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Part I gives a very simple approximate one-dimensional treatment
of the terminal velooity imparted to a rigid mass by a mass of high explos-
ive. The one-dimensional treatment is presumed to be approximately valid
for the cylindrical cese provided the charge thickness is small oompared to

the radius. The result may be expressed to a good approximetion by means

. 2 u
of the simplified formula v ;...m..ﬁ ()
P m 1+me7m ’

where m, 4, is the ratio (mass
of explosive/mass of projectile) and ug is the initiél‘internél ensrgy per
unit mass of the exploded gas, assumed to be initially at uniform pressure
and temperature. In FPart II the mechanics of the cylinder itself is treated
from simple energy arguments using the assumption of a constant ylielding
stress, and the result of Part I is applied to estimate the attainable col-
lapse ratio as a function of the mass ratio of explosive and cylinder. In
Part 111 a few now experimental data are considered. The observed collapse
ratios are found to be in rough agreement with the ones calculated for RDX
if one assumes an effective yielding stress of 300,000 lb/inz. The observed
re.ss iatios for THT are however found to be high by as much as 50%. .The
discrepancy can be attributed to several things: (a) The theoretical mass
ratios are only approximate and are probably too low. (b) The assumed
value for the ylelding stress for ste'el (10~20 carbon, cold drawn) may be
too high and mey have a lower effective value when the collapse is rapid

than whon it is slow. The origin of the discrepancy can be setitled by meas-

urements of the rate of collapse, or by direct measurements of heat generas-

tion. Thege experiments are now in progress.
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THE COLLAPSE OF HOLLOW STEEL CYLINDERS BY HIGH EXPLOSIVES

I.  MAXIMUM VELOCITY GIVEN TO A PROJECTILE

A correct treatment of the motion imparted to a projectile by
a charge of high explosive involves a number of factors which complicsate
the dynamiocal problem of taking into account simltancously the motions of
the whole systen of projectile plus exploded gas: (a) The equation of
atate ia rather complicated bscause of the extreme initial pressure and
donsity. (b) The equilibrium of combustion products presumably shifts as
tho hot gas expanda, and {¢) The detonation wavs leaves the exploded gas
with a residual momentum and & non-uniform preassure distribution. A very
rough preliminary treatment which is of some use in oorrelating experimente
al data may be given on the following basis. (a) The motion is assumed to
be one~dimengionale This should be a fair approximstion for "implosions"
of cylindrical or spherical shells in which the chargs thickness is small
gomparaed to the radiuse (b) Tho detonated explosive is assumed to be
initially an ideal gas at uniform pressure and density. {c) The projecte
ile ls aessumed to remain at rest while receiving the impulse from the
explosive. Assumption (b) is presumably & fair approximation if the
explosive is detonated in several directions at once, and (¢) omn bs valid
only for small ratios, mo/m. of explosive mass t0 projectile mass.

On this basis we asaume that only tho boundary layers of the
dotonated sxplosive move, forming a discontinuous shock wave in the outside
air and a discontinucus rarefaction wave moving into the exploded gas whioh

is assumed to maintain thd oinﬁtzal prepauieo Po until the rarefaction wave

S Fgmignm =
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N = “MASY

pasaes. The last asaumpticx; ik n&t afve&‘x.d.ohe as the rarefaction wave

cannot remain diaoontinuous, but ia used only as a orude approximation to

&=

represent some kind of an average motion of the wave front. A rigorous
solution for the case of an ideal gas is given by Streid in another report.
Referring to Fig. 1b, we then assume that there are three regions

of oonstant pressure p,, p' and the outside atmospheric pressure p1. that

/L 5 rarefaotion and shock waves
P lo
r
Projdt Fig. la
i

travel with gonstant weloocities

v, v'1, and that the boundary

' Do
between expanded gas and com-
v _

s . pressed air travels with comstant

) D

w hed ]

é -t Fig. 1b velooity v . The conservation

o

/: p* ~ ' vl . laws for mmses, momentum and
(-] /? Ly,
N N energy may be written down in

