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ABSTRACT

The lethality of a H.E. shell or bomb deperds on its ability to preduce -
high velocity fragments ard blast. The relative importanee of these two damag-
ing agents depends on the nature of the targets it is proposed to destroy.| Small,
high-velo: ity fragments are effective for the attack of personrel in the open, but
aircraft targets require larger fragments. The blast effect from shell-burst inside
aircraft wings does considerable damage, but blast is of relatively little impor-
tance against heavily armeured targets suck as tanks. Fragment effect veases
to be of primary importance here ard if the HE shell is-to be lethal to such
targets it must carry a very large churge of explosive, whick will either “‘scab”
the armour or do extensive structural damage by blast and shock. '

Tor assessing the effectiveness of a fragmentirg shell or bomb agairst a
given type of target, we have to take into account different characteristics of
ammunition ard target. The solution of the problem of lethality of ammuri-
tion willinvolve a determination of fragmentation in regard to total number of
fragments, their mass distribution, their initial velocities ete. In oxder to achieve
a design with a specific level cf lethality in a given situation, it- will be neces-
sary to predict the performance for given design data, a process which de-
mands a theoretical treatment if possible, or at least a suffiicent quantity of
experimental data which can yield reliable empirical formulae. In this paperan
account is given of the various theoretical and empirical aspects ard a -dis- -
cussion of these with reference te certain special cases.

Introduction : ,

The lethality of a HE shell or bemb deper.ds on its ability to prcduce high-
velocity fragments ard blast. High velocity fragments are effective for the
attack of personnel in the open or of aircraft targets. Since fragments produce
damage by penetration or perforation, it is necessary to establish quantitative
relations which determine the depth to which a fragment of given chara. teris-
tics such as mass, velocity etc. can penetrate into a target of given quality.
This depth of penetration deperds on. the mass and area of the fragment as
well as its velocity at the irstant of impact which in turn depends on its initial
velocity ard the drag due to air-resistarce experienced by it during flight. The
resistance to a fragment in flight or after penetration into target material
depends on the presented area of the fragmert. It is therefore important to krow
this presented area at any ‘irstant ard the manrer ir which it varies. Thus
* prediction of the penetration performance by fragments from a given shell -
involves a knowledge of the following :— ’

(1) the mean coefficient of area and the frequency distributior funetion,

(2) the air resistance to fragments, ERRURTRI. S
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(3) mass-distribution of fragments,
. (4) initial velocity of the fragments, ‘
(5) the angular distribution of the fragments.

When a shell (or bomb) bursts, it produces irregular fragments of different
masses and areas but with a common initial velocity, viz. the velocity: of the
shell casing at the moment of burst.
Coefficient of area and fraquency distribution function .
If A; is the frontal area that a fragment presents at any instant when viewed
from a point in its line of flight, we defire a dimensionless coeflicient of area
ajby Aj=aj v} where visthe volume of the fragment.
On account of the instability of their motion, fragments rotate during flight,
resulting in a considerable variation of the presented area. The simplest case
is that in which the fragment rotates randomly so that all possible orienta-
tions are presented in turn with equal frequency. The average presented area

over all orientations, assuming raridom rotation, is called the mean projected
area ‘A’ (MPA), Correspordingly we can define a mean coeflicient of area ‘a’. by

A = av

The coefficients of area ai for natural fragmerts are determired experimentally
by measuring the projected area in different directions and taking the average.
In additior to the coefficients of area and their standard deviations it is re-
quired to know the'frequency distribution of the projected area about the
mean value i.e. the probability G (A; )dA; that A; lies between A; and
A; 4 dA; Ther : B

A= f A G(A)IA

and the standard déviation

%A = f (A, —A) G(A; )dA = A7 — A2

Tt is found that for natural frdgments the distribution function G (a;) can be
represented by . : ' '

1 ' / 2
—_— — (g —a)2/2 .
G(ai) _‘\/z_ﬂ:-aa’i AexP{ (a,,' . a)%? "a; }

From this we ean calculate the probability p (x)that ajislessthanx
p(x)= %.[1 - eXp(X——-—:a——)] ‘
V2 Ca; o
Air resistance to fragments '
This is given by R= $Cp pA; V2, V=velocity of fragment.
The best estimates of Cp, for sharp edged fragments are
CD=1-308' at supersonic speeds - '
=0-887 at subsonic speeds
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For smooth bodies such as ellipsoids
Cp _ 1.038
14+2x%x10-5V,

where Vi, is the mean velocity. over the tra]ectory Although Cpin this case
varies with the velocity, the variation is small over the range of velocities used
and the assumption of constant Cp is sufficiently accurate. Taking Cp as constant
and assuming that the fragment rotates randomly so as to present all orienta-
tions with sufficient frequency, the equation of motion of the fragment

" mV %:l— = ——-CD pAiV? (‘m’ in ounces)
can be integrated to give the remammg veloclty at distance r:
V=1, ""
V =V, exp.

where p, is the air densnty at sea-level, e, is the correspondmg density at height

h and V; isthe velocity of sound in air at height h. We may without appre- -
ciable error, take p, to be the densi ty at the height h of the shell burst.

