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A~bstract

To assess the efficiency o-l a. Projectile,. it i-s-
often reoui1,D1 'L,- prodictu thGe initilal volocitic, of" twoe
frar-mcnts frc-M a Ikno-:rTled-e of the diracnsicris olf the ie tal
caring,. and- tfh cl caratr a n cuntt of:,r J 11C e:u.icsive.

Bet:cen ,Lgre=ca~ cont~difni - oucs c, H.iE. ar.a o,
cont_-inLý.- 3Oý0 7t .r,' of i. tne * ~c in scal-.e

issogoat's a r~ues5`c~ anny-----sir-'r,
is so t:il a t~ 1 L U U_ .,:I;ho ' -m' . er S t

forward, r:ain- th f'ollowin- assi=rmti on, tha~t th-e c3.-
trilbution to ti e total ki`rnz td' en'ergy rmade oy the detonation
of unit mass of c' -olocive is ic d' of thle size

c e'01-0J*E;c t I In a larg~e bo-'o t,-e excn'osion gases
actually ~ ~ ~ n_ 3oekiei eeg than the rg..n.

Asl-pIe ex-resz-ion is found for the aegeinitial-
velocity in Uer;s of thre chargP-wvg1-r 't..c;.,- _il
this empressalon Ls found to agree with, the xcanna

to C/;.I 5.6. S-

1. To coiapa.re th-11 efficiency of frag-.entatL'ion of different
types of projectiles, on eestokovw tlie velo-ities of
the fragm.ents at suitubLe dtistiinces frora the explosion.
For tliis purpose one needs to Lxno-;w both th,'e raturU&O2.iton in ai-r
arid t-he initiail Velocity v of the f ralgmen ts We a~re coincern--ed

herewit th quetio, 'hý_iir the v.alue of v ,-o-r aLny r, C
tile cL11 be iioreic tedl r:r thie Ci".!'ýesions o f t~qe 1:-e tl cz, I S11,
and. fror! tlie cllzractý-.r and, -.u,,.n-UJty of thue exdlosive ftti'z0

i-ve ~cc;. onpro;fr'o..t orE
We~~~~~~ eL.V aton ro ctls contiin z;

to JO:~tn~~~. A_ ~ ~ :;r;~~ ;
1

) ~ .
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a ruesti on w-hether any, sim-ple scheme w.-ill be foundý to ;a-pply
to thle whIole set of results.

It is viell Imoo,:.r tha-t, thoughacyidrci: h1li
deotonateci from-- one end, both the nose-sprz-y a-nu th-etal
spray are feeble opre ihtesd-ry;it is in the
raadial velocities of fragments from th,ýe C-jyL~nrc a
that wve are interested.

2. Let C De thle mass of explosive and I-- the.;as of -thle
rmt~ta1 caý3n:- contai-ining- it. (W%,he-n troa. tAingý a ilnuia
'projectile wie consider mass per u-nit leýng;th).e discuss
a metal casin, with alls o1' unliform h4 <acz, m assum"-e
first thle. followi-ing simpnle picture of famnain

Beforeý thce !ie taln cai-,si4n,7 brea-i:s into fragme.ints, it
ex--.pands to so-ii extent. Let the radius at thne ý,or-ent ofL Lr
m-entation be a, and iet the denlsity o.-f th,- expl'oSlonl g,;as-ss- at

th ,is om~ent be p. The Meta-l casing is everyw1-licr, ovn
outarawth radial voloc-t ý hch~ Us oetb~o

the velocity of the r-etallic 1.et,('e aefr~~
N ow v i s al1s o thI-e ra a'ia v e 1o,- -;,tv o f t i. 'ar of theexIo

gases whlich1 are in conta-ct wtith1 thle 7mea 1c; ,iI~*1 Oil thie :m

o f th ie cy-Ii n de r t ne r,.,.dia1 v~eloty,: of t e,; 0-e s e
ElselwhIere thie -. a,-es are movng out;;a rds %A-ii velocity itr

mnediate betw,-een zero and v ; vie shall1 tale the veloci*t'r at
0

any point to be proportionial to thl-e d~istance fromi thie axis
of thre cylinder (or' frdml thle center oL spherical grena6.e)-
that is.,

Consider now; di-fferent ttypes of ýrojectiles, shfell, bomiYL
arm grenades all-contatining t-he same epoie a AL

We try the aszsuimptio-n that the ao-ntri3bJat- -I to h Cfe
ene~rFv maide by thQ detona~tion of eacii uni~ ass O.I* ti ý (

si,%e is the sam-,-e mn rall tve f reic e Let thi s contri3
per unit mass of explosive be E. Equ.Ating the total k inie tiJc
energy to EC '.ve have for a cylinder per unit length

EC ;mv 2 4 0v Jr2-r
2 10o-%o a



and for a spherical casing

2EC 02 e / , -,2r (2)

Both these expressions reduce to the simple forLmi

vo (3)

where R is the f unction:

for a cylinder R = C (L)
C I+C/i4

and for a sphere R -C_ / (5)

5 5Ai

For small v.lues of C/M 14 e see that R is o1pro::imateiy e-u!
to C/1-; hence for sm:all values of the charge-veight - ti-•
the value of v varies as j/C/M. On the other hand, for very.0
large values of C/M, such as are found in large bo-nbs, we see
that R tends assymtotically' to the value 2 for a cy-inder, anU
to the value 5/3 for a sphere.