.«7a 1 AN - X

Detonated Expanded Air shook the form:e
ga8 gas wave
(1) Pov e piv +v')
(2) Po = p' =2 ow' Rar;fac:ion
) 1 ) ( o v'g ron
(6) ~17'y = Plalvy = V") Z
(68) »' - p = pyvivh \.  Shock
' / front
t 12
(3) .——:!‘-... R._ Rl +L.{ vt Op'v'-pv’/.
Y-1\% ,1 1 2 | / AR vl

J

Hore Xl P2 =u is the internal energy gq;* Jnit wass.
L_J 1 /:l ° ... 0

oo S .
... ... (1] - dtu—
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Those are readil&’osb:ﬁ'éd £3% the two squations in v'ie
A
V .
N x4y {2 -ux)
{ X x _iMT TY w1
felx=1 2 Yeolleux 2
1 P 1
whore u,; = - 2L, u, =» — Bo,
toven I ° ¥e1lp,
B 21 P!
and. x = ;/-('= AR B
By P, P

v}

Now x >> 1 and uxX <<l 80 that to a good approximation

v'& auo and xmm.-}ig

)

and the velocity of the rarefaction wave is

o« s
v o 2l e o (ponfle
Lov Lo /2
%

Thus from the equation for 9@ we seo that the kinetioc energy of the ex-

panding gas comes ocut to be approximately equal to the initial internal
energy of the detonated explosive.

.Tables 1 and 2 give some applicable
data for several different explosives.

As the ideal-ges relation for the
internal energy u, © o1 71;9- is not applicable to the highly compressed
/o
explosivo gas we maoke direct use of the calorimetric measurerents of the

snergy of explosion and put this equal to u,.
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TABLE 1. MEASURED HEATS OF EKPLQ&’CQN’ (sar :.'bsau!mg density 1.5)
(Kistiakowsky, OSRD # 293)

EXPLOSIVE HEAT OF EXPLOSION DETONATION VELOCITY (meas.)
TNT 660 cal./z/ 6700 meters/sec
Tetryl 890 7200
PETN 1410 7600
Cyclonite (RDX) 1240 7800

* TABLE 2. FROPERTIES OF PRODUCTS oF ADIABATTC’fCONSTANT ~VOLUME EXPANSION
{Caloulated; (B: Brinkley and Wilson, OSRD /ff 1231)

EXPLOSIVE LOADING DENSITY TEMPERATURE PRESSURE

RDX, Comp B 1.62 3147° K 98,8 x 30° dynes/cn®
TNT 1.46 2910° 65.4

50/50 Amatol 1.58 2480° 79.8

For RDX, density 1.5, one then gets

x-P— 163
151

L < Bo_ 610

~x  p°

v = 3.2 x 10° om/aec.

v = 0065 x 10° on/aec.

The total momentum given to the projectile por unit sectional area will then

bs, for small charges of length {,

P = polofr = /‘02 Vi mgvl.

Alternatively,

I -
CIERE S NCLssirEp-

is the muximum velocity 1mparted' dto~t!§a pro;jggtm& of mass m per uait sectional

.oo o:o eoo "' ..
areto
o 000
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This suggests tha'l: o."somewmt beﬂ:ter result may be obtained by a
direct overall application of the conservation laws, if one assumes the
internal energy to be divided between projectile and sjocted gases. The

equations are

The solution is

(8) | vs—%-v'

i
°§'

This is plotted in Fig. 2 for RDX and TNT using the measured values of u, from
Table 1. In the figures and in all that follows the notation m,, Sfes Tas ,2,

has been used for the mass, density and dimensions of the explosive charge.

IXl. MOTION OF TRE CYLINDER

The pressure existing in a detonated high explosive is of the order
of 108 1b/in?, which is much higher than the yielding strengths of any ordinary
metals. In treating the motion of a collapsing shell we therefore assume that
there is plagtic flow against a constant yielding stress throughout the shell.

