevis'oktained when aetona i;éfﬁhw'charvé‘at !
TESE dlutenae {vom the *?Pget : I fet format n' k@s riace :
tnly 10 accordance with oteady-state uheory, th oenptvat1on depth

2.

%111 h2 indepenéent_of the sbandoff and for a conical steel_i“ner

st pgenetrating = steeL:t,;geb, the jet’lpn@th will be equal'tb Tnat
of the cone generst r.“‘fn-reality,,the-penetration depth ezceeds
Lne generator length by two to four times. ’ U

The present version of this 'heﬁ"y vis uallze 5 the whole fot

L.

zs Toraed LY one.bing;e cont;nuOus procese; Th¢s Jet \rwation.

is very similar to that postulated previously

ration of the:front part of'tﬁe’jet, Wn“'f@bmaiion pro
RV o

. J . U SR, WP " SOP SO W




Jet as a whole can‘bc‘explained by‘addinggone'new assumption Lo
the steady-state theory. According to this assumption, the
veloeities with whichjthetvarious cone liner elements collapse
depend on.the'original position of the element on the surface of
'the cone. The collapse velocities decrease continuously from the
apex to the base.¥ The velocities decrease very slowly near the'
apex but considerably faster near. the base ‘This is expected,
since there is 1less explosive near,the base than near the apex
and more liner material. = . | B |

The decreasing liner element COilapse veloc1ty as the lirer'
is swept by the detonation wave is the reason for the remarkable
effect . of greatly lncreasing Jet length and increase of the metal

'mass entering the jec

Qualitative’ideas resulting from the fact of variability of
" the collapse velocities can be obtained on th° basis of‘Figure 37,
'”if we recall that the Jet velocity and mass of liner metal going
into the jet depend.on the angle B between the collapsing liner and;
~ the cone axis. With increase of B, the Jet. velocity.decreases,but
the mass of metal entering the jet increases we see. from Figureb
37 that in the case of’ decreasing collapse veloc1t1es, the angle é
is larger than in}the constant velocity case. *¥# While the detonation
wave travels the distance PQ, the liner elément travels from P to J
(see Figure 38). The3element originally at'Pl'begins to collapse
-_later and with lower velocity, therefore, during this same vime, it
only reaches M. In the constant collapse velocity case, it would
- have reached N at this time. Thus, in_ the case of constant liner
jcollapse velocities, the collapsed surface is also a cone: JNQ is
a straight line. In the case of variaole collapse velocities, the -
‘collapsed surface liner JMQ is’ not conical since the element P
collapses with lower velocity than the element P. In our arguments,
we naturally assume that the liner is thin -and that neighburing

¥This assunption 1s obvious, however, the flash radiograth<4
were thought to show that afterjet formation could not be ehplal ey
so simply. However, a remarkable effect of the velocity Gradiex
on the collapse veloci v had been overloo&ed : _

¥#¥The increase of the angle B with collapse of the c<n1ta1 Pia
is shown in Figure 9. ~
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nTeyvious assumption. that ,uho liner~mehal;behavea:l¢he,a perfe:

Figure 33. Velocity veciors of
1nﬂ~nt of collap ing counlical

* o

@iemeﬁts‘havefho_infiuehce on;,he col aose veloc1 of

infinitesimal:liner. elements. " This abSuTUt;On isiequivalent to the.

A small'dec“éasbiin uhe l*ner eiemu collapse valoc1“vlmay

vroduce a re’a»ive’s Lurgn docrease in the JEt_VglocLLF, $inC€AIJiJ
vzloclity dec easas bepauqn of the'dec éiSe of the collapse veloolIty

” T e

Lad'be:a;ee of incvease of tho ang¢e L Thus, & small V, gradient
'vf}“"ﬂdient R ' o

e : >
CeC & ...al"g’:;

I the case ‘of. variatle line” el cmenu'b

(&)
[
[
joo
(A
L4/]
4y
e
M
}.‘J
Q
o
1.
!
[adid
bl
4
-
+
ot

ie %o se;act a courdlnaue sys em ‘in which the nrocess

v b
will be stepdy-state, as was éonn in the ‘case of constant oo lanss

'ﬂOg.- se hawdnrapw since mord

veloeitizs, . This situat;on is

& TR L T P A S
a7 the reiations neadesd can-be- b*a1np~ —--*u- -&as. iy Tne stealdy-
hiete theory == by apslyingﬂt .1ans -uonuepua ieon of wirco, enerny

2ri? morientum 30“tﬁe indiviéua; ox*cul liﬂew element wub LY LWO

P ST oy 33 - Bo Ym g , - .
Lianes pergpendicular to the coneAax‘s@. ;ach_elemeht»can:bu-éon-

'[iatﬁ cdordihste_éystem moving Lith

n 8
the.apprapriste;conStahtlveloéity;~'Th§ra was some Thoughr “hat

‘4‘; - = "'A—-‘-’, : - "‘Av.,“ .'l. ; Y e -’“J. - .
Lhe delonatian .e"e cr Ch;&thn'\810C1g* decre4ses with azprez=h Qi

he base of. the né,fs;nCe”less expjo:iVé is
he base.. Carefui exr)ermenw hcrc nad.

o
changes of t ‘e detonx 1on wave » 10?1 v U: wsre

Na
e d
astented,
Y
, v —
p s
! il .



Since the detonation wave‘velocity uy is constant the impulse

given to the liner elements by the wave can be studied in a single
inertial coordinate system Consider a coordinate system mcving
from P to Q (Fibure 37) with the constant velocity U, = Ud sec a.

