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ARSTRACT 

Previous investigations dealing with efforts to calibrate various 

media for the determination of particle velocity were usually restricted to 

steel particles impacting at normal obliquity with velocities up to 4000 feet 

per second. The present report provides a useful calibration of a medium for 

estimating particle velocities over a broad range of particle sizes, veloci- 

ties, materials, and obliquities of strike. 

Compact fragments of plastic, magnesium alloy, aluminum alloy, steel, 

and tungsten alloy have been used in single-fragment firings on a particular 

variety of fiberboard at the Ballistic Research Laboratories to produce the 

needed experimental data. A single empirical formula has been fitted to the 

data, relating striking velocity to 'the impact parameters of thickness of 

medium penetrated, angle of obliquity of strike, particle size, and presented 

area. 

An effort has also been made to determine limiting impact conditions 

for each fragment material for which the fragment will remain essentially 

intact during the penetration. Whenever the fragment breaks up or deforms 

excessively during the penetration, the velocity estimates are no longer 

valid. 



-l- 

INTRODUCTION 

For several years, this laboratory has been participating in pro- 

grams sponsored by the Weapon Systems Laboratory, Ballistic Research Labora- 

tories (BRL), to supply information for vulnerability analysts and weapons 

designers on the resistance of various materials to perforation by fragments 

and projectiles. The bulk of the experimental data has been provided by BRL. 

Several reports have been published on the analyses of such data; the identi- 

fication of these reports is given in Table I. 

The present report describes a method for estimating the velocity 

of a particle on the basis of the extent of its penetration into an appropri- 

ate collecting medium. 

The velocity of an isolated particle can be measured satisfactorily 

by any of several conventional techniques. The situation is complicated 

when several particles are moving together at different velocities. Such a 

situation is encountered, for example, when a target material is hit by a 

fragment and large numbers of particleg of target material and fragment 

material issue forth from the back surface of the target material. By 

collecting these particles in a soft medium, it becomes possible to describe 

the weight, velocity, and spatial patterns or distributions of the particles. 

A knowledge of such characteristics leads to a more complete resolution of 

the effects of the initial impact. 

In low velocity impacts the main result of the impact, when per- 

foration is achieved, is usually one large particle of fragment origin. 

Several amall particles of target origin may also be formed but their low 

velocity combined with their low mass suggest a negligible damage potential. 

High velocity impacts are characterized by some break-up of the 



Re
po

rt 
No

. 

14
 

25
 

Ju
ly

 
19

56
 

36
 

Ap
ril

 
19

58
 

41
 

44
 

47
 

Ap
ril

 
19

61
 

TA
BL

E 
I 

O
th

er
 

Ba
llis

tic
 

An
al

ys
is

 
La

bo
ra

to
ry

 
Re

po
rts

 
on

 
St

ud
ie

s 
of

 
th

e 
Pe

rfo
ra

tio
n 

Da
te

 

Se
pt

. 
19

54
 

M
ay

 
19

59
 

Ja
n.

 
19

60
 

of
 

Ta
rg

et
 

M
at

er
ia

ls 
by

 
Fr

ag
m

en
ts

 
an

d 
Pr

oj
ec

til
es

 

A 
Su

gg
es

te
d 

Te
ch

ni
qu

e 
fo

r 
Pr

ed
ict

in
g 

th
e 

Pe
rfo

rm
an

ce
 

of
 

Ar
m

or
-P

ie
rc

in
g 

Pr
oj

ec
til

es
 

Ac
tin

g 
on

 
Ro

lle
d 

Ho
m

o-
 

ge
ne

ou
s 

Ar
m

or
 

(U
) 

A 
Co

m
pa

ris
on

 
of

 
Va

rio
us

 
M

at
er

ia
ls 

in
 

Th
ei

r 
Re

sis
ta

nc
e 

to
 

Pe
rfo

rm
at

io
n 

by
 

St
ee

l 
Fr

ag
m

en
ts

; 
Em

pi
ric

al
 

Re
la

tio
n-

 
sh

ip
s 

(U
) 

A 
St

ud
y 

of
 

Re
sid

ua
l 

Ve
lo

ci
ty

 
Da

ta
 

fo
r 

St
ee

l 
Fr

ag
m

en
ts

 
Im

pa
ct

in
g 

on
 

Fo
ur

 
M

at
er

ia
ls;

 
Em

pi
ric

al
 

Re
la

tio
ns

hi
ps

 
(U

) 

A 
Co

m
pa

ris
on

 
of

 
th

e 
Pe

rfo
rm

an
ce

 
of

 
Fr

ag
m

en
ts

 
of

 
Fo

ur
 

M
at

er
ia

ls 
Im

pa
ct

in
g 

on
 

Va
rio

us
 

Pl
at

es
 

(U
) 

Th
e 

Re
sis

ta
nc

e 
of

 
Tw

o 
Ro

se
-C

on
e 

M
at

er
ia

ls 
to

 
Pe

rfo
ra

- 
tio

n 
by

 
St

ee
l 

Fr
ag

m
en

ts
; 

Em
pi

ric
al

 
Re

la
tio

ns
hi

ps
 

fo
r 

Fr
ag

m
en

t 
Re

sid
ua

l 
Ve

lo
ci

ty
 

an
d 

Re
sid

ua
l 

W
ei

gh
t 

(U
) 

Th
e 

Re
sis

ta
nc

e 
of

 
Va

rio
us

 
M

et
al

lic
 

M
at

er
ia

ls 
to

 
Pe

rfo
ra

tio
n 

by
 

St
ee

l 
Fr

ag
m

en
ts

; 
Em

pi
ric

al
 

Re
la

tio
n-

 
sh

ip
s 

fo
r 

Fr
ag

m
en

t 
Re

sid
ua

l 
Ve

lo
ci

ty
 

an
d 

Re
sid

ua
l 

W
ei

gh
t 

(U
) 

Cl
as

sif
ica

tio
n 

c 

. .
 



-3- 

. 

fragment on impact and the formation of many particles. Here, the damage 

potential of the particles formed from the impact can no longer be expressed 

in terms of the damage potential of a single particle. Furthermore, the 

particles are more numerous and several particles may have sufficient mass 

and velocity to warrant consideration as lethal agents. 

Several materials have been tried out as collecting media. Some 

issues that are of importance in the ch.oice of such materials are 1) availa- 

bility, 2) cost, 3) quality control (product standardization), and 4) feasi- 

bility for experimental purpose. When a collecting medium stops a fast-moving 

particle, there is, inevitably, some abrasion, deformation, or even some 

disintegration of the particle. For laboratory purposes, the medium must 

offer sufficient resistance to the moving particle that it will atop the 

particle within a convenient thickness of the medium. Usually, the less dense 

the medium, the greater the thickness that is required to stop a given, moving 

particle. Some compromise is needed in the selection of the medium in regard 

to density and those characteristics of the medium which influence the effect8 

on the particle during the penetration. Styrofoam, for example, is a low 

density material which appears to be capable of stopping particles with 

negligible effects on the particie shape and weight, but for particles of 

high velocity and/or large weight, the thickness required is prohibitive in 

many laboratory facilitiee for space reasons. On the other hand, soft metalrr 

like aluminum or magnesium might be considered, but even eoft metals will 

punish the particle excessively during the “capture” of the particle. 