For the simple preliminary treatment we ignore volume changes and
therefore any effects of elastic waves. The shell is assumed to receive an
initial inward impulse from the pressure p, and there-
after to move freely against the yieldinz stress. This
assumption is not quite valid because the velocity of the

rarefaction wave into the exploded gas is w 6 x 10° cm/seo.,

wl';icb,.ta oi‘..thc..s&me order as the velocity attained by

the shell; this shoula*not‘hqt!ev&. bu‘ieﬁsly invelidate the results. The

motion m?mﬁ Rmmgzoﬁ:f)y 'the° energy Oqua.tion K=Ky =W where K is the |

ABPRIVES” For BUHKY RELm
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kinetic energy of the shel]..q,t any std%e. of .the motion, Ko is the initial
kinetic energy, and W is the work done at that stage against the internal
stress. 1f W and K, are known then the velocities of the inner and outer
surfaces can be calculated as a function of the collapse ratios. K, is cal-
oulated from Equation (8). In applying Equations (7) and (8) as approxima-
tions to & oylindriocal or spherical case it may be noted that in (7) the
mass ratio should be taken as‘fbtezbt where to and t are the thicknesses of
explosive and shell, whereas in (8) one should presumably take the actual
mass ratio. However, since (8) approaches (7) for small mass ratios and must
in any case represent an upper limit, we have used me/h =Jpet946t in all

that follows. In the worst ocase this is about 0.6 the actuel mess ratio.

Work of collapse

The pressure required to deform a thin oylindrical shell of radius

r and thickness Ar, against a constant yielding stress s, is

sAr

P= r

If the volume change is neglected then the volume of the thin shell is

AV = 2WrAr = const., and the work requirad to collapse the shell to a

radius r' is
r'

AW = =g2ﬂ‘r ar/r = saVia(r/r*)

of
\l
o
Let Ry, r1 be the initial and final outside radius and Ry, rp the initial and
final inside radius. The total work to collapse a thick shell from Ry, Ry to

ry, r2 is

W =g |ln I av.
f - UNCLASSIFIER
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1f we use the constant-vol\.\'m‘g r%slitiozi ::’ §

0ﬁ”“£3/ﬁ[g i

rz - Rzz art? - rzzs Rlz = Rzz 2 rlz - rgz
!
T2

with the notation

r Ly |
A= - g""'ii x%- Ri y = "ni' (called the "inner collapse ratio”)

the total work per unit nmeas w, mey be written

(9) W 3 -g- = Tséé\‘z &yaﬁnyz- lnx® - 32{n )8 .

Here %, y and A are related by the constant-volume condition

2% - yz =21~ )\2.
In Figo 3, w/(s/2P) is plotted asa function of y for two values of h . We
put w % v2/2 where v is the equivalent initial velocity to produce the
collapse ratio y and in Figs. 4 and 5 we plot v against y for thres wvalues
of the yielding stress and for two values of A. For these curves P=7.5,
whereasg it should be about 7.8 for the steel oylinders of Part III. The

curves of Figs. 6, 7 were derived from Figs. 4, 5 by using Fig. 2 to convert

equivalent initial velooity to mass ratio.

Rate of collapse

The kinetic energy may be shown to be

R hE Rt INCLASSIFIED
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where vy is the velocity of f;he *n&‘iaeo su;rfapeg, and x, y and ) are connscted

by the same constant volume condition as before: x° - y2 = 1 = M. If we

0/’

write w = (s/2/;)g(y)' then the energy equation is

(w2/2) £ (y) = vo2/2 + (s/2P)g (y).

This may be used to find vy as a function of y for any assumed value of voz.
For the case of "oritical collapse" £(0) = 0, so vc,2 z -(s//ﬂg (0). The
kinetic energy funotion f(y) is plotted in PFig. 8 for various values of A , and
in Fig. 9 the imner velooity for the critical case has been plotted as a
function of collapse ratio with A = .667, 8 = 300,000 1b/in°. The inner

velocity is also shown for the same initial velocity, but no resisting stresses.

In this case vy = vo/\( £(y).

111. EXPERIMENTAL RESULTS

For the preliminary experiments, which were of necessity dons with
meagre equipment, the aim has been first to observe the main features of the
phenomena when metal shells undergo extreme and rapid plastic flow under ex-
ternal pressure, apd to make an empirical determination of the relation betwoen
collapse ratio snd mass ratio. These experiments are being followed by
observations of the velocities and times of collapse, for whioch several direct
methods have been devised.