Ir the impulse imparted by the detonation wave to unit liner.mass
~1s constant, a steadyestate motion will appear in this ccerdinate
system. We see from Figure 38 that,-in this coordinate system, the
liner will leave QP downstream of the detonation wave front with the
velocity U; and travel along PA with thiSysame‘velocity. Since, in -
this coordinate 3ystem, the resultingfdetonation wave pressure is
everywhere~perpendicular to the 1iner'direction of'motion,_this
pressure can change anly.the_direction,'hut not the magnitude of

the liner velocity. In Figure 38, the segment QJ is parallel to

PA and equal to QF | If the- segments QP and PJ are equal in magnituue
to dl, they represent 'in the moving coordinate system the liner
element velocitlies,. resoectively, as the wave front passes through
P and during the further,motion away from P, _ The vector PJ = Vo

is the collapsing_liner'elementjvelocity'in the moving coordinate
- system traveling_With'constantlvelocity, conseouently the:arguments
presénted'previouslyfcanfbe‘used‘here'as well. It.ngevident that
the'liner element does’not movefaloné a line forming the small angle
-8 with_theVnormal.jiReferring to Figure 33, we see that

o -nﬁc--,‘i';..' . (13)7.

In the case. of decreasing rather than constant impulse imparteo
by the wave to uni* liner mass, the analysis remains the same,'iff
-we assume that the liner: elements do not interact with each other
_during collapse. We. see from the above discussion that the angle §
will be smaller in this case; The variation of the quantities Vo
“and 6 depends on the charge shape -and the. original position of the
element in the liner. Arrom Figure 37, we. have

vIn the case of liner collapse with constant velocity Vo; the angl
B* 1s ‘equal to B. '
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£ the phenovena'*aking place cn the cone Lxls .9
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now mors dif) icalt since only an accela et >¢ coordinate system cu
| zssociated with the 11ner mass elements concentratad an ii- nxic.
CFrom :he analyses made in the constant velo: ity collanee IUIT, W
';uoy “hat eéch rnass element dm splits at the axis into two parts.
i

2ne purt dm, of the macs zces Into the jet, the other part an
(Y] ' ) . : -~

goes Irto the slug. For each of the elements, we'have the four

uninown quaritities

| 2,2_. v,and v,

'z

whera V, and V are, respectively, the Velocit1e< of dm‘j and dms in
’ J

“he ordindte system moving H;th constant velocity.: It is obkvious
Troem symmetry consideraticns that the velocities Vd.and V_ must be

4rw--e1 to the axis. To find the four unknown quantities, We‘
have three relations: the equations of conservation of mass, energy,
7nd momentum. One relation‘1s miss1ng..‘In the oasegpf linear
ccllapee with constant velocity, we use as the additional relation
1he Reérnculli- integral, uhich cannot be used‘in?the‘naSe of |
veilioie ccllapse velocitie% 1n the acce‘eratcd cooralr 1te systen.
Wi Lake a coordinate svsuen moving with the constant veloeity V,y,
eqlal to the lnSuaneﬂneoas velocity of the liner elenanhu neeting
t the cone axis. . On Lhe cone axis, the mass- element dm divides

nto two rass elements d'nJ and’ dms, which traVel along the dxie }n'

Y

opposite direetions._ Let vhese elements have the Vel<‘ltiCS vjfand_
Vo resoectively,'in relauion to thc moving coordinate systen, where

tre dzreucion of the veloci vy V, is considered positive.' Then =
| v)-’:v.+=, and V, =V, %-&’,:v'

In the coordinate system adopteo,_ﬁhe liner element dm moves
toward the'axis with relative'velocify‘parallel‘to'the liner element
-aun’ane Let the absoluue value. of this velocity be v. If V, and 8
are tne same for all elements, as in the moving un*formly coordinate
svetem, we can’ use the Bernoulli integral to show that.vs = =y, Let

Ly



us assume'that, in our case also,
vs‘- -v, since this assumptior is

“the most reasonable of all *he
possible assumptions relative to .
the dependence of the quantities
vé end'v;'this'simply means that,

Figure 39 ‘ Relationsnip’of ~as the liner element passel through
‘velocity vectors of liner o the axis,'it alters the direction
elements joining at cone axis. but not the magnitude of its

-velocity. From the energy conservation law, we obtain vJ = vV, thus
_»'tj-—v',--.. o _A o S (19)1_

The geometric relation of the velocity vectors for the mction of
the liner elements meeting on the axis is shown in Figure 39. "The
 cone axis coincides with JR ‘and OJ is the liner element moving:
toward the axis. ‘This element has the velocity OR = Vv, in the .
stationary coordinates and the velocity 03 = v in the moving
coordinates. The Velocity of the moving coordinates is JR = V..
By the law of sines, we have from Figure 39

and |
| ““"'ff"";._.,,_%;-s " 4' - NEIN)
'I;he absolute velocities of the Jet and slugv are, respectively,

: w-m+g-m&-'
and o

va"l“c-vl-.- '

Substituting herein (20) and (21) and making some simplifica-
“tions, we obtain the expressions for the velocities of the Jet -and
' slug elements ‘

53



i

g e s

-'-V.mac ,.,. |\ SR - ) o
V=V :-sm{a + i ;} - o : ‘23)

‘ri the specizl case when the liner collapse velocity Yo 1o constant,

“hy

nd

angle fe=.a+z  1s also constant and we have

VisVopome 3osy {?a)
Ve fan g L (3

These two relations are idenrical with (2) and (3), althuugn

»ritten in a’ ‘somewhat simpler form,

We can el‘¢inate 6 from (22) and (23‘ with the a*d of (]8),

vhich yields

J-Vm.m[a——,—-i-m,,. S B T o (L)

PR —)

' ese relations are valid both in the steady-state case Whéh*vo iz

same for 211 liner elements and in the nonsteddy case when V»

s different values for. differenf 1iner elcments., However in

steady~state case, the angle B can be expressed in terms of a,
and V,, and will not appearzin‘the_re;ationu for v and V

J

’/

st

(25)



Two of the four unknowns, dmj/dm and dms/dm, remdin to be

calculated. As in the steady-state case, they can be found by using

conservation of mass

i = dmyi da,
and conservation of momentum
—dmon)=dup,tdng,
or, since VJ = -vg =V,
dnes podn,—dm;.