The quantity E has the dimensions of energy per utait
mass; therefore / has the dimensions of a velocity; in fact, v
is equal to ./E when R = 1/2. VIe conclude then, that for
±ar eC V --L .U t i U /.V! I . -. 1!, 6 Au I.Ly

to the vlue 2JE., or to the value jlOLi3 for a s-here.

-*The conventional charge-weight ratio C/W takes into account
the whole mass of metal in the projectile, while our CI/M takes
into account only the meti-_l in the walls of the casing. If
p is the ratio of the external to the internal diameter, and

Pc and P are the densities of' the explosive -rind ietal, respec-

tively, we have for cylindrical walls C Pc

T . . .. ... . . . . .. ... .. . ...... .. .... . .. ...



For simplicity v 0 was assumed to have the same value

for all the fragments. Even for cylinders with walls of uniform
thickniess there is al.iays soidTe %pread in the initial velocities,
at any rate ,vhen the cylinder is short. We may therefore take
v to be a mean of the initial velocities of all the fragments0 

C

whiich contribute to the total kinetic energy; i.e. the smallest
fragments may be excluded since they ,nai;e a negligible contri-
bution to the total kinetic energy.

3. Measuring the initial velocities of the ,lea.din - ragment
from large bombs, Schvrarzschild and Sachs**-' founid that v 0

appeared to increase very slowly with C/1, and pro-posed the
relation

0.22

which is inconsistent .-ith the observed fact that for small
projectiles v 0 varies as rapidly as -/C/iA. We are a-ble

to remove the discrepancy, since for large value of C/i"V the
velocity given by (3) varies as slow.ly as that given by (6).

4. The expression (3) may be vritten in the form

vo = v 1 Rl/2 (7)

where the parameter v. depends on the particular ex-plosive

used. It is difficult to kno-, to what extent we ought to expect
the velocities of fragents in the side-spray of a shell or
bomb to agree with (4). But figs. I and 2 show that for oro-
jectiles containing TITJ, using the value v1 = 8000 feet/sec,

the~ ~ _ £, fib he e-per iU•ti data r. l-" .. ie" over the
whole range from C/4 = 0.06 to C/1, : 5.62.

It seems then that the basic assumption may be correct
that for a series of projectiles containing different quanti-
ties of the same explosive, the contribution made to the total
kinetic energy by the detonation of each unit mass of explosive
is the same.

TIhe reason why for large values of Ci4 the initial
velocity fails to increase as rapidly as /C/I is clear.
In a shell with a relatively thick and heavy casing, nearly
the whole of the kinetic energy is possessed by the metal
casing, as it breaks u. into fragments. But for projectiles
witi C/H greater than 2 there is actually ,Iore energy in the

**-B-J-J Report No. 347.



kinetic ceilr;-y o4' radal moio of tneeXh5Oi O Li•s cle
unIe bbth~i- in that o0 tile A-etul casing "IŽ CO~Z~ <1 il