About 30 experiments have been carried ou't with mild steel cylinders
ranging in diameter from 3" to 6 5/8" and in wall thickness from 3" to 13".
The explosive used first was TNT crystals packed to a density of about
0.87 g/oms, and in all the later experiments, & plastic explosive called
"Composition C", which is a mixture of finely powdered RDX (88%), also called
“Cyclonite’, and vegetable oil (24".%). an t.osgmbly typical of that usually

used is shown in Fig. 10, Wl’ﬁ.f'.h.i.s .draai:z to znale for Experiment it 26.

= UNCLASSIFIEP
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The results of 16 expor;megit’;s’ifré: la.sted in Table 3 in whioch the
figure numbers correspond to tﬁe pﬁotogra’pﬁéz “The experiment numbers are
marked on the samplea in the photographs. All the anslyzable data are in-

. cluded in Table 3, as well as a number of typical examples of the sort of

fragmentation ocourring when large charges are used.

Analysis of the date; stability of collapse

The greatost difficulty in obtaining interpretable experimental
results arises from the instability which necessarily exists when the wall
thickness isamll compared to the radius. This is further enhanced by the
non-uniform pressure left by the detonation wave. The detonation wave effect
cen be reduced by using multiple detonations, started simultaneously by tying
several primacords of the same length to one blasting cap; four detonation
points, spaced evenly around the circumference at the middle of the cylinder,
were used in most cases (aee Fig. 10). The effect of the non-uniform pressure
left by the detonation wave is shown very strongly in Fig. 14 (Exps. 9 and 11)
where there were four svenly spaced detonation points at the ends of the
oylinders (at the bottom in the photograph). Even when several detonation
points are used there is usually evidence of greater action in the region
betwesn detonation points. There are almost always sharply defined lines,
along which the detonation waves come together, showing at least a slight
etching of the metal and in several cases a strong tendency to shear. This is
shown expecially well in Figsf 12 and 13. When shearing rupture occurs it is
usually along a surface making an angle of about 45° with a radial plane, which
is the direction in which the strain is a simple shear (also in which the
sﬁearing strain and stress are a maximum).

1t seems likely that fairly uniform collapse can be produced by

using a sufficiently large expﬁoéi?re. chargo, 'ilg.is conclusion follows from the

fact that the pressure exorteo.’by %h’e?’e&b’loéive’ is large compared to the

“ APPRO\;ED FOR PUBLI C RELEASE
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gtrength of the ma‘berial ;;;d:;..f .;;10::.;}1;.:[13 are given a large enough inward
momentum the stresses shoui..d. élay. .s.. ;.e.l;.;:ively small part. Experimental
evidence for this is shown in Figs. 11, 15, 16, 18 and 19. In Fig. 11, Exp. 1,
for example, the steal tube was 3" diamoter, 4" wall, with & 3/4" charge of
TNT orystals; Exp. 7 was the same except that the charge was 13" thick. In
the first case the tube collapsed more or less uniformly until the wall had
thickened to about 5/16", then ruptured into a number of strips which went
into an irregular bundle. In the second case the collapse was evidently quite
uniform but so violent that the tube bounced out egain and fragmsnted. The
thin-walled copper tube of Fige. 15, Exp. 5 1s another striking example of the
same thing. |

In attempting to interpret the data by means of'the curves of
Figs. 6, 7, only the cases of partial collapse, or else complete collapse
without fragmentation could be used. In cases where the collapse was non-
uniform, or where rupture occurred, an attempt was still made to estimate the
collapse ratio by getting & rough average of the wall thickness. This was
done even in the case of Fig. 1,‘ Exp. 1, on the grounds that the work done in
the initial thickening of the wall was probably large compared to the work of
collapsing the bundle of ruptured strips. The mass ratios }Pehe&)h actually
used and the ones calculated are listed in Table 3. Five points having

A =z .667 or 833 are marked with (*) and plotted in Fig. 6 or 7.