We finally obtain the relations

B Llg] (26)

‘--}- (27)

which are identical with the relations (4) obtained in the steady
state case. |

We see from (26) and (27) how the mass of the conical liner
elements divides between the jet and the slug, and from (24) and
(25), we find the veiocities of the jet and slug elements. The
quantities cf interest are defined as functions of constant quanti-
ties: Uy = U; cos a — the detonation wave propagation velocity;

and also varlable quantities: V, — the collapse velocity, and B —
the angle between the tangent to the collapsing cone surface anrnd the
axls. The collapse veloclity V, depends on the magnitude of the
impulse given by the detonation wave to the liner element. No
relation has yet been given for determining B. In the steady state
case, 1t was previously assumed that the collapsing liner remailns
conical but the angle at the apex of the collapsed liner is greater
than for the original cone. 1In this case, the collapsed liner
section contour coincides with the dashed straight line JQ and the
angle B¥ can be determined from simple trigonometry. 1In the 'case of
variable velocity Vo, the collapsed liner section contour is a curve
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similar to JMQ (see Figure 37) (the curved»surfacéwof”%he collapsed

2one can be seen in Figurekg). Thus, B cdepends on the shape of toe

collapsing liner near J. Let M (Figure 37) have the cylindrical

soordinates (r, z) and P, the original pOSiu]ﬁﬁ of M on the liner,
have the coordinatesuu-n
Then
"2eaxd V (I~-T)sin A,
| (28

and

reoxlgn - VA-Ty e 1, | (29"

ssed the

ahere t 1s the time elapsed since the detonatlon wave pa

cone apex, T = x/U = x/U, cos a and A, = a + &, The ziope of the
~~l}ap31ng liner contour to the axis at any given time can he detev-
~ined by differept*ating r with reapect o = for constant t. Sluce

a
'“"Uzu*

%2 have from (12}

a-Fler- V..l'-ﬂm:t.;-f ot aVA- T sin A ,- (30)
where | | '
Ve - and 4,« %
Differentiating (28) with reSpect to'z,
(31}

F';p‘ﬁu~ﬁ“&~W~ﬂ+mmu_nmmr

‘with the ald of (30), we obtaln the.siope of the

From (31),
collapsing liner to the axis at any time
o _ VYA T VA U= -
lH‘('-f)-hA.—\.-ggﬂ.A (8 n«u.' ‘ (32)
J%
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Substituting r = 2 into (12), we obtain‘the'timé when the glven

.element reaches the axis

t—T-'-..:-' - - | k ‘ - (33)

fter substituting (33) into (32), we obtain

Elater
Berore making this substitution, it is desirable to make some

simplifications. Prom,(lS), we have
' !iu-&-lgel.

Differentiating with réspeCt to X, we'obtain

v 3
K enls * Or Vegg,

Substituting (19), (33). and (34) into (32), we Ubudiﬂ the
simple formula ' :
om e bSuindon Ay~ ssia ni -.A.w -

." S ——— L ——

---S-lewnh‘l.ﬂli‘

Since the angle 8% 1s the value of the angle B which is obtained for
Vs = C, we have, from Figure 37, ReP—s and 2-P+e  , 2nd the last
equation can be simplified still further; we obtiain

lh*'-uh-ll-llml)

"-:rhmna.wo ) : B (.35)

The‘expressions in pérentheses in the numerator and denominétor of
(35) are positive, i the cone angle 2a does not exceed marxedly

the value normally used in the charges. .Therefore,.when the collzapse
velocity decreasés from_the apex to_the'base'of'the cone, i.e., wnen
the derivative V, is negative, the angle S'isAgreater than'B*. We
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see: from (24) and (26) thaf with increase of the angle B, th: jeo
VeIOC*ty decreases and the proportion of the lirer mass cnLering
itne jet increases.

NoW We can explain‘why.thé'pictures of the late stages of jlet
formation seem to shdw the.Jet.isSU1ng from *he slug long after
:ompletion of the collapse process. This 1llusion is <reated by
The factithat the last-formed jet andbsluv elements trave! A% the
same felocity and by the fact *ha5-al1 the Jet elements tend 0
e;ungdté because of the presence of the veloﬂity gradient along

e ja2to ¢°nguh The 1pst-¢ormed det and. slub elemunu¢ come from
Tiner élements near uhe baSP of" thp conical cavity. 1In this

vogion, Vo ‘<4U and Vo «-xVo Ior charges of 456 typé cornsideraed.
r:ihg ~hese pprox*w°fion<' we obtain f"nm (18,, (z4), (2%}, 2nd

':ﬁ) the f‘olloaim, aporoxinatp relatim.s« o jatPae and Vy=Valy "
3.9;, the last-formed 1et and slug elementsi travel with apvraoximotely

*he same veloclties.