Mass Distribution of fragments
(a) Mott’s formula: The number of fragments dN whose masses he between
m and m 4 dm (m in ounces) is given by :

dN = C exp. (—M/Ms) M.’

where' M=m"”and C, M are constants dependmg on the shell and the ex-

- plosive under consideration. This formula i8 based on the assumption of random
fracture with cracks distributed according to the.laws of chance. From an
analysis of the results of strawboard trials, allowance being made for second-
ary breakup, Mott has suggested (for TNT fillings) the formula

Ma = 0°35 56 d,13 (1 + -)

where tis the wall thickness of the shell casing and d, its external diameter
(both in inches). For other fillings the values of Ma obtained from the forniula
must be multiplied by an appropriate factor. -

Payman’s formula—Payman observed that a more realistic representatlon
of mass distribution can be attained by considering a mass frequency rather
than a number frequency, i.e. by considering the total mass of the fragments,
and not the number of fragments, in each mass interval. If dW is the total
mass of all the fragments of individual mass between m and m—l—dm Payman’s
mass-distribution” function is defined by :

dW = w(m) dm
so that the total mass of all the fra,gments of 1nd1v1dua1 mass greater than m is
given by ' -

[ W(m
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Payman suggests the mass-distribution formula
' log (W/Wo ) =—cm
10 :

where W, =mass of the shell casing and ¢ is a constant for a given shell. If p is
the perc entage mass of metal in the fragments of mass greater than m, so.that
P = 100 ‘N‘/‘N° )
then Payman’s formula can be written as
2 —log,;p = cm » S ~ .
The value of ¢ can thus be determined for any given ‘shell by finding experi-
mentally the values of p for various values of m and plotting log,,p - against
. : .
Payman’s formula gives the best fit of experimental results, although
neither Payman’s nor Mott’s formula is satisfactory for fragments of mass
<0-125 oz. o ’

(6) Effect of various factors on mass distribution—The mass distribution

for natural fragmentation may be altered by varying - :
- (¢) the strength of the HE filling o

(¢4) the thickness of the shell casing ,

(448) the nature of the steel of the casing (viz. its carbon content) and

(w) by insertion of a cardboard liner in the shell casing. The results of trials
on these lines are summarised here:— : .
(i) Obviously the fragmentation of a shell depends on its filling. Except

for shells filled RDX/TNT there was little variation in Payman’s. constant ¢
with different explosives. : : ; . :

(#) Trials with casings of various thicknesses showd a decrease in the

value of ¢ with increasing thickness. '
(#) In general a decrease in carbon content of the steel casing gives coarser
fragmentation. ' o
() The insertion of a cardboard liner also results in coarser fragmentation,
(c) Controlled fragmentation—The effectiveness of a fragmenting bomb or
shell is a maximum when all the fragments omitted have approximately the
‘same mass. The optimum fragment mass can be determined from effectiveness
calculations. Almost always the optimum fragment shape is that which gives
the minimum coefficient of area and thus ideal fragments would be spherical in
shape. Manufacturing and technical difficulties however rule this out. For frag-
ments in the shape of rectangular parallelopipeds, one dimension of the frag- -
ment is fixed by the specified wall thickness of the shell casing and hence the -
minimum coefficient of area is obtained by making the other two dimensions
equal. There are several methods of achieving this condition in practice:—
(?). Preformed fragments

(#) Grooved ring bomb

(#¢) Grooved charges and fluted liners.
Initial velocities of fragments :

The theoretical derivation of a formula. for fragment velocities will
require the representation_of the detonation process by an idealised model and
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the various treatments of the problem differ according to the fidelity with
which the model represents the actual detonation process. In the simplest of
such theories (Gurney) it is assumed that the detonation velocity is infinite
and that the detonation products have a constant density throughout the
volume at any instant. Considering the shell as a long cylindrical
bomb and equating the energy of the charge converted into kinet'c energy to
the sum of the kinetic energies of the casing and of the gaseous products we
get the formula : ‘

12 E/C 1/2
V=02a) Tl_—éw}

where V=initial velocity of the fragments

E=weight of explosive filling

C=weight of shell casing ‘ '

& =energy of charge per unit mass which is converted into kinetic

energy. . -
Extensive trials with model shell casings of various diameters and thiek-
nesses have shown that for shells filled CE/TNT 30/70 or TNT, the relation -
fitted the results remarkably well. Velocities for other charges can be obtained
: E/C .11/2

by multiplying the velocity given by the above formula by a suitable conversion
factor. : -