thais se~verely limits the value o' v for~tofamnS

In derivjinb U. ad) i -t a~L)s-AU the t -"* !:. a , S
* ~~~consta-nt, and tint insi de tle 'Droje.ctieteraalvlct

of thle eXI)los-ion fl e ..~-:as jr ri onal to -'. It .xay1 be that
this assu.-n.A!tio overest± ý the amounmt of -kinuetc energy- of
radial 'motion r et a mcce17 byr 'LI e e :,.1lo Si on- g,'s e s I]" this isSo5,
the numeri~c;;l factor 112,ih occurs in thie cdeno!mir11ator of
(Y4) shrnuld be r e 1 _ c ed b, r soaýewiiat srEaller value, such'- as

4, - t t~he san.-- ti-I-ri t'.ie value of v 1 in -.70111 V _rL2IL ve to

be reduced. 23J- o ±Joient,-;1 Lita- on initial veloc-ities are att
present too scanftvy to 6aeciae thiis point; but -:itn1f TacI__ presenrt
aýata no significanit i norovem--elnt- is obtained b- re/2in
by a diiflfere-_nt fac uo-2.

Tho ex1ores~ion~ (1 and (2) aeintelidedL to expreiýt;s s
tile fact thtulaer o!)timUu. coladition's ofdtnaina eti
s ractionl of tec e1clenryof ex-p1 osion is CCaetQil'to
kinetic energ-y, otlner details being import _.t. T' -=

is to be taken to a ra~dius a,; and it sas s t t-,t tl.'S
w--as the radius of tile casinsý- at thle mom.-enat ciLý ru .ue u-

that thlis mih Cedon thOtrntho
thne casing)d. Thlis re'art hoee, s introloce"
saLLk e of' simlc it Iry th I ie ' e-ŽJg ofL tiie -elal s" -ou c-
oni onl is mnas s. I n tla c f raLmenta tLt ion1 ' SJ7 of ta d- tI .t
.Biucaton, described below, steel casins of a.icaers

-of ha rdne ss were t r id, ranig f rro-- 33r-inell- 1QJ'5 to ~c
lio silnificant effL-ect of hardness Oil til ata victe

ws f .ound.

5. For each exol:)_osive teinitial velocilti*Es wiJll be
cdeternine-_d by tile characteristic value of E. \<,e I';lve seen
thaUt for Tfl,.T thle value of- the con~stunt v I is intenihor

hoodi of 8000 feet/sec. We have then

2L V1  =8000 feet/sec

-2.,U4 x 105 cmI/sec.

Whence

E 3 x 1 0 er-gs per gram:7

-715 cal per gra'.(9)

The Re ort 0D 15116 gives calcuLated vaý_lue:-s for, a
uaLtlt V[, whol is )ot Cotl c% o-aase:l 7;ti
\!is t*,e hri rza-b- or1c ga of rcutofaiOt0

is___ Cn f 0:.1 tiuc_: aib a t ic e~i~a V0W2 oO;n S

5



to a p;r-s sur-e of .*one bar-". ForP T14T1 of 1.~st 1.59 thle viý:lue
giveni is

- 89 U~1L ~C' ~(10)

6. Te a11b ~ ata or ~$Tfiled pro~jectiles are as

a. In the e.-,eri-Lsents by Division 8 of- the i1 .D1.R.C.*ý
steel cylinders filled ith T:KT' or other e.-.plosive wdere useci.
The cylina-ers had an intrn l ia-meter of 2`1 and a- uni-formn
thlickýness of wall. The veloc-itiC-es offrgmnt wer-e -measured
at a distance ofL about niine feet by. ý-,earins of' t.hle velo cit4y
c&:.IeLra. The values for diflferen-t thic-kn,-esses of steel casing
filled with Th I'T are given in Table i., attention being-. pad.n
to the large a-;nd miediunfr~aget for wh-rlichi the retardation in
air will be negigiuble. i-s th--e num.,ber, of fragZmen-,ts rcre
-;as small, thle probabole er-ror is li~rLge.

Table I

Wall I"3 "1
Thickn'Iess 2 8 10"1

c/~4 0.165 0 .2 31 c0. 2e6 0.-500 0.775

v2600 3240 3800 5110 6O-3ftLe

28701

a moth lter(Int-ri.- --eport Maycv ue

b. The 4000-lb bomb iIM5,filleý -wit-h Ti-iT. Thle
diamnt-er of thle central cylindrical part of this bomb .-as
34.25 in"chl, vtha thickn~ess o--- steel casing 0.3-1 inchl.
These values give C/At equal to 5.62. The velocilties ofL: some
of thle leading frag-ments only were -.easured; these hlad a mnean
valuc 103-ý00 feet/sec. The mean velocity of all thle Ia-e lfrag-'
ments mu.st be some-.iiit less tha--n this. W.e may ta;ke 98-.01 feetl/sec
aLs a value m.',ore suitable for comcparison -with the velocitie S
obtained fLro:. otihe-r proJectiles.

Fur~thier Cata- -'or bomlbs, includlin-- TA;T-filewil
s:oon be av.ailibl2. at tile BlIt2 c~uch Daora~y

jY~trilh~:Ots ~' h~ ~ * -J~j2~ l~;7



c. For thie 1L05 -:i 1_ot CT s!ell M aind for t'e 75-wa
-hell tiZ. the velocities in the side-spray have boen estr-v u ed

1.from the change in angle of projecLion w/ith change in residual
veloc-ty of the shell. The charge of -,!,T in these twIo shl±
had the Values J+.93 pounds and 1.56 pounds, respectively;
the total weights of the unfuzed shell are 30.625 pouLds and
12.50 pounds, respectively. The thiclkness of the cylindrical