The yielding stress; time of collapse

There is no sound basis for choosing to interpret the data in
terns of & yislding stress of 300,000 1b/in®. This value was quoted to the
writer in private conversation as an approximate experimental result for

éxtreme and very rapid deformation, which appeared to be more or leoss inde-
pendsnt of the heat treai;mergt §:he steal t«eﬁi received. As this value appeared
Yo fit the data for Comgosition C.;'b s chosen as a reasonable value, although

likely to be high. Ind@dn&‘bni checke oof the effective values of s are to
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be made both by oalormetrio'mea!suzhment pi‘ ﬁhga heat of working and by meas-

H
: ees o ess oo &’

urements of the rate of colla.pse.
Iwo preliminary measurements of the time of collapse, made by a
bullet-catching method devised by Streid, for a 3" 0D, 3" wall steel cylinder
with a %;" charge of Composition C gave times of a bout 10~4 sec. The expectead
value would be about half this on the basis of 300,000 lb/inzo Thess first
experimental values should be however essentially upper limits, and further

measurements by this and other methods will be the subjeot of a later report

by Streib.

Velocities of projectiles fired with small oharges of high explosive

To get some independent information on the relation between terminsl
velocities and mass ratios, some experiments have been begun by Bradner and
Bloch, in which 2" diameter steel projeotiles were fired upward with verying
charges (confined only by pasteboard and thin wood) of pentolite of the same
diameter, pressed to a density 0.45 g/cmz’. Velocities were determined by
measuring the time of flight with a stop watch. The data for two projectile
sires are plotted in Fig. 20.

A very rough interpretation of these expsriments can be given in
terms of the simple one-dimensional theory of Sec. I, if we assumo‘ that im-
mediately after detonation the rarefaction wave travels inward from the two
free surfaces of the detonated explosive with the same constant velocity. We
then assume that the initial pressure p, acts on the surface of the projectils
at any point only until the rarefaction reaches that point, and that the pressure
is thoreafter negligihle. With these simple assumptions we can compute the
ratio of the momentum imparted to the projectile to the momentum it should

have got if the explosive were free to expand only from the free end surface.
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.

We get for this ratio o« v 00 oSe so

P/Py = re/SL for rg < fq

21 = Lofrg + L2 /30g2 for re> L

vwhere ry = radius of projectile and charge, and !o = length of charge., This
factor is applied to the result of the one-dimensional caloulation to get the
ocurves of Fig. 20 appropriate to the projectile masses used. Good agreement
cannot be expected, but the curves do seem to represent the trend of the sx-
perimental data. More complete results will be given in a later report by
Bloch and Bradner.
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TABLE 3. sum.f&m oF chmﬂrrfououz:svms

."’ -
0. . . .0

Notation: Ry, Rg = Initial oui:ex" ihne:;orédnﬂ Ty, rz = final outer, inner

radii
A= Ry/Ry
Y = "Inner" collapss ratio x'z/Rl
P he, Po+ Ns p = thickmesses and ~dens:l‘l:ies of explosive and cylinder.
) CYLINDER EXPLOSIVE
Seba/rh
Fig{ Exp.|¥ateriall R, Ry A y |Yeterial]l h, | p, |usedJecalc.
no. from
%) in. in. in.
11 1%/} steel |1.50 | 1.25 | 0.833] 0.633 | TmT 0,75 | 0,87 | 0,28 | .17
72| steel |1.50 | 1.25 |0.833] 0 2N ewr | 1.50| .87 | .67 | > .40
12| 2*)] stesl |1.50 | 1.00 | .e67| .553| awr 5| .87 L2687 .12
10*)] Steel |1.50 | 1.00 | .667| .23 TNT 1.50| .87| .32| .26
13| 3 | steel {2.00 | 1.00 | .500] .408| TNT 1.00 .87] .21} .11
4 | steel }2.00 | 2.50 | .750| .601| TNT 1.00 | .87] .22] .14
14| 91| steer {1.50 | .15 | .s00] .17} e | 1.50) .e7| .22 -
' 1Y} Steel {1.50 | 1.00 | .667{-.20'} mr | 1.50{ .e7| 33| --
15| 6 | Bronze |1.640} 1.047{ .638|-~27 TNT 1.36 | .87 .23 -
52)| copper |1.750] 1.551| .875{0 2N nr | 1.25| .87| .56 -
16 15%)] steer [1.50 |1.00 | .667|0 ) comp. ¢ | 1.50| 1.a0] .57 ] .2
182} stes1 {1.50 | .75 | .s00j0 2Ncomp. | 1.50] 1.49| .38 |> .15
17| 18%)] steer |2.00 |1.00 | .600}0 2 comp. c| 1.00| 1.46] .19 .15
18} 26*)| stes1 |3.00 |2.00 | .667 |-~37 |cComp. | .75 {~1.5] .12] .14
19| 21*)} steel |3.00 |2.00 | .667 |0 Comp. C | 1.00| 1.59) .20 .20
20| 22 | stesl |3.00 |2.00 | .s67 |0 Comp. C | 1.00 {~1.5] .19 .20