Various improvements in the theoretical treatment have been carried out.
Thus Thomas and Sterne took into account. the variation in the density of the
gaseous products while still retaining the assumption of infinite detonation
velocity. In G. I. Taylor’s theory of the detonation of a long cylindrical bomb,
the detonation wave is taken to move with finite velocity. Further the casing
is assumed to be heavy, so that the outward velocity of detonation product
is small compared to the detonation velocity. The theory is thus applicable for
small E/C only. Wilkinson has developed a corresponding theory for light thin
casings. Wilkinson has also wnodified Taylor’s theory to take account of the
resistance to expansion of the steel casing; like Taylor’s theory this modified
theory is applicable for low E/C. - R,

Before leaving this topic mention should be made of a formula ~which has
been proposed by Mott:

7 :
V2=Kf x 10.-E . o
_ C :
where K is a constant depending on the filling and f depends on E/C. This
formula gives a better estimate of the mean fragment velocities from Service
shell, which differ from the idealised long cylindrical shell and in general give
lower fragment velocities for given valués of E/C. ' :

Penetration and perforation by fragments

Experimental results have shown that to a reasoniably good apprbkimafibﬁ;
the resistance R of a target to a projectile is proportional to the projected area’
A of the projectilé on the target. The resistance also obviously depends on the
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projectile velocity V, the density p and the strength B of the tai-get material.
The resistance per unit area R/A is thus some function.of V, B and p: -
: R/Ai =1 (V, B, p)
One form of this relation which has been studied in some detail is
R/A; = (KB +K, V) | »
which amounts to assuming that the resistance may be regarded as composed of v
two parts : a static part which is simply proportional to the strength of the target
material, and a dynamical part which arises by movement of the target material
. The equation of motion of a fragment
av .
my - R=—4 (KOB + Kgpw) |
may now be integrated to give the relation:
v V% : ‘
logo(l—}— p -—%’i>=2pAi, t/m
where t—thickness of the plate k
' =striking velacity just sufficient to ensure penetration.
and the constant K, K, have been given suitable values 'by comparison with
results of experiments. In this form the equation has been found to be in re-
markably good agreement with results of experiments. In actual fragment cal-
culat ons, for the sake of ease and simplicity in computation, the following
formula is used: - ‘ ” ‘

13 : : -
,_ 18sm [ Ve o ( B )1/2]
P — 0259 -

ou: (B/®)" SN P |
Tere t is in inches, Vip in feet/sec, m in ounces, p in pounds per cubic foot and
B in poundals per square foot. In general this equation holds up to velocities
of 4000 ft/sec., For velocities below 1000 ft/sec. the results of experiments can

be represented closely by the formula :

mBV, _ K
ta; T 2.726

where K is a constant, which is chosen so that the two formulae agree at a speei-

fied velocity Ve. If the impact velocity V; is greater than that to just ensure
_ penetration viz. Vip, the fragment perforates the target. Let
137°5 m f{ B \uz | .

—7 Vi — 0.2590 —— if Vi> Ve

et (Bfe) A o
©2.126m vy ’ 4
= __K‘F_‘_' if Vi < Vo ,
then, the fragment perforates the target if a; at the moment of stirke is less than
as . We have already seen that this probability p is given by SR

By — & ,
p=t [ 1rer Uror
If N is the total number of fragments which hit the plate then the number of
fragments which perforate is Np.

ag —
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‘The angular distribution of fragments
In order to estimate the effectiveness of a shell or bomb we require, in
addition to a knowledge of the mass dlstrlbutron and initial velocities of the
fragments, informat.on on the direct: on'in which the fragments are projected by
the explosion. Accordmg to Taylor’s theory mentioned in a previous paragraph,
the direction of emission of the fragments from a nose-initiated shell is given by
9 =x/2 + 8o~ (V2 1)
Here 0 is measured from the forward direction of the axis of the shell, V is the
radial velocity of the expanding case at rupture and U is the velocity.of the
detonation wave in the explosive. In general this formula gives a. reasonably
good estimate of the average angle of emission. In actual practice there is an .
angular spread which may be due to several factors including the constraint
_existed by the ends of the shell, the variable fragmentation along the length due
to the non-planar form of the detonation wave etc. Moreover the distribution
for an ogival shell is less concentrated about the peak than for a parallel sided
shell. For a shell detonated in flight, the forward velocity of the shell at detona-
tion affects both the velocity and the direction of emission of the frag:ments _
If U is the forward velocity of the shell, the fragments will ‘be emrtted in
the direction 0;, with velocity V, where ‘
cot 6; = (u + V cos 6)/V Sin0
V2= u2+V2+2aVcose
Asthe forward velocity of the shell increases, 0,, at the peak of the angular
distribution moves towards the rear of the distribution, since the fragment
velocity at the peak is near the highest fragment velocity. Further the spread
of the angular distribution is reduced for a shell in flight. On account of the
high velocity of the fragments, the spin of a shell has only a minor effect on the
angular distribution.
General information of the fragment zones of shell suggests that there is a
marked peak zone of fragments which may vary from 10° to 25° in width in
which 70—90 per cent of the fragments are pro]ected