Whenever the fragment deforms or breaks up appreciably during the 

penetration of the collecting medium, the fragment’s performance deteriorates, 

i.e. a the fragment does not’penetrato the collecting medium a8 far as would 



be. expected on the basis of results of other impacts, The basic assumption 

In the determination of an empirical fit is that the faster a given particle, 

the deeper it will penetrate the collecting medium. To retain the validity 

of this assumption, it is therefore necessary to weed out from the data 

SaUlPl@S cases where the fragment has either deformed or broken up 

extensively. 
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THE COLLECTING MEDIUM 

Maftex was chosen as the collecting medium to be calibrated. It 

is a type of insulation board manufactured by MacAndrews and Forbes Co., 

Camden, New Jersey. The dimensions of standard production sheets are 4 feet 

by 8 feet by l/2 inch. Thinner sheets of S/16 inch are also available. 

The approximate composition of this material is 40 to 50% plant 

root fiber (such as specially processed and defibrated licorice root), 30 to 

40% coniferous wood fiber, 20 to 30% refined wood pulp, and sufficient 

asphalt to offer water resistance and strength. 

Some physical characteristics of this material are a) moisture, 

4 to a%, b) density, 15 to 17 lb/ft3, c) tensile strength, 200 co 300 Ib/in2, 

and d) absorption, 2 to 5% by volume. 

Production sheets are cut into convenient sizes (usually 4 by 4 

feet) and stacked for laboratory use. For a given impact condition, the 

pack is always thicker than necessary to halt the particle, After each 

firing, that portion of the pack which has not been damaged by the firing 

is removed for use in another pack. 

Care should be exercised in the storage of Maftex so that the 

moisture content remains relatively constant. 
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FRAGMENT MATERIALS AND TYPES 

Cylindrical and spherical pre-formed fragments of five materials 

have been used in single--shot firings at BRL to produce the experimental data. 

The fragment materials chosen for the experimental work are Lexan, a magnesium 

alloy designated AZ31 8, aluminum alloy 2024T-4, steel, and Mallory 3000. 

Lexan is a polycarbonare manufactured by General Electric. It has 

a density of about 75 lb/ft3. Lexan is representative of several plastics 

which have been found useful for various Ordnance applications. 

Magnesium alloy, aluminum alloy, and steel are typical structural 

materials in military targets, The densities are 113, 165, and 490 lb/ft3, 

respectively. 

Mallory 3000 is a tungsten alloy containing 7% iron and 3% nickel. 

It has a hardness of 24 on the Rockwell C scale. Its density is approxi- 

mately 1061 lb/ft3. High density materials are receiving much attention for 

certain military requirements. 

When a structural material is struck by a fragment and the rear 

surface is damaged, p articles of the target material emanate from the rear 

surface. These particles, in many cases, have a considerable capacity for 

damage in their own right. 

These five fragment materials span a wide range in density. They 

represent several classes of materials which have some significance, directly 

or indirectly, for the consideration of military targets. 

The'weights, dimensions, and average presented areas (assuming 

random orientation in flight) of all fragments used in the experimental work 

are presented in Tables II-VI. A fragment shape factor, c, has been determined 

for each fragment material, by averaging the ratios,of the average presented 



area to the two-thirds power of the fragment weight for each fragment of that 

material. The constancy of the individual values of c within a target 

material is consistent with the comment, previously made, that the fragments 

were designed to be essentially homologous. Some fluctuation is expected 

since one must adapt the fragment designs to accommodate the gun facilities 

available. 
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EMPIRICAL REUTIONSHIPS 

A single empirical equation of the form 

V = k ea m’ (set 6)’ A’ 

was selected to fit the experimental data for all the fragment materials. 

In this equation, 

V is the fragment striking velocity in fps, 

e is the thickness in inches of Maftex penetrated, measured along 

the normal to the surface of the Maftex, 

m is the weight of the fragment in grains, 

0 is the angle between the trajectory of the fragment and the normal 

to the surface of the Maftex, 

A is the average presented area of the fragment in square inches, 

and 

k, ~11, 0, y and X are constants’determined for the equation by the 

Method of Least Squares, 

The values of these constants which specify the equation are to be 

found in the Results Section. 

The exponential form of this equation is simple, practical, and 

includes the vital impact parameters. The form has the additional merit of 

being convertible into a corresponding logarithmic form, useful for its 

linearity, 

The goodness of fit of the estimating equation is given in terms of 

the values of b’ and o, defined below. If (AV), is the difference between the 

experimental result and the formula prediction (in that order) for the i-th 

aet of N sets of experimental conditions, then 
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N Y-7 

L 
(AV) i 

b = i=l 
N 

and 

It ia understood that the final selection of the set of constants 

for the estimating equation is made to correspond with the lowest obtainable 

value of e. It is also desirable for the value of b associated with the 

estimating equation to be close to zero, 

The following method is employed to obtain an empirical formula 

for estimating particle velocity on the basis of depth of penetration into 

Maftex. The basic formula is converted into the associated logarithmic form: 

log v =E p -b a log 4 -t- p log F + 7 log set 13 + X log A e 

With this linear form, the method of least squares is employed to determine 

a satisfactory set of values pr CI, 13, 7, and h which specify the logarithmic 

equation given above and the original, related equation aa well. 

Admittedly, this procedure minimizes S, defined below, rather than 

N 

7 (log VI - log Vij2 



i 
Note that V* refers to the particle velocity as calculated by the formula, 

whereas V is the particle ‘velocity determined experimentally for the same set 

of impact conditions. 

The form of the estimating equation is but slightly different from 

the forms used in earlier reports. 

The values of b and (J for each fragment material are given in Table 

XII of the Summary Section. That section also contains a series of graphs 

showing for each fragment material the variations with velocity of the 

percentage of error in the velocity estimates. 

The characteristics of the experimental data are shown in Appendix 3. 



FRAGMENT DEFORMATION AND BREAK-UP 

FQ~ each combination of fragment material and collecting medium, 

there seems to be a limit, probably expressible in terms of fragment velocity, 

below which the fragments remain essentially intact during the penetration of 

the medium. Above this limit, the fragment is likely to break up or deform 

to the extent that the fragment’s performance becomes unpredictable. 

To determine these limits, the fragments were recovered after impact 

on Maftex and examined for changes in shape and weight. A decision was given 

on the basis of a visual examination as to whether the fragment was essentially 

intact, moderately deformed, or seriously deformed. In addition, each re- 

covered fragment was weighed to determine the loss in weight during the 

penetration of the medium. From these results it appears that a velocity can 

be established for each fragment material, under which the fragment (independ- 

ent of its size) can be expected to penetrate Maftex with negligible effects 

on its shape and weight, These velocities are presented in the following 

chart. 