Thus,-the”formétion cf the entire jét (1nclud*ng ‘“he afterjet:
e nhargco with 13 ned conical cavi*" Is explained by 2z very
cimple extenslion of the Tcrey 1ousLy doeve 10 ed eady s‘até hydro-

dynémic L“aorv. ’

Note on Tylindrie=zl Shell Collapse

o the basis of'dyﬁamical“cthiderations, we can -asime that,
wiey 31 eyiin d*ical 1iguld °h911 contracts. rad*all\ wolic rovaining
s ofery veny high valoc* ties and pressures_should arise ol tne

velseily of che outer shnll surface bh0u1d tand Lo dimirish and that
2fthe inrier surface increase..;' ' ‘

it seems probable‘that study of cyiind“icél liqui‘ shell
collapse may be of some assistance in studying the co: lapse of
cyiindrical and possibl conical shapcd charge metal liners. The
cnildapse of such shells was examined above from ithe vinwpoint of
nydrodynamics without account for some details, such as the instan-
tantous dependence of the pressure on the radial coordinate.
.58
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We shall'consider'cylindrical-shells of ideal incompressible
fluid whose collapse takes place only in the radial direction
(motion along the shell axis is not considered)

We consider a quite-long‘liquid cylindrical shell.with external
radius r. and internal radius rs3 and mass m per unit length. The
quantity A - . . |
rirt - . .
remains constant as the. shell contracts, 'since the liquid is
,aSsumed incompressible and ‘the motion 1is .only radial. We denote
the ratio r,/ro by x. VThe kinetic.energy‘per unit shell length

T3 'l'.“."n-‘:a" -

is conserved, 1f the'Shell is subjected to the action of only radial

. contraction and does not change sbape.: Any shell element can be
characterized by a Lagrange hydrodynamic coordinafe My equal to the
mass - of the shell material referred to unit length and contalned
‘between the outer: surface of the shell and an. inner coaxial cylinder
passing through the given element The velocity of any shell element -
characterized by a particular value of u is ' o

'* Ir"'o"",”i’(?-’-r)(-) |

- We see from this‘expression that;'as X approaches i the inner shell
surface velocity approaches infinity and the velocity of the other
-_elements approaches zero. It follows that, during radial. contrac-
tion of the. cylindrical shell without change of 1its shape, the '
kinetic energy per unit mass concentrates along the direction

toward the shell axis.

‘ It may be shown readily thatithenpressure is;zero'at the outer
‘and inner surfaces of the shell and has a maximal value for

el PO
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The maximum pfeésure is reached approximately ab‘nid*thickness
it the free shell case- ano approacheb the inner surfacs Irn the-
contracting shell case.  If the.internal and external pressures are
zero, the pressure dlatribution within'une shell 1is givénfbygthe
formula ‘ | '

ar

*. see that very high pressures can be reached.

- Tne shell element velocities and pressures can be calculated,
i{ a constant pressure p acts on the initially ffoe oﬁf g "u"°acv
af the‘shellvand the inner'surface‘ié fresz from ‘the action of any
srezsure. The radial velocity of a shel] element wil1 be

qgn.-)/”'u LSOV
V—’." -"'.' 'l
where xo 1s the i{ntial value of X, and the pressure 1s given by
‘the formula . o -

o -—; v h.‘_‘f;- . ‘
P -P[l_._.."_ ’- - gemgg® - :_. “ a1 ]
Ny T T ‘ T A
Bl S *a PRy ) l‘(uﬂ— ')“?—l’

. The pressure is maximal for

. g -lm-m—-—~

.-
A ‘ﬂ-f..;%l) ' ,-_,‘.

T- illustrate the preceding genéral results, wc'fakeva specifién
exsmple. Let p = 1!
iiguid shell has the density of stee] Bey, mo= 24,5 #. - Then,

“Ar x = 1.01, the max mal pressure is reaoned for p/m. = 0.937 and

is equal to 15.f -« 10!! dynes/cm? > vhich’ is 51xteen t.imes preater

dynes/cm?, r; = 2 .em, ro = 1 cm, and the

t-an the external pressure. The maximal velOCity 1s rcached at the:
inner surface and 1is edual to about 9.24 - 10s cm/sec.
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In this example, the initial
shell inner radius was taken as
"~ 1.73 em, and at the stage of
contraction censidered, the externul

w

and internal surface radii are,
‘respectively,. 0.14 and 1.01 cm.
" The pressure has a maximum at 0.29

Figure 40. Pressure distribu- c¢m from the axis (Figure U40).

tion in radially contracting

cylindrical 1liguid shell sub-

Jected to pressure on outer We can assume ithat, for a shell
-surface.

Distance from axis

_ of any real compressi le liguid,
the pressures and velocities will be less than in the case cf a
shell of ideal incompressible ligquid. As a result of the elastic
and plastic properties, the'behavior of a metallic shell will _
differ even more from the behavior of the ideal 1iquid shell. The
magnitude of this deviation cannot be predicted at the present time.

Experimental Verification of Vew Theory of Jet Formatior in bhaped
Charges with Conical Liners R : '

The experinental s*udy reported herein was undertaken to veri
a new theory of Jet formation from charges with lined conical
cavities. This new theory and the studies described In the begin-
‘ning of the present pape¢ yield a complete picture of the subject
_phenomenon.

In the new theory of jet formation, it is asSuned tnat dm, Vg,
dm dmj, - and’ VJ depend on the position of the subject zonal

~ element on the surface of the cone, 1 €., they are *unctions of x

- — the distance of the zonal element plane from +he apex,. measured
along the axis. Thus, we:examine a conical shell element of mass

4am between two planes perpendiéular to_the axis located at the dis-
tances x and x + dx from'the'apextn The values of m,.ms, and mj ¢3n

‘te found with the aid of the integrals, respectively, of dm, dms,

and dm,, taken in the limits from x'= 0 to x.