*) Plotted as en experimental point in Fig. 6 or 7.
1) Detonated from lower end. Measured at section of maximum collapse.
2) Collapsed and fragmented.
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Thoe detziled data are given in Table 3.

Experiment nurmbers arc

Fi§ e« 1l Z".xp. 1:

marked on the samples in the photographs.

size of the sample is showm by a ring or a complote cylinder.

In each vhofograph the original

All cylinders

are seamless 30~40 carbon sicel tubing with a statie yield point of sbout

55000 1b./in%.

loading density for TRT, 0.87¢ for Comp. ¢, about l.5.

3% 0D, +" wall, B" long
INE 2% thick, 6" long..

Tour-point dctonation at ccnter unless otherwise stated.

The boundary of the explosive charge can be seen etched on the cylinder.

Expe 7: . Seme except THT 1" thick, 7k long.

. U 0.4 £ 13413
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_— S —— e _

12. ive 3: 3n @, 'z" l&ll, an long
TNP 3 thick, 6% long

se 10: Same oxcopt THT 13" thiek, 73" long
No. 2 increased in length about 3"' and lo. 10 about 3"

Fige 13. sxpe 3¢ 4" 0D, I7 wall, 8" long
' W, 1" thick, 7?«' long

XD 4. CD. c’o Jalloo& 391’5
'mr 1" hiok "J"" lb:g-
‘nearing ruptai;p ,cs :lyoxm. Q A,olines whore dctonation vaves meete.
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FiF. 14. Exp. 9: I OD 2" ﬂall a" lﬂnu
e, 13% thick, 74" long

Exp, 11: 3" (D, 3" wall, 8" long, same charge

Both detonated from 4 points at lower end in photograph

3 ]

— e
4 a—p

- Mk

Fig. 15. Zxpe 6: Bronze, 3.281" (0D, 0.593" vall, 6" long
TNT, 1.36" thick, 53" long

Fxpa. 5: Oopper, 3} 0.} " rgl ."G’!.&o
™D, 10 th;cyg 534 12 "

'Y ] ..’ .00 L) Ov. .O
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Fige 16. Exp. 13: 3" 0D, 3" wall, 8" long
. © Compe C, 13" thick, 75 lang
Cf. Fige 11, note uniform collapae when exeessive charge is used

Expe 14: 3" 0D, 3" wall 8n long;
Plastio rlow cen be secen’ through end of cylinder

C .

Figzo 17« EXP. 18: 4" 0B, v uall 12w lcmg
' Comp. G, 1* thick, 111" long. ‘he pinching off of the ends
with an approximately triangular section is typiedl. The long
Tragments show complete codlapse before fragmentation. 7"he somewvhat
. porous appearance of the frecments is probably indicative of the

release of a considerable W corpression.

‘
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Fige 18+ Exp. 26: 6" 0D, 1" wall, 12 3/16" long
Compe C, 7" thick, 12 11/16" long

]“"Hiv o -.

Fige 18e Wxp. 21: ©" 0D, 1" wall 12" long
Coup. C, J¥, tyicy: 15T ‘
g
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