Fragment Mater ial Maximum Velocity 

Plastic 4200 

Magnesium Alloy 5500 

Aluminum Alloy 8500 

Steel 10000 

Tungsten Alloy 8000 

Tables and graphs follow to austain the selection of these velocities 

as cut-offs beyond which the velocity estimates as determined from the master i 

estimating equation are probably unreliable since the collecting medium, 

Maftex, is expected to damage the fragment. 
L 
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For higher velocities, the calibration of a softer collecting 

medium such as atyrofoam might be useful. It is presumed that with any 

collecting medium, if the velocities are sufficiently high, the fragment will 

deform or break up during the penetration. Maftex appears to be a satis- 

factory medium for metallic fragment materials as long as the striking 

velocity is actually less than 5000 fps, For fragment materials of high 

tensile strength such as steel, it appears that velocities up to 10000 Bps 

can be tolerated with this technique. 



Table VII 

Observations of Recovered Plastic Fragments After 

Penetration of Maftex 

Striking Fragment 
Vel0city Essentially, 
--u.eL Intact 

c; 2000 qgaaa* 

2000 to 3000 AAhh 

Fragment 
Moderately 

Deformed 

3000 to 4000 Illa* 

4000 to 5000 * 

5000 to 6000 

6000 to 7000 

7000 to 8000 

8000 to 9000 

9000 to 1OOOO 

3 10000 

Code 

la: l Ol 5 m < .lO 

A: .lO 5 m < 1.0 

JI: 1.0 5 m < 10 

a: 10 5 m < 100 

*: 1OO~m<lOOOO 

m: fragment weight 
(graine) 

Fragment 
Badly 

Deformed 

a 

If 
Aaaa*k 

* 

a 
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Table VIII 

Striking 
Velocity 
- 

< 2000 

2000 to 3000 

3000 to 4000 

4000 to 5000 

5000 to 6000 

6000 to 7000 

7000 to 8000 

8000 to 9000 

Observations of Recovered Magnesium Alloy Fragments 

After Penetration of Maftex 

Fragment Fragment 
Essentially Moderately 

Intact Deformed 

a 

9000 to 10000 

> 10000 

Code 

pl: .Ol <, a < .lO 

A: .lO 5 m < 1.0 

JI: 1.0 5 m < 10 

a: 10 5 m < 100 

*: 100 ~m<lOOO 

m: fragment weight 
(grains) 

Fragment 
Badly 

Deformed 
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Table IX 

Observations of Recovered Aluminum Alloy Fragments 

After Penetration of Maftex 

Striking 
Velocity 
--L&!L 

Fragment Fragment 
Essentially Moderately 

Intact Deformed 

< 2000 AAAJ'W'V~ 

2000 to 3000 AAAAA'W0-4~ 

3000 to 4000 AA$aaa 

4000 to 5000 aa* 

5000 to 6000 

6000 to 7000 * 

7000 to 8000 * 

8000 to 9000 

9000 to 10000 

> 10000 

Code 

@: .Ol sm<.lO 

A 

A: .lO 5 m < 1.0 

*: 1.0 2 m < 10 

a: 10 5 m < 100 

*: 100~m<1000 

Fragment 
Badly 

Deformed 

a 

a 
a 

m: fragment weight 
(grains) 
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Striking 
Velocity 
-GEL 

< 2000 

2000 to 3000' 

3000 to 4000 

4000 to 5000 

5000 to 6000 

6000 to 7000 

7000 to 8000 

8000 to 9000 

9000 to 10000 

3 10000 

Table X 

Observations of Recovered Steel Fragments After 

Penetration of Maftex 

Fragment 
Essentially 

Intact 

AAAA 

Fragment Fragment 
Moderately Badly 

Deformed Deformed 

PrAAAA 

@AAAA 

fi 

* 

A* 

Aa 

A 

AAaa 

AAa 

Code 

fl: .Ol 5 m < .lO 

A: .lO 5 m < 1.0 

Jr: 1.0 5 m < 10 

a: 10 5 m < 100 

*: 100 < m < 1000 

m: fragment weight 
(grains) 



-22- 

Striking 
Velocity 
.( 

< 2000 

2000 to 3000 

3000 to 4000 

4000 to 5000 

5000 to 6000 

6000 to 7000 

7000 to 8000 

8000 to 9000 

9000 to 10000 

> 10000 

Table XI 

Qbaervatlone of Recovered Tungsten Alloy Fragments 

After Penetration of Maftex 

Fragment Fragment 
Essentially Moderately 

Intact Deformed 

AlfO 

AAA\lrJr$a* 

AAAA'#rJr 

A4b** 

*Jr 

A 

A 

a aa 

03 

Code 

I: .Olsm< .lO 

A: .lO 5 m < 1.0 

$: 1.0 5 m < 10 

a: 10 5 m < 100 

*: lOOsm< 1000 

Fragment 
Badly 

Deformed 

A 

\Ir 

m: fragment weight 
(grains) 
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PERCENTAGE OF WEIGHT LOST 

DURING MAF TEX PENETRATION 

Plastic Fragments 

‘AA OC 
4 5 5 7 

v (1000 fpa) 

+ m< 0.1 

A 0.1 s Ill c 1.0 

0 1.0s m c 10.0 

X 10.0 s rn 4 100.0 

100.0 5 ml 

m: Iragnrrnt nslght 
(gralnr) 

Fig. 1 
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I 

PERCENTAGE OF WElGHT LOST 

QURING MAFTEX PENETRATION 

Magnrsium Alloy Fro gments 
100.8 

70.0 

50.0 

30.0 

2 0.0 

10.0 

7.0 
I___- 

8.0 -~- - _ 

-.-..-_ 

LEOENO 

f mc 0.1 

A 0.1 5 m C 1.0 

0 1.0s m * 10.0 

X 10.0 5 m < 100.0 

v 100.0 5 m 

I: lrogmant nmlqht 
(QWh#) 



PERCENTAGE OF WEIGHT LOST 

DURING MAFTEX PENETRATION 

Aluminum Alloy Fragments 

100.01 1 I I I I 
t I 1 I I I I 

,70.0 

a 30.0 -_. ---, 

20.0 -. 