Detonator ‘ : : Then ail she quuntifles o, m o,

p Wooden holder _ ‘; ; S

. L 1y A 3 . e -~ 4y e LA
Tetryl booster _ m'_]- y <3 ALG th LeronaT1on v

’”st pentoli te 50/50 velocity U, are defined as Tuncti v
cof %3 it has also been found thats
. For the three unknow:.
¥ 0.94 mm thick functlons 6(x), Velx:, and B(x), we
obtained ahove the four independer:
relations (18, {(2&). {27), and (257,
With the aid of two of these lTour

M{gure U1, Cross section

elations, we can ezrress Lwd quar-
2f standard charge. iacions, we 2 ipre S LWO v v

tities as functions.of the unird,
unstitute the iesulting relatlons into the remaining two, and
wwvain two independent relations for the third unknown quantity. IT
7. basic zssumptlens of the theory are sound, the two sets of
‘m31lues obtaineu Tor the third unknown from these two raiztions
thould te the same,

'For axperimental verification of the theory, we selected the
¢tlon % as the third aquantity, since 1t can be determined qulte
amply from (27} and (35) after substituting therein the values of
> and Ty from J12) anu (24). Since A = a + 8§, ths qu'nti*v B does
‘ot appear l.. ihe rlichy sides of (27) and (35). We can obtain B8

e

-,
.

\

sirastly fror experimental data with the aid of (27){ The experi-
wontal Jeterminaticn of B using (35) is more aifrionls. '

und B from (18) and (27) into (24), then from the resulting
‘sgsion, we find V, 2nd substitute it into (35). '

in order to exclude the velocity Vo,from'(3%), w= substitute. 9§

Experirencts have been performed with a number of different
aharge types; however, in the folliowing, we pfesent data relating
nly to charges of “he type shown in Figure 41. The ekperiments
3how that the concluslions derived here are alse valid for charges
af the other types. The charge shown in Figure 41 consists of a3
aylinder of cast 50/50 pentolite weighlhg about 227 g and a steel
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- shown in a; e¢- whole recovered

conical liner whose apex angle is
44° (o = 22°) and wall thickness is

' 0;9me. The' charge s boosted by
a 30 gram pressed tetryl pellet
and initiated by an electric

- blasting cap.

™ [N )} . - )
Figure 42. Fhotographs of: The mass dm of a zonal element
a- grooved conical liner for s - N _
slug recovery after charge 1s,determined by the lirer design |
detoration; b- elements of and can be calculated with reasonable-
recovered slug;, disintegra- '

ted during detonation of
charge with liner prevared as- due to lack of precisicn in he

“accuracy. However, to avoid errors

' £ | £ the +, specimens
slug formed during detonation manufacture of th :liner_ specimen

of ~harge with ungrooved . . of the charge were sectioned at

1
conical steel liner. accurately determined intervals and

‘each section was welghed individually. This determination of the

elementary mass dm yilelds an accuracy better than 1%.

The values of.dm as a function of X were determined experi-”’

mentally very simply. Before 11n1ng the charge, the "onical liner
was cut into individual rings of” the sane width or 5rooves were

made at regular intervals along the axis. mhen the charge was fired
in a deep container of water. After firing the eharges with either
sectiocned o» g"ooveo llners, the slug, disintebrated into individual
elements correswonding_to the liner elements, was recovered rom the
container (see [1})} -Figure U2.showsva:grooved conical liner, the:
slug sections~recovered aftervfiring a charge'with this 1iner, and.
the one-piece slug formed when firing a ‘charge with ungroovod conlecal
liner. ‘ ‘

While the slug elements can be weighed to within 10° g;
because of statistical fluctuations, the precision of the determinz-
tion of their weight varied from about 3%,forvtheyelemento formed
from the parts located near the liner apex. to 0.3% for the elements
formed fron the‘parts located nearer the'base. Quite dirferent
weight values are'obtained for the slug elements formed from the

TN
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Conical liner mass, g in Figure 43, which shows to= 2l

'1." ie -

. :.‘u* iple sectioned cones mass distribucticn as =« funciiorn o

a. ngie sectioned cones" ,

. C © _Allner mass, wWe take as the asy g
Tigure 3, Toprpolatio uz - :

:3;’?‘ o ‘”rwi'“ti nof slug value cf the slug mass Lhe avers.
cLment Nasses with liner ele-. ) ' i -
oot wasces determined. experi- - mass of the whoie slug fornes voen
neatglly for sectioned liners - - Lo, 2 eharge Witk unercoyved
aud liners with vasious | '"oo"ing.‘*‘*ng ?;c‘a‘g' Wa LR ARGPCuY ey
s e P ket one. Tuls fige ShOWS the —-apel -
Tueca ~f fet mass aistviﬂatiung cone.. Tuis Dlgure qlws vhe e
chiaircu rom experimental curve mental results obtained hy uiis
*U 371 mass - distribution. . e

i - . s T eenbmi{gue for a series of cimyores
Total slug masc is 12.6 3. shnlgue Lo Teres B

- ' of the type shown In Pigurs L1, W
<2 Lral the re:dl1ts o7 the experiments with groeved 1iners . oee
w20 the rasuit: Of experiments with. )re sect loned: liners.