Lethality

The effectiveness of a shiell is usually expressed in terms of the “Area
of effect” (‘“vulnerable area” ‘“lethal area”) which represents the number
of casualties to be expected from a single shell burst among targets uniformly
distributed over a large area. Assuming that there is no shielding of targets by
each other in an infinite array of targets with a density of distribution of I
per unit area, the area of effect can be defined mathematically as

A Bim If ( 1 )d‘Sr

~ where p is the probable number of hits on the target at any point on the ground

and dS is an element of area surrouding that point. In the simplified case where
the expected number of hits p(z) at a dlstance x is the same in all directions
the integral takes the form

ef [ l;exp { ._@}]m :
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where 0 is the angle swept by'the fragments (in radians). The value of p (x) is

. N@)A
p(2)=g. fjl

where N (z) is the number of incapacitating fragments, A is the effective pre-
sented area of the target and g is a factor governing the distribution of fragments.
If the projectile bursts just above the ground the only factor governing the dis-
tribution of fragments is the burst itself. Fragments are normally concen-
trated in a fairly well defined zone with subsidiary zones at nose and tail which -
do not affect the area of effect. Areas of effect calculated on the assumption
that all fragments are concentrated in a sharp fragment zone of uniform density
are found to agree approximately with the true area of effect. In this case the
value of gis 1/Q whereQ is the solid angle covered by the assumed
fragment zone. If the projectile bursts in contact with the ground, some of the
fragments will be cut off by small irregularities in the surface, causing a reduction '
in the density of the fragments. The pressure on the ground at the moment
of break-up may directly affect the fragmentation. The combined effect of
these factors produces the factor g. Its value is best determined from trials.

For a projectile with a marked peak zone of fragment emission the arsa
of effect is practically independent of @ on the other hand: for projectiles with
a steep angle of descent (e.g. bombs) a slight change in the width of the frag-
ment zone makes a big difference in the angle swept by the fragments.

The number of incapacitating fragments. at a distance x is given by
’ - NE)=N.f

where N is the number of fragments of mass m and f is the chance of incapa“
citation. This latter depends on the adopted criterion of incapacitation and
is & function of the velocity Vx * at distance x from the burst which, in turn, is
related to the initial velocity Vo of the fragments by the retardation laws dis-
cussed earlier, ’

The area of effect of a given type of shell against a given type of target is
determined by a lethality trial in which a number of rounds are fired against a
target layout. If the number of targets is N and the number of effective rounds
is n then the number surviving n rounds is. . ‘

A \n
N=N (1"1\:—3‘)

where A is the area of effect and 1/B is the density of targets. This formula
does not take into account all the factors influencing the result. Some of these
factors, the general tendency of which is to give a value of A less than thetrue
value are — : ’ :

(a) If the shell bursts are not spread uniformiy over the target area
considerable overhitting may occur in the region where they are
concentrated while other areas will have few casualties. ‘

(b) Shell bursting near the edge of the target area will cause fewer casual-
ties than those bursting near the centre, so that the equivalent
number of effective rounds is less than the nominal figure.
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Discussion

Mr. B. N. Sen (Klrkee) wanted to know the effect on fragmenta.tlon of the
flight of the shell in fragmentation. Dr. Thiruvenkatachar replied that if a
shell was in motion when the fragmentation took place one had to consider
both the linear and angular velocities of the projectile. The spin in general
had only a small effect. The velocity of the shell altered the dn'ectlon of
emission of the fragments and also their initial velocity. :

.. Mr. B. N. Sen (Kirkee) then enqmred whether the formulae derived took
account of the secondary fragmentation and whether they were applicable to all
sizes of fragments. Dr. Thiruvenkatachar replied that neither Mott’s nor
Payman’s formulae are applicable for very small fragments i.e. less than 1/8 oz.
They also took no account of the secondary fragmentation as it is a phenome-
non incidental to the process of collection of the fragments and has nothing to do
with the mechanism of fragmentation.

In reply to a question from Mr. Sivaramakrishnan (Kirkee) as tothe extent
to which the theory predicted the influence of the finite velocity of the detona-
tion wave on the size of fragments, Dr. Thiruvenkatachar poind out that Taylor’s
‘theory did take into account the finiteness of the velocity of the detonation
wave in determining the initial velocity of the fragments. He further said
that since the initial velocity of the fragments entered into the calculations of
fragment size in Mott’s theory there was a definite relation between the two,

finite velocity of the detonation wave and the fragment size. However there - -

were no quantitative results available immediately.