10.0 -_--~,, --..---- -. 
4 7.0 ---,-- 

-- - w 
z ,? 5.0 --"--.------..-- 
5 

X 
-_ -..-- 

% u 3.0 
X __- 

:: 0 

5 2.0 "11------ 
E 
p" 

I7 ._-- - 

7 
-  

LEGEND 

+ mc 0.1 

A 0.1 4 m C 1.0 

0 I.05 m < 10.0 

X 10.0 s m 5 100.0 
V 100,05 m 

m: lrogment walght 
(groInsI 

v (I000 tPs) 
Fig. 3 
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PERCENTAGE OF WEIGHT LOST 

QURlNG MAF TEX PENETRATION 

Steel Fragments 

0 4 6 6 7 6 9 10 18 12 
v (IO00 lps) 

Fig. 4 

LEGEND 

A 0,l 5 ml < 1.0 

8 1.05 rr8 4 10.0 

X 10.0 5 m c 100.0 

v IOO.0 s m 

In: Iragmrnt weight 
(grains) 
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PERCENTAGE OF WEIGHT LOST 

DURING MAF TEX PENETRATION 
Tungsten Alloy Fragments 

k-l-* ----t-i 

6 
:: 3.0 ----- 

; 2.0, . 0 -.--._ 
,u 2 y X 

vv I 1.0. 
x 

1 - 
-x v ___ --._““I-- 

0.7 -- 
“--- 

0.5H-+-+++-t-t---l-t 
0.3 

0.2 

0.1 
0123456799 

v (loo0 #pa) 

Fig, 5 

IO 

LEGEND 

+ rn< 0.1 

A 0.t s m * I,0 

Q I.05 m ( 10.0 

X 10.0 5 m ( 100.0 

v 100.0 s m 

m: lrogmrnl weight 
~gralnr) 
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RESULTS 

The master estimating equation relating striking velacity to other 

impact parameters for all five fragment materials is 
v p 26170 e0.736 ,-O~681~sec ej0.711 A0.638 

where symbols and units are defined in the section, EMPIRICAL RELATIONSHIPS. 

Far each fragment material, a set of pre-formed fragments was 

designed to be essentially homologous, i.e., the same shape. For each 

material, it is possible to relate the average presented area of the fragment 

to the fragment weight by means of the equation: 213 A=cm . The average 

value of c for each fragment material is given below: 

Fragment Material c 

Plastic 0.0308 

Magnesium Alloy 0.0279 

Aluminum Allay 0.0183 

Steel 0.0088 

Tungsten Alloy 0.0054 

Note that with this type of formula, it is assumed that the differ- 

ence in performances on Maftex between two fragments of the sama weight and 

shape but of different materials can be accounted for by their different 

average presented areas, With the weight and shape of fragment fixed, the 

denser the material, the smaller the average presented area. 

By substituting for A, in the master estimating equation, the 

appropriate function of m for each fragment material, a set of equations $s 

generared. 



PTX3TIC : ” = 2838 .0-736 m-o*=5 (set Q)OJ11 

MAGNESIUM ALLOY: V = 2664 e 0,736 ,yOe255 (set ej0.711 

ALUMINUM ALLOY: v ~ 2035 .0.736 ,-0,255 (set ej0.711 

STEEL: v c 1276 .0.736 ,-0.255 (set ej0.711 

TUNGSTEN ALLOY: v I g34 .0.736 ,-0.255 (set e) 0.711 

Note that these equations vary only in the value of the coefficient. 

This suggests that the velocity estimate for each material can be given in 

terms of the velocity estimates for a selected material multiplied by some 

appropriate ratio or factor. If steel is selected as the standard, then the 

factor fV) the ratio of the coefficient for the given material to that for 

steel, appears in the’chart which follows. 

by solving each equation in the previous set for e, another useful 

set of equations is generated. 
a 

PLASTIC :’ e =L 0.00002044 m 0.347 &358 (CO8 e) 0.966 

MAGNESIUM ALLOY: e = 0.00002228 m 0,347 &358 (cos Q)0.966 

ALUMINUM ALLOY: e = 0.00003211 
0.347 +358 (cos o)0.966 m 

STEEL: e = 0.00006058 m 0.347 v1.358 (cos 6) 0.946 

TUNGSTEN ALLOY: e = 0.00009250 0,347 &358 (cos Q)0,966 m 

Again, one notes that the equations in this set vary only in the 

value of the coefficient. This suggests that the thickness of Maftex that 

would be penetrated by any fragment material can be given in terms of the 

thickness of Mgftex that would be penetrated by, say, a steel fragment of the 

same weight, shape,‘velocity, and angle of obliquity of strike, multiplied by 

some appropriate factor or ratio. Steel, again, has been selected as the 

standard, and thetictors fe appear (as well as those for 4) in the chart below. 
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f w Fragment Material f c! 

2.2% 

2.09 

1.60 

a.00 

0.7% 

Plastic 

Magnesium Alloy 

Aluminum Alloy 

Steel 

Tungsten Alloy 

0.34 

0.37 

0.5% 

1.00 

1.5% 

A set of five graphs follows, relating the impact parameters to each 

other e Each graph applies to a selected value of 19~ the angle of obliquity, 

between O” and 70’. Whereas these graphs are prepared for steel fragments, 

it will now be shown how they can be adapted for other fragment materials. 

The graphs are useful for the solution of two types of problems. 

In the first problem, one is given e, m, 6, for a compact fragment of material 

X. To find the velocity corresponding to these conditions, one determines 

the velocity for a compact steel particle of the same weight; then this result 

is multiplied by the factor fV corresponding to material X. 

In the second problem, one is given V, m, 8, for a compact fragment 

of material X. To find the thickness of Maftex that would be penetrated by 

such a fragment., one determines the thickness of Maftex that would be penetrated 

by a compact steel fragment of the same weight; then this result is multiplied 

by the factor fe corresponding to the material X. 

The density range of the five fragment materials considered in the 

experimental work is so extensive that the master estimating equation can 

probably be useful $n providing velocity estimates for other fragment materials 

aa well, In Figure 6, the variation of the two sets of f values with fragment 

5 
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density is shown. Accordingly, the reader can estimate the velocity of a 

particle of some material not actually under consideration in this report 

when the density of the material is known. 

It should be remembered, however, that all the experimental work 

was executed with chunky fragments for which the ratio of maximum presented 

area to minimum presented area was never far removed from unity. Thus, the 

performance of fragments with the same characteristics do not fluctuate widely 

under the same firing conditions, providing the fragments are not breaking up 

or deforming while slowing down in the collecting medium. 

In Figures 7-11 which follow, the inner rectangle delineates the 

conditions which represent the major effort of the experimental work. For 

example, few firings were made with fragments weighing less than 0.10 grains 

or with velocities in excess of 12,000 fps, 

In using the equations or graphs to estimate particle velocity, the 

reader Is cautioned that these results evolve from isolated or independent 

firings. One possible source of erroris discussed, The user locates two 

particles in the same general region of the recovery medium, one large and 

one small. Not realizing that the smaller particle is a splinter particle of 

the larger one (and had therefore the same velocity on impact as the larger 

particle) I the user might infer that the small particle had a velocity corre- 

sponding to that of a small particle which would independently penetrate that 

much of the collecting medium. 

In the set of equations solved for e, the values of the exponents 

are-remarkably close to l/3, 4/3, and 1 respectively. This suggesta that the 

equations might be adjusted to fit the form: 

4 l/3 e set 0 = k’ (mV ) 
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where (e set e) would represent the distance of travel through the Maftex 

pack along the line of travel. Of course, if there is some particular merit 

to this alternate form of the equation, one could return to the Least Squares 

technique and compute a best k’ compatible with this form for the experimental 

data for each fragment material. 

For a quick result, a sampling of sets of parameters (e, 8, m, V) 

for steel fragments was made. The average value of k’ where 

k’ = e set 13 

(mV4) lJ3 

corresponding to these sets was found to be 0.000080. If it is assumed that 

the same set of values for fe holds for this new form of equation, then a new 

set of equations of the form 

e set 8 = k’ (mV”) 1’3 

is generated where the value of k ’ for each fragment material is given in the 

following chart. 