fhes curve o [« mass n, distritution as a funeticn nf liper
Tos T osn o Fliure 42 was. o ?inLu by subtraciing 1 he carve oo
< frow vie suralght line M; however, the value of the 4oial fet mama
. 3 ] ] L g .
Y B.35 he fheckeuiexﬁerimenzallg,;since the jet s ecnseoved
entirelv vnen 1t T ravels in water or in lfce.. The quantitiss =, and
2 i _ €€ . _ J
S, 20 pat avpear In owny of the r;lat;cns.(lB’, {28Y_ 127, and
¢ 1 L, 42l te toecy the nropOScd new thecry ol Jesoiemiation,
Teweven, s wili be seen later, we mus»,xnow.m,{x) in srder ‘o
v , . J ‘
«oorme Voix), slnee Lh2 velnci-y ¥V, is ste"n!:M Srom exuericon
N -4
L6007 lanrtion of .,
-y
T deton o odnva J"quﬁ tion volooity is krowun to he
sorr o2t Tor a2 glven wxplosive. However, ther: ls evidsnce that
St Zemination wave veloeciy is lower iIn chin sticks of exrlosive

LSRR nisv 3t lt¥s.  Since the heit of explesive arwvind b

e S linepr graauzily becomes thinner Tron the zvrex oWt the

Ne cnmbn Wt vel e
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Figure 47. Experimental correla--

_Fromt of '
undisturbe

_ e W NN R .- Figure u8 calculated. depen-

Velocity of front of remaining jet dence of jet element velocity :
) T -~ -VJ on ‘initial position ‘x.of

‘ fcorresponding liner element on

tion of mass of unused -(remaining) .Parent céne.-.

part of jet m, and its front

rem

-dvelocity. T ' _‘.i'targets~10catedhatlsome distanoe

0~ inidividual observations,'Oé
average. v

“from one ahother and record the -
| Jet front velocity after passing'
through each ‘of these targets. Velocities recorded in this way are
shown in Figure M6b from which we . clearly see that the leading Jet[j

‘elements travel faster than the trailing elements.

However, the target superposition method cannot be used to
determine the Jet element velocity dependence on the position on the :
liner of the zonal element from which the given Jet element was.
formed " In order to. establish this 1mportant dependence, it is

~ necessary to shoot the jet through a single target and. then determine,
by simple weighing, the mass of ‘the Jet elements which have passed
3*through the. target lhe mass mJ of an individual jet element can be‘:‘

‘vfound as the diiference between the total Jet mass and the mass of
o its elements which have passed through the target.' The velocity of
,,the mass mJ is V‘,j and is recorded by the camera. Using targets of

_'different thickness, the velocity V'j and the corresponding masses mj‘

of the various Jet elements were determined ' The dependence of Vj on

m

Ex

was thus found. Using the averaged mj(x) curve shown in Figure L3,

‘we can determine‘VJ(x) Figure u7 shows VJ as a function of the

Jet ‘mass which has passed through the target and Figure ns Shows
V., as a function of x. - e : :

R : : s e e M8 b




"~ In prineiple, the uroee jurs

for determining Vj(x) ls simple.

'snfbuﬁncoiIQEﬁion.of tne jet particics
f3after:the¢egniQSion is evceedingly

| ‘ . ,Tdifﬁicu1t 5ecause}Qf'the high pene-

Figu* 49, Calculated slope oi gtreting abiiity"df'fhe-jet and 5he

LO;lapSEd liner as function Of ~tremeud¢ous radial 5tresses. a:is;'g

csition x of corresponding
Jlnen element. on parent cone. ©.as the jet p"opagate in any medium.

n:*ially, water was used. as thz medlum for nollec Lng the jet

epinticle In ;ater experiments, the: JEu partiele were ol:ecied
more convenlentlv and simply in cylinders of - 1ce.' In eltner cas
iy was necessary to use several gal4OﬂS cf waue* to- collent Jet.
particles we;ghlng about 31x brams and gaving dlwensions-fron .01
.to l'mm.- In order to determine the Jet mass, the water was carefully
1;*ucreo and’ subJecfed to quantitative chem1ca1 analy,is., Tne tar-
‘gets'u ed to remove Lhe leading elemen :_of the Je+ wefe natuna
_made from a. materlalvdifferlng~from the jeu ma*or al. - Tne experiment
'wequlrcd considerable care to prevenL 10°s of ervlpf the Jet Darﬂicles.
"Aend avoid contamination of. t e spe01men,_ The expe’i'entaW error |
"“ the Jjet collection experiments cannot be evalua a eccurately,

but orobably amounts to. abouf Mm;

We see from (27) tbat the slepe of tne my gersUsnm.cnrve'(see

‘lgure 43) 1is equa1 to "os28/2 The chVe of 8 versus:x obtained on
the baSlS of this ”elation is p¢otted in- Flbur bl T is ﬁingcul‘
ntc_ ferentvite an. experimental nuvve w1tn3_ ‘N gh,?n‘ree of accuracy.
To hain all. the ancurd cy. possible from the data, = Ei?*h'quree
'3,«1ynomial was used Lo approxinate the curve of Figure 63, using the
igast quares Lechnloae* and the values of - B were determ ned Fy
dir ect differentiation._' ‘

*Birge;'RQ;;Rev,-MOGQfPhys{,EVoi; 19,-19&7;Jpp;‘298 - 363,

s
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The V,

~ a secondary role; they are

a.'un'_' -
T - ' ' : AVo(x) with the aid of (24).
-Figure 50. Calculated dependence,- T
~ of liner element ‘collapse ‘velocity v ‘fhe final result Of this part
-~ Ve on element position X on parent ’»'of the experimental study is
eone. - i " shown in Figure 50, which

. ,Vdisplays a curve of Vo versus X These values of Vge(x) can be
"_.substituted 1into (35) to find" B and compare the values obtained with

the curve of" Figure u9 However, it is simpler to substitute the

.1jvalues taken from the curve of Figure 50 into. the parametric
'relations (28) and (29), from which (35) was obtained, and find the

pivalues of z and r for different time intervals. ‘From the values
‘of z-and r we' can draw" the contour of the collapsing liner at any .