walls, as in most modern shell, is variatble. Before wýe could
predict the resultant distribution of fragment velocities,
wre should have to ans,,.-er- the question, to what extent the
wall a'cts as a -]hole during rupture. Instead of a com..plex,-
theory, ho,-aever, vrriat is needed he-r is+ a formula by which
the average fragment velocity can be rapidly estimatedL, when
the total w'eight of the unfuzed shell, and the charge are given.
If *the ratio of these tyro quantities is taken as C/;iM (instead
of the correct quantities) and v0 is calculated from (4) and

(7), setting v =80000. as before., one obtains the points
plotted for the 105-imn. and 75-sin shell in Fig. 2. It will be
seen that these points lie on the straight line as w,-ell as, or
better than, the neighboring points for the N.D.R.C. shell
of consta, nt wall thiclkness.

The reason -for this may be us followis. There is a
theoretical objection to dra.;,ing the - ine thr1ouh th1.e origin,
since this implies that an exceedin--`y small char;•ge will be
sufficient to rupture a heavy casing, and give the frasrseats
an initial velocity. An expression of t" e lorm

v = vI(RI/2 - constant) (11)

is more acceptable and seems to -fit, the facts better. For the
practical purpose of estimating the v for shell similar to the
75-mm and 105-,nm, it seems, ho-wever, unnecessary to use an
exoression containing an additional ne- con-stant.

d. A British report* records measure...ents of fragment
velocities for a 40-rmi Eofors shell, which is interesting as
its C/M is exceptionally low. The velocity was found to
650 metres/sec, or 2130 feet/sec. The charge of TNT was 56.4
grams, and the weight of casing excluding the brass cap and
copper band was 820 grams; the ratio of these quantities is
only 0.069. Takl-.ing this ratio as C/m, as in the case of the
other shell, the point plotted in fig. 2 is obtained.

e. Although the initial velocities of fragments from
grenades containing {.L. have not been mea+sured, there is some
indireut evidence that the exoression (7) gives a correct
estimarte for grena-des ccnt1inirg 1-1/2 to 2 ounces of Ti"T;
calcula-cions .ade on" as to ere in good agreem o " .. nt
w,,ith direct p)anel -t:: ;...

,. fl -, . , -

*.. o nGoo,

]; . T o t c .i : a n ,.d B . G u r ntz v ) " Lj . ,.,e - u.. +, i . +, 2 0 7 .



7.Akno.ilc.c&ge of the initiUal vlct.]-e5 OX I1'Z en'sf
*--is afirst ste-p tov!Ercus th~e aesired i'aii o, c of th Ivelocit

at any cAisuztnce s from- thLe exoic. ~~ ir. r . 'ent of mas

Vwhere.H is otid x i .uangrnS, is
e~xpressed in feet,? andc v1 lz e Zi v~uý lu rorae to

the exrolosiLve used. For Ti-T, - has thle va-lue 8-00U, wihile for

some, oth)er explosives recent ELper i]en et- giv e v alu es u t o
20 per cen-t iher;the e-r-nt ,hov:rever,,, are not yet
very,; consibtent.

For c~lindrieal Ti:T-fLiliei`; casin*.;-s ofr constLant iZall thic-
esthe expected va-lues of v 0  aber-dro TblI.

In the rangýe of C/Mi less than1- 0.3 tile- va!lue-s of v0 have been

adjusted to agree wihthe i....results Plotted in Fig-. 2.

8. In conclusilon it -be -a-entioncd tha the fri.n
tionr of an in-finitely lonivs cylincer,, det-ona,.ted. fro,,. one
was d-iscuzssed7 by G.I. Ta yloz--* ,.dnd aIn e.,- res ion ws obt i led
for the frug':Ie-nt velocitie-s. It vas S,:.1.eU that thle rc
motion oi tii- exp)losion ga ses w silco.- re with thle !on--!-

-tudinal motion; and the results were niot ineddto aolto
a projectile fro-M wý,hich tile end sPray7S are, feeble comp_ýare-c L
w,,ith the slue spýray.

Ronal -,uCi~rne-;

*N.D.F.C. Interin, Report of D~i-iFiofl 8. 1,nril-Jufle 1943.-
Schl-wa:rzschild z:nd1 SCachs, 0R ~otN. 37

G* . I. Taylor H.. 93



. :Table 2.

Fragment Velocities from Cylindrical Walls
of Uniform Thickness.

Column I gives the ratio of the external to the internal diame-
ter. In calculating C/M the density of met•l was tak+en to be
4.9 times the density of the explosive.

d/d. V

1.02 5.05 9560

1.104 2.50 8430

1.06 1.65 7610

1.1 0.97 6460

1.2 .464 4910

1.3 .296 4000

1.4 .213 3400

1.5 .163 2900

1.6 .131 2580

1.7 .108 2"4U
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