Fragment “Material k’ 

Plastic 0.000027 

Magnesium Alloy 0.000029 

Aluminum Alloy 0.000042 

St&S1 0.000080 

Tungsten Alloy 0.000122 

One ready advantage of the preceding form of the equation is the 

4 l/3 linearity of (e, sac e) with (mV ) . In Figure 12, a single graph displays 

the estimated variation of depth of Maftex penetration along the line of 

travel with this particular function of m and V. The ordinate has absorbed 

tb.e obliquity factor. 



The estimates of thickness of Maftex penetrated by a given fragment, 

as determined by this simplified equation and again as determined from the 

master estimating equation, are generally in excellent agreement. 

Far the reader” s convenience, the principal set of graphs (Figures 

7-11) shows two sets of units, grains and grams, on the abscissa axis and 

two sets of units, feet per second and meters per second, on the ordinate axis. 
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Depth of Penettetion into Moftex Along Line of Travel vs hV4)vs 

(Compact Fragments) 
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SLJMMARY 

A single formula covering several fragment materials has been 

established to determine particle velocity on the basis of the depth of 

penetration of the fragment into a variety of fiber board. This formula is: 

” = 26170 eOe736 ,-0.681 (sec 0j0.711 ,0.638 

where the symbols are defined in the section, EMPIRICAL RELATIONSHIPS. By 

replacing A with cm 213 , where c depends on the fragment material, a set of 

equations is generated I one for each fragment material. 

The velocity estimate for a material X can be obtained by multiply- 

ing the velocity estimate for steel by fv, a constant for each material. The 

estimate of thickness of fiber board that will be penetrated by a fragment of 

material X can be obtained by multiplying the estimate of thickness of fiber 

board that will be penetrated by a steel fragment by fe, a constant for each 

material + 

The values for b and a‘ (see Empirical Relationships) which describe 

the goodness of fit of the equation to the experimental data are given below. 

For each fragment material a maximum velocity has been established 

under which the fragment is expected to remain essentially intact upon penetra- 

tion of the particular medium, Maftex. The equation provided for the estimates 

of velocity for a given fragment material may not produce reasonable estimates 

beyond this maximum velocity. Whenever the fragment deforms or breaks up 

appreciably while penetrating the collecting medium, the fragment does not 

penetrate as far as would be expected. 

Whereas the magnitude of u serves as an overall criterion for the 

goodness of fit of the formula to the entire body of data, the magnitude of 

the errors in the velocity estimates tends to increase with velocity. 
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The relative errors in the velocity estimates are highest at low velocity. 

One apparent reason for this is that the basic unit of thickness of Maftex 

for the experimental work was one sheet or one-half inch. A fragment found 

in the twentieth sheet of Maftex has penetrated between 9.5 and 10.0 inches of 

Maftex. No matter which figure is used, the relative error in this measurement 

will be smal’k. However, a fragment found in the first (half-inch) sheet of 

Maftex has penetrated a thickness less than 0.5 inches of Maftex and the 

relative error in this measurement may be large. One technique which will 

permit better measurements of thickness penetrated is to use thinner pieces 

of Maftex for the first few sheets of the pack. In addition, an effort should 

be made to measure each depth of penetration to the nearest half or quarter 

sheet. 

A series of graphs follows showing, for each fragment material the 

variation with velocity of the percentage of error of the velocity estimates. 
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VARlATlON OF PERCENT ERROR IN VELOCITY ESTIMATES 
FOR 1000 FPS INTERVALS IN VELOCITY 

Plastic Fragments 
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Fig. 13 
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VARIATION OF PERCENT ERROR IN VELOCITY ESTIMATES 
FOR 1000 FPS INTERVALS IN VELOCITY 

Magnesium Alloy Fragments 
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VARIATION OF PERCENT ERROR IN VELOCITY ESTIMATES 
FOR 1000 FPS INTERVALS IN VELOCITY 

Aluminum Alloy Fragments 

v (1000 fps) 

Fig. 15 

1) o= average percent 

error in interval 

2 1 vr))ox. = 8500 fPS 
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VARIATION OF PERCENT ERROR IN VELOCITY ESTIMATES 
FOR 1000 FPS INTERVALS IN VELOCITY 

Steel Fragments 
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VARIATION OF PERCEXNT ERROR IN VELOCITY ESTJMATES 
FOR IO00 FPS INTERVALS IN VELOCITY 

Tungsten Alloy Fragments 
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APPENDIX I 

CHARACTERISTICS OF EXPERIMENTAL DATA 



TA
BL

E 
XI

II 

Ch
ar

ac
te

ris
tic

s 
of

 
Ex

pe
rim

en
ta

l 
Da

ta
 

Pl
as

tic
 

Fr
ag

.m
en

ts
 

D
at

a 
N

o 
d 

1'
 

2 3*
 

4 5 6 7 8*
 

9 10
 

11
 

12
 

13
 

14
 

15
 

16
 

17
* 

18
* 

19
* 

20
 

21
* 

22
 

23
* 

24
 

25
* 

26
* 

27
* 

28
 

29
* 

30
 

0.
25

 
0 

26
00

 
0.

75
 

0.
25

 
70

 
29

00
 

0.
25

 
0.

93
 

60
 

53
14

 
0.

25
 

0.
99

 
0 

41
05

 
1.

25
 

1.
0 

0 
19

50
 

0.
75

 
1.

0 
0 

30
00

 
1.

25
 

1.
0 

70
 

35
00

 
0.

7 
1.

0 
0 

46
35

 
1.

0 
5.

0 
0 

13
50

 
1.

5 
5.

0 
0 

38
00

 
2.

5 
5.

0 
70

 
34

00
 

1.
0 

15
.0

 
0 

18
00

 
3.

0 
15

.0
 

0 
37

50
 

3.
0 

15
.0

 
70

 
25

00
 

0.
7 

15
.0

 
70

' 
25

00
 

1.
0 

15
.0

 
70

 
38

00
 

1.
0 

15
.0

 
0 

58
00

 
2.

5 
15

.3
5 

0 
50

00
 

2.
25

 
15

.5
 

0 
71

50
 

3.
0 

30
.0

 
0 

42
00

 
4.

0 
30

.0
 

0 
54

60
 

4.
0 

30
.0

 
70

 
14

00
 

0.
7 

60
.0

 
70

 
45

00
 

1.
5 

12
0.

0 
0 

40
00

 
8.

0 
12

0.
0 

0 
45

45
 

7.
0 

12
0.

0 
0 

58
40

 
6.

5 
12

0.
0 

0 
66

00
 

6.
5 

12
0.

0 
70

 
39

50
 

2.
0 

12
2.

0 
0 

55
25

 
6.

5 
12

4.
0 

0 
10

00
 

2.
5 

jd
eg

r8
ee

s)
 

J 
in

cF
!e

s)
- 

+ 
D

at
a 

po
in

t 
no

t 
in

clu
de

d 
in

 
an

al
yt

ica
l 

fit
 

be
ca

us
e 

of
 

ex
ce

ss
iv

e 
fra

gm
en

t 
de

fo
rm

at
io

n 
or

 
br

ea
k-

up
. 