instant of time. The angle between the 11 ner. contour and the axis
determines the value of the angle 8 corresponding to the liner

. element located at the given instant of time on ‘the axis. _As an
-illustration, Figure 51 shows the collapsing liner contour in a
'3 particular case._ We see from this figure that the liner element

01, 1ocated originally near the apex of the conical liner, as-a

ifresult of collapse, has split into two parts, one of” which (o", 1m)
“entered the slug and the other (0""1"') -—-the Jet.‘ A liner element.
'-located some distance from the apex (cross hatched) as a. result of .
acollapse has moved somewhat ‘toward the axis and together with_the
_tneighboring elements, forms the contour ‘of .the: collapsing part of’
l;the liner. 1In Figure 52, ‘the circles Andicate the values'ofis
ifound graphically ‘and’ the solid line shows the dependence of B on
dx, obtained experimentally by determining the slug mass. _Thé‘d ’
"-agreement of the results is better than could be expected on -

:"the basis of experimental accuracy.i;_ Tl o

It is easy to see why it appears that an afterjet forms. The'

:collapse velocity of the liner elements located near the apex .
'decreases very slowly, just ‘as- indicated by the steady state theory,
but as the wave approaches‘the base,.the velocities.begin to decrease.
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necessary only for determining

-(x)‘and’B(x) curves

shown in Figures”QB‘and,M9 playr




. Detonaticn wave .

‘Figure 51. Illustration of" braphic solution'method!
"Bositionq of 11ner plemen s 0, 1, -2, slug elements, and jet «lements
zalculated for.an arbitrary in hant of:time. The values of V, and

§ were de tprmined from i he relations ‘u_f" : '

k'r%-‘ ul--‘) andmﬁl - " o |

The position of an element which has not yeL reached the axis,
such as element 9 ~— 10 (hatuhcd), is deternined by the product of
vy by the time elapsed from the instant the de;onation wave passed
" through the element. "To“determine the thickhess of any elrmen of
the collapsing. liner, 1f is: quiCient_to apply the mass conserva-
tior law.  For elements such as 0 — 1, which has already reuched
the axis at the considered time.and split into a jet . and. a siugg-the
. time since thelr-arrival at the axis-at 0'" and 1', respectively,
' “1u‘determined'"1mp1y‘ the ve1001ty of the Jet el@mcnt is .known and'
that of. the correspondinv s1Uug -element. can be calculawcd thgu, the
positions 0" and 1" of the.slug elements and oM and 1™ of the jebt
“elements are cetermined. V'To.determine the jet and slvg diameters
it is necessary.to know. the cisfrlbution of ‘liner. ma’v hetween the
it and-~lug. s It is obtained from the. relifion o TR

;ti»‘"é‘

lhe,ungle uetwpen une axis and the tdngenn to the centerllne of the
col-apuin» lirer is the. angle B

_ much more "apiuly '_As“alres lt of this, it apoear thjvlvhe jet is
‘u;ss\inq from the- siuv long 2 *Lnr tne completion 01 th° Pullapse
- pbrocess. However, ho eVper;men»al data do not *naihavc»any JUoti~
'-Tfication Tor dividing the phenomenon into: two “ﬂxts{‘ Innféct, it
fis;strangevpnat, in the deL VjuJ nonlinear variatlon of'm, B,”and.
s with x /Sﬂn"urveo in inureu 435, 49, and . 50), unilorm mass
QiSuPibUtlon and linear veiocit gdi trinution are obtalnen. .The’i
MAES bf thﬁ liner aiements . and 1 the COPPEuQOﬂdinb dng,u 8 ilncrease
from* *hn cone apez toward the base., COnpfduentiy, we can expect:
that the front.’ parts of the'*ﬂt contiin f»r‘1CQS'mass than the roar
pa rvq, i.e., the diamnter nf the. front part of " the jet 1lg far
smaller than that ol the rear part; - however the liner collapsé

7h'
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voﬂff—Target" ' )
olen - Glass R /

ofm
L { Mild steel P
omm Lead 7y 4

- Figure 52.° Comparison of results
‘obtained by graphical solution of
the parametric equations and -

experimental determination of

- slug mass. L . o

\ —— - experimental curve, 0~

graphical solution ' o

‘ Distanvce‘ froin apex ‘of origi'nal cone,. cm v

Ty
Velocity of jet elements (cm/Usec)

'Figure'53;“Positionﬂof jet

- L e ‘elements 50 microseconds after
velocity near the baseedecreases : detonation wave passage ‘through
quite'rapidly_and'it appearsfthatv'cone apex as function of velocity.
.- a uniform rate of mass entry into ., - ~s¢or a large number of

Tthe jet is obtained ' The curve' different targets located at
of uniform entry of mass into the various distances.‘ -

Jet is shown in Figure 47, the liner velocity gradient is shown 1n
Figure 53. ' ’ : : , 3

The method illustrated in Figure 51,-can be. used to show the
"process of - Jet formation and 1iner conical collapse (see Figure 5&)

The results of calculation using this technique can be compared
Awith the pictures obtained by flash radiography (see Figure 9).
Although the pictures were obtained for charges of a different type
than shown, -the agreement of the calculations and observations is’

'very good

. The- data shown in Figure 53 were. obtained from additional
experiments which were not required to verify the theory " These
experiments were made with targets of differing thickness and
differentvmaterial, 1ocated_at various differences from the charges..
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“The data shown were obtained with