. 
I 

* 

TA
BL

E 
XI

V 

D
at

a 
N

o 
/ 

1 
0.

1 
0 

25
00

 
0.

5 
2 

0.
12

 
0 

41
80

 
0.

7 
3 

0.
25

 
0 

33
00

 
1.

1 
4 

1.
0 

0 
16

00
 

0.
75

 
5 

1.
0 

0 
48

50
 

2.
5 

6*
 

1.
00

3 
0 

59
25

 
2.

25
 

7*
 

1.
00

5 
60

 
56

93
 

0.
75

 
8 

5.
0 

0 
20

00
 

2.
5 

9 
5.

0 
0 

43
00

 
3.

5 
10

 
15

.0
 

0 
14

00
 

2.
0 

11
 

15
.0

 
0 

42
00

 
5.

0 
12

 
15

.0
 

70
 

41
00

 
1.

1 
13

* 
15

.3
5 

0 
70

50
 

5.
0 

14
 

30
.0

 
0 

97
0 

1.
6 

15
* 

30
.0

 
0 

67
80

 
7.

0 
16

* 
60

.0
 

0 
64

50
 

9.
0 

17
* 

60
.0

 
0 

70
00

 
5.

5 
18

 
60

.0
 

70
 

44
00

 
2.

0 
19

 
12

0.
0 

0 
85

0 
2.

1 
20

 
12

0.
0 

0 
54

60
 

13
.0

 
21

 
12

0.
0 

70
 

20
30

 
2.

1 
22

 
12

0.
0 

70
 

50
00

 
4.

5 

C
ha

ra
ct

er
is

tic
s 

of
 

Ex
pe

rim
en

ta
l 

D
at

a 

M
ag

ne
si

um
 A

llo
y 

Fr
ag

m
en

ts
 

(fE
S)

 
(ir

iL
es

) 

* 
D

at
a 

po
in

t 
no

t 
in

cl
ud

ed
 

in
 

an
al

yt
ic

al
 

fit
 

be
ca

us
e 

of
 

ex
ce

ss
iv

e 
fra

gm
en

t 
de

fo
rm

at
io

n 
or

 
br

ea
k-

up
. 



TA
BL

E 
XV

 

C
ha

ra
ct

er
is

tic
s 

of
 

Ex
pe

rim
en

ta
l 

D
at

a 

Al
um

in
um

 
Al

lo
y 

Fr
ag

m
en

ts
 

D
at

a 
N

o.
 

1.
 

2 3 4 5 6 7 8 9 10
 

If 12
 

13
 

14
 

15
 

16
 

17
 

18
 

19
 

20
 

21
 

22
 

23
 

24
 

25
 

26
 

27
 

28
 

29
 

30
* 

(g
rY

.n
s)

 
0.

1 
‘0

 
a.

1 
60

 
0.

1 
70

 
0.

10
8 

a 
0.

11
5 

0 
a.

24
 

60
 

0.
25

8 
0 

0.
25

8 
70

 
a.

95
1 

60
 

0.
95

1 
70

 
0.

97
2 

0 
1.

0 
0 

1.
0 

0 
1.

03
 

0 
1.

03
 

60
 

1.
03

 
70

 
5.

0 
0 

5.
0 

a 
5.

0 
70

 
5.

25
 

60
 

5.
25

 
60

 
5.

45
 

60
 

5.
5 

70
 

5.
5 

70
 

15
.0

 
0 

15
.0

 
a 

15
.0

 
0 

15
.0

 
0 

15
.5

 
0 

15
.5

 
0 

V 
(fP

S>
 

29
75

 
29

08
 

32
23

 
22

99
 

48
42

 
28

07
 

11
53

 
32

77
 

17
98

 
25

21
 

64
20

 
50

16
 

64
30

 
14

62
 

19
34

 
21

91
 

16
12

 
20

00
 

25
16

 
14

70
 

22
44

 
24

65
 

40
10

 
46

34
 

17
34

 
23

62
 

53
23

 
62

04
 

20
90

 
93

75
 

e 
(in

ch
es

) 
0.

75
 

0.
43

7 
0.

25
 

a.
75

 
1.

0 
0.

5 
0.

5 
0.

5 
0.

75
 

0.
37

5 
3.

5 
4.

0 
4.

0 
0.

87
5 

0.
75

 
0.

37
5 

2.
5 

3.
0 

1.
0 

1.
0 

1.
5 

1.
5 

1.
5 

1.
0 

3.
5 

5.
5 

6.
5 

7.
5 

4.
5 

5.
75

 

* 
D

at
a 

po
in

t 
no

t 
in

cl
ud

ed
 

in
 

an
al

yt
ic

al
 

fit
 

be
ca

us
e 

of
 

ex
ce

ss
iv

e 
fra

gm
en

t 
de

fo
rm

at
io

n 
or

 
br

ea
k-

up
. 

I 
I 

” 
* 

,a 
1 



. 
. 

. 

D
at

a 
I?

0 
A 

31
 

15
.6

 
0 

44
85

 
5.

75
 

32
* 

15
.6

 
0 

11
20

0 
-s-m

 

33
 

30
.0

 
0 

36
00

 
8.

5 
34

 
31

.0
 

0 
52

90
 

9.
0 

35
 

31
.0

 
60

 
33

91
 

3.
0 

36
 

31
-O

 
70

 
42

99
 

2.
0 

37
 

62
.0

 
0 

39
12

 
10

.0
 

38
 

62
.0

 
60

 
39

29
 

5.
0 

39
 

63
.0

 
70

’ 
55

20
 

5.
0 

40
 

12
0.

0 
0 

71
82

 
15

.0
 

41
 

12
2.

0 
0 

39
33

 
14

.0
 

42
 

12
2.

0 
60

 
44

54
 

8.
5 

43
 

23
2.

0 
0 

39
48

 
18

.5
 

44
 

24
0.

0 
0 

60
92

 
21

.5
 

45
 

24
3.

0 
70

 
37

77
 

7.
0 

46
 

24
4.

0 
60

 
32

19
 

7.
5 

* 
D

at
a 

po
in

t 
no

t 
in

cl
ud

ed
 

in
 

an
al

yt
ic

al
 

fit
 

be
ca

us
e 

of
 

ex
ce

ss
iv

e 
de

fo
rm

at
io

n 
or

 
br

ea
k-

up
. 

TA
BL

E 
XV

 (
C

O
N

T)
 

C
ha

ra
ct

er
is

tic
s 

of
 

Ex
pe

rim
en

ta
l 

D
at

a 

Al
um

in
um

 
Al

lo
y 

Fr
ag

m
en

ts
 

m
 

(g
ra

in
s)

 
8 

(d
eg

re
es

) 
e 

(in
ch

es
) 



TA
BL

EX
VI

 

D
at

a 2 
0.

05
9 

0 
26

00
 

1.
37

5 
3 

0.
05

9 
70

 
41

50
 

0.
62

5 
4 

0.
11

2 
0 

65
63

 
3.

5 
5 

0.
22

5 
0 

91
03

 
7.

0 
6 

0.
22

5 
0 

93
37

 
8.

0 
7*

 
0.

22
5 

0 
11

10
9 

8.
0 

8 
0.

23
6 

0 
10

15
 

1.
0 

9 
0.

23
6 

0 
27

50
 

2.
75

 
10

 
0.

23
6 

60
 

21
00

 
1.

56
3 

11
 

0.
23

6 
70

 
34

40
 

1.
25

 
12

 
0.

82
5 

0 
67

67
 

9.
0 

13
 

0.
82

5 
0 

76
13

 
9.

5 
14

* 
0.

82
5 

0 
12

79
9 

11
.5

 
15

 
0.

82
6 

0 
12

10
 

1.
25

 
16

 
0,

82
6 

0 
25

00
 

3.
88

 
17

 
0.

82
6 

60
 

15
40

 
1.

12
5 

18
 

0.
82

6 
60

 
18

40
 

1.
44

 
19

 
0.

82
6 

70
 

30
00

 
1.

56
8 

20
 

0.
82

6 
70

 
32

70
 

1.
75

 
21

* 
0.

84
 

0 
12

48
0 

1O
.S

 
22

 
0.

95
2 

0 
70

50
 

7.
0 

23
* 

1.
98

 
0 

11
10

0 
15

.5
 

24
 

2.
5 

0 
90

0 
0.

39
 

25
 

2.
5 

0 
10

00
 

0.
5 

26
 

2.
5 

0 
14

00
 

1.
11

 
27

 
5.

0 
0 

60
0 

0.
59

 
28

 
5.

0 
0 

80
0 

0.
67

 
29

 
5.

0 
0 

10
00

 
1.

04
 

au
 

5.
0 

0 
11

00
 

1.
35

 

C
ha

ra
ct

er
is

tic
s 

of
 

Ex
pe

rim
en

ta
l 

D
at

a 

St
ee

l 
Fr

ag
m

en
ts

 

(d
eg

:;e
sl

 

* 
D

at
a 

po
in

t 
no

t 
in

cl
ud

ed
 

in
 

an
al

yt
ic

al
 

fit
 

be
ca

us
e 

of
 

ex
ce

ss
iv

e 
de

fo
rm

at
io

n 
or

 
br

ea
k-

up
. 



. 
. 

C
ha

ra
ct

er
is

tic
s 

of
 

Ex
pe

rim
en

ta
l 

D
at

a 

St
ee

l 
Fr

ag
m

en
ts

 

D
at

a 
N

o 
31

‘ 
(g

rL
s)

 
ld

eg
r8

ee
s)

 
Ji

nz
he

s)
 

5.
0 

a 
12

00
 

1.
8 

32
 

5.
0 

a 
13

00
 

1 
l 9

4 
33

 
5.

0 
0 

14
00

 
1.

94
 

34
 

5.
0 

0 
15

00
 

2.
35

 
35

* 
6.

75
 

a 
15

50
0 

21
.5

 
36

 
10

.0
 

0 
40

0 
0.

25
 

37
 

10
.0

 
0 

50
0 

0.
61

 
38

 
10

.0
 

0 
60

0 
a.

75
 

39
 

10
.0

 
0 

80
0 

1.
52

 
40

 
10

.0
 

0 
90

0 
1.

13
 

41
 

10
.0

 
a 

10
00

 
2.

16
 

42
 

10
.0

 
0 

11
00

 
1.

0 
43

 
10

.0
 

0 
12

00
 

2.
08

 
44

 
15

.0
 

a 
40

0 
1.

08
 

45
 

15
.0

 
0 

50
0 

0.
25

 
46

 
15

.0
 

a 
60

0 
1.

25
 

47
 

15
.0

 
a 

70
0 

1.
25

 
48

 
15

.0
 

0 
80

0 
1.

92
 

49
 

15
.0

 
0 

90
0 

1.
88

 
50

 
15

.0
 

a 
10

00
 

2.
32

 
51

 
15

.0
 

a 
11

00
 

2.
31

 
52

 
15

.0
 

0 
12

00
 

3.
0 

53
 

15
.0

 
a 

13
00

 
2.

75
 

54
 

15
.0

 
a 

14
00

 
3.

58
 

55
 

15
.0

 
0 

15
00

 
3.

25
 

56
 

15
.0

 
0 

16
85

 
5.

17
 

57
 

15
.0

 
0 

19
60

 
5.

17
 

58
 

15
.0

 
a 

20
 10

 
4.

95
 

59
 

15
.0

 
a 

20
75

 
5.

0 
60

 
15

.0
 

a 
24

00
 

5.
17

 
* 

D
at

a 
po

in
t 

no
t 

in
cl

ud
ed

 
in

 
an

al
yt

ic
al

 
fit

 
be

ca
us

e 
of

 
ex

ce
ss

iv
e 

fra
gm

en
t 

de
fo

rm
at

io
n 

or
 

br
ea

k-
up

. 
t si
 t 



TA
BL

E 
XV

I 
(C

O
N

T)
 

C
ha

ra
ct

er
is

tic
s 

of
 

Ex
pe

rim
en

ta
l 

D
at

a 

St
ee

l 
Fr

ag
m

en
ts

 

D
at

a 
m

 
8 

e 
NO

. 
(g

ra
in

s)
 

(d
eg

re
es

) 
(in

ch
es

) 
61

 
15

.0
 

0 
79

25
 

18
.7

5 
62

 
15

.0
 

0 
99

20
 

18
.0

 
63

* 
29

.2
 

0 
10

68
2 

26
.0

 
64

 
30

.0
 

0 
75

8 
2.

2 
65

 
30

.0
 

0 
85

4 
2.

25
 

66
 

30
.0

 
0 

88
6 

2.
25

 
69

 
30

.0
 

0 
89

0 
2.

25
 

68
 

30
.0

 
0 

90
7 

2.
25

 
69

 
30

.0
 

0 
95

1 
2.

3 
70

 
30

.0
 

0 
34

13
 

10
.4

 
71

 
30

*0
 

0 
34

48
 

11
.9

 
72

 
30

.0
 

0 
34

84
 

10
.3

 
73

 
30

.0
 

0 
46

51
 

15
.0

 
74

 
30

.0
 

0 
47

39
 

15
.0

 
75

 
30

.0
 

0 
48

54
 

15
.5

 
96

 
30

.0
 

45
 

39
39

 
11

.5
 

77
 

30
.0

 
45

 
58

87
 

15
.5

 
78

 
30

.0
 

45
 

58
87

 
15

.5
 

99
 

30
.0

 
60

 
31

70
 

6.
0 

80
 

30
.0

 
60

 
59

57
 

10
.0

 
81

 
30

.0
 

70
 

49
35

 
6.

0 
82

 
60

.0
 

0 
63

2 
2.

0 
83

 
60

.0
 

0 
69

3 
2.