: _i,s oLy

[l ’ 1 v, . v oam : . .
Tney onnfirm the ausome Dol

< , < ' l Q. é—. - during target nensuratton, Cl Lo
) - . o 5 e oo 4 tntarn. et
a b c - d

Jet wslisments oo nol i

| : ’ ‘elably with each other.  Tho diliw
. , - ) “n | -
e rap rious stages Pf" were obbtainod using = rolatine
churge liner collapse. 2R %, 4
3

. . . - R : ‘e 0o ‘y.::; S»‘ it
2.5 microseconds; b- 5 mlrr e i

mizroseconds; . c- 10 micro- . in obtaining the gholograph sroun
sevonds; de- 15 micrcseconds . I

e ~in Fipgure Uhg.,

arter devonation wave passed A

the cone ?pur. :

In our experiments, we dic nov
make use of the fact that the horizdntal distance betwsen the point
of jet entry into the target (at this point the Jet trace in

Figure 46a disappears) and the point. of jel emergence Irom the -

target alsc determines the time reguired for target senetration.

- If we assume that the Veloqity'o? th3 e1ement located st Lhe
front of the Jet oﬂerving-from the target does not chanie as it
passes through the Largnt materiat, we can calceulate the position of
‘this element ax anv in"tant'Ox time. By Vafyinﬁ fhe'target. thKAC“s-
we. can select di"ferent nlementc traveliing at d*iPexan‘ V“AO ties
LG 2e al the rrony of Lhe emzrging part of the Jet. '“hus::it»is

] e Lo determine the position ofvany element at any instant of
"*imé; Figure 53 chows the loca Linns,df the jet eléméhts 50 niicro-

seronds afioer Lhe_jﬁt f?@d pdb sed through the base r"rrcvof vho
originas liner. The agreement betwéen'experimental'daza obtained

@ith charges lceated at varicus distances from the ‘target indicates

?,

that the =t = nent Vv*( ‘it les do not change in ue upﬂbedt'Wh
preeess. The'ag"wn“ent betw ee data of experimor s With.uargp;ﬂ of
difrerpn% twri 1s indicateq that adjacent_e]em@nts 4o not ‘have

anuy marked inf Luenue'on nnD inofhu“ in the pehetration_procmss;‘iTt
fe. s:tha;‘thésevaasumptions cannot be completely true. The

'nxper mentail evidence'only-Shows;that neither.thc fricLional resis-

tonce of the alr nor fhﬁ*éldétic'Or<plastic‘stresse$ within the

jet ure great enough s notlceably affect the velacities of “he jeu

elements. IF thé jéi' truvels a distanceiof”l?.2 retars or more,

the air resis an'ﬂ‘increase:; primarily becauce the jet bhreaks dewn

into particles. fic long as the jet is continucus, the air rasistance

FTL=HE=23-2850-71 T2
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his very litoio S oty thr vélnuiﬁi;u:.;r Phee e e e o
"hies ?“.(‘)‘.’.’ been ;;.;\;-_:-,‘.g_;'_t Loto '\ié‘t.‘i?\‘f?‘i any ‘,t:.\.;‘_“?,.'.',, ,-t“".‘ _._.!‘; “, ‘
in zhe/“irat .51 m»ﬁer'uP thu'jet‘trgv¢§; PPERT Ch et e
f?CCPded bsv”hU-PuLating ﬁirfor.qameré»pﬁ thv'i': (TR RUR N S

. * - -~ S " -3
ilul‘d"'u“ BN n grvedte s

Thus, the ciperimental evidence coniirms anive weln Thal 00

Pormatlen fron charses wlth 1ined r-."'.n'i cal o eavities talhr b - in
w2 contlnucus process sad that Lhis provess s analogous S0 10
’?3‘"ﬁuynzmic process on tne basis of which we prévioﬂsiy e AL bl

. ; P vt & e e Tt o R B R
h 1)ruatioq ot nnly the front parts nf the e 5. !hk IS H U WS

S~
e

used i the first variznt. of the theory, that the entir- “phencmenon
e stendy state In an appropriately.se}uuted‘uﬂopdinate ?v"“'.

Il

prr':ts us tom:xp1uin the formatlion of-qnly'the ftrsy.par* of o he
jet and we cannot explaln the formation of the afrertet.  Proviously,
the {srmation of the af pr';'iet"had to be éxpi“ineﬁ. n seme oLher |
’wdy. As we would rypecu, t,hn existence of a veloc Ltv aradiont cdlorn
the length of the Jjet naturally fOl]OWu f'rom rhgf-ﬁu thaﬁy., v

azl ears that the firétjvariaht of t'he theOf&ﬁcan u¢fus@d tn‘qﬂuiﬁn 
“charses wlth1constdﬁt'ljner éQ1lnpée veloétty; but_ihén thevo’wl}i--
not_be'ahy'Velocity-gradient'aIOng the Jét,-j;é{,‘phe’Jet will nn?
léﬁbthen 3nd consequently,fthévoﬁnpfraflng'abiliiy G the Jor wiil
be’ less th ar one L1fth the actual va alue, “The c¥p- “ydnients show Lhat
‘*hg charre des*fn chown" In Fivurp NL iu.ve'vb.oftandfv ;n'fhn v~ﬁ°ﬁ 
'vha-,' hen i+ i<3{4rnd & jen-[s_lormeuAnxth .he*éﬁqujrqd'v e iny .
rradlcnu uhich provides. *h:uniforﬁ'bdtry‘of méﬂ$,15fd5zhv'??~~i
Jet andllinear-ve1001 y diutriburlun'Ln Jhe'jét. L ‘
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