0 
84

 
60

.0
 

0 
87

5 
2.

5 
85

 
60

.0
 

0 
11

55
 

5.
0 

86
 

60
.0

 
0 

11
57

 
6.

0 
87

 
60

.0
 

0 
14

60
 

6.
0 

88
 

60
.0

 
0 

14
66

 
5.

0 
89

 
60

.0
 

0 
18

48
 

7.
5 

90
 

60
.0

 
0 

18
87

 
8.

0 
* 

D
at

a 
po

in
t 

no
t 

in
cl

ud
ed

 
in

 
an

al
yt

ic
al

 
fit

 
be

ca
us

e 
of

 
ex

ce
ss

iv
e 

fra
gm

en
t 

de
fo

rm
at

io
n 

or
 

br
ea

k-
up

, 



. 
c 

TA
BL

E 
XV

I 
(C

O
N

T)
 

D
at

a 
NO

. 

91
%

 

92
 

60
.0

 
0 

93
 

60
.0

 
0 

94
 

60
.0

 
0 

95
 

60
.0

 
0 

96
 

60
.0

 
0 

97
 

60
.0

 
0 

98
 

60
.0

 
0 

99
 

60
.0

 
0 

10
0 

60
.0

 
0 

10
1 

60
.0

 
0 

10
2 

60
.0

 
0 

10
3 

60
.0

 
0 

10
4 

60
.0

 
0 

10
5 

60
.0

 
0.

 
10

6 
60

.0
 

45
 

10
7 

60
.0

 
45

 
10

8 
60

.0
 

60
 

10
9 

60
.0

 
70

 
11

0 
12

0.
0 

45
 

11
1 

12
0.

0 
45

 
11

2 
12

0.
0 

45
 

11
3 

12
0.

0 
45

 
11

4 
12

0.
0 

45
 

11
5 

12
0.

0 
60

 
11

6 
12

0.
0 

70
 

11
7 

24
0.

0 
0 

11
8 

24
0.

0 
0 

11
9 

24
0.

0 
0 

12
0 

24
0.

0 
0 

C
ha

ra
ct

er
is

tic
s 

of
 

Ex
pe

rim
en

ta
l 

D
at

a 

St
ee

l 
Fr

ag
m

en
ts

 

21
30

 
22

68
 

23
15

 
24

63
 

27
25

 
27

62
 

31
25

 
31

35
 

35
84

 
36

90
 

37
88

 
46

51
 

46
73

 
47

62
 

10
60

0 
24

85
 

51
91

 
38

48
 

40
98

 
27

18
 

31
47

 
31

65
 

32
03

 
32

12
 

30
40

 
51

18
 

34
1 

40
0 

44
9 

53
1 

(in
Zh

,s
i 

8.
0 

10
.0

 
10

.0
 

8.
5 

10
.0

 
12

.0
 

13
.5

 
14

.5
 

15
.0

 
15

,o
 

15
.0

 
16

.5
 

15
.5

 
18

.5
 

24
.5

 
8,

5 
16

.0
 

9.
5 

5.
5 

12
.0

 
13

.0
 

13
.5

 
14

.0
 

14
.0

 
10

.0
 

9.
5 

1.
2 

0.
4 

0.
4 

2.
5 

Ll
 

4 t 



TA
BL

E 
XV

I 
(C

O
N

T)
 

C
ha

ra
ct

er
is

tic
s 

of
 

Ex
pe

rim
en

ta
l 

D
at

a 

St
ee

l 
Fr

ag
m

en
ts

 

D
at

a 
NO

. 

12
1.

 
12

2 
12

3 
12

4 
12

5 
12

6 
12

7 
12

8 
12

9 
13

0 
13

1 
13

2 
13

3 
13

4 
13

s 
13

6 
13

7 
13

8 
13

9 
14

0 
14

1 
14

2 
14

3 
14

4 
14

5 
14

6 
14

7 
14

8 

gn
”’ 

24
01

0 
24

0.
0 

24
0.

0 
24

0.
0 

24
0.

0 
24

0.
0 

24
0.

0 
24

0.
0 

24
0.

0 
24

0.
0 

24
0.

0 
24

0.
0 

24
0.

0 
24

0.
0 

24
0.

0 
24

0.
0 

24
0.

0 
24

0.
0 

24
0.

0 
24

0.
0 

24
0.

0 
24

0.
0 

24
0.

0 
24

0.
0 

24
0.

0 
24

0.
0 

48
1.

0 

8 
(d

eg
re

es
) 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 45
 

45
 

60
 

60
 

60
 

70
 0 

80
9 

4.
3 

98
8 

7.
0 

12
05

 
10

.3
 

12
99

 
12

.0
 

14
22

 
10

.8
 

15
02

 
11

.0
 

16
69

 
14

.0
 

17
45

 
12

.2
 

22
03

 
12

.8
 

28
82

 
20

.5
 

30
21

 
22

.8
 

31
15

 
24

.5
 

32
36

 
26

.0
 

41
15

 
24

.0
 

47
39

 
44

.5
 

48
31

 
34

.3
 

48
54

 
42

.5
 

48
78

 
36

.5
 

50
76

 
36

.7
 

50
76

 
38

.8
 

60
80

 
33

.0
 

22
71

 
15

.0
 

29
08

 
19

.0
 

31
29

 
13

.0
 

39
22

 
16

.5
 

39
22

 
16

.5
 

51
43

 
14

.0
 

52
25

 
52

.5
 

(in
ke

s)
 



. 
. 

TA
EZ

E 
XV

II 

C
ha

ra
ct

er
is

tic
s 

of
 

Ex
pe

rim
en

ta
l 

D
at

a 

Tu
ng

st
en

 
Al

lo
y 

Fr
ag

m
en

ts
 

D
at

a 
-N

o.
 

(R
rL

ns
) 

(in
zh

es
) 

1 
0.

11
2 

0 
37

66
 

3.
87

5 
2 

0.
11

2 
0 

48
71

 
'4

.1
25

 
3 

0.
11

4 
0 

67
50

 
5.

0 
4 

0.
11

9 
60

 
37

82
 

1.
35

 
5 

0.
11

9 
70

 
47

22
 

1.
06

2 
6 

0.
12

 
70

 
34

46
 

1,
12

5 
7*

 
0.

12
8 

0 
95

75
 

3.
75

 
8 

0.
25

 
0 

22
62

 
2.

. 5
 

9 
0.

25
6 

0 
l-1

42
 

0.
87

5 
10

 
0.

25
6 

60
 

23
98

 
1.

25
 

11
 

0.
25

6 
70

 
37

41
 

1.
25

 
12

 
0.

98
2 

60
 

72
00

 
6.

0 
13

" 
1.

0 
0 

97
50

 
9.

25
 

14
" 

1.
00

8 
0 

10
07

5 
8.

.7
5 

15
 

1.
05

 
0 

'1
96

2 
3.

87
5 

16
 

1.
05

 
0 

21
43

 
4.

37
5 

17
 

1.
05

 
60

 
22

63
 

2.
0 

18
 

1.
05

 
70

 
30

41
 

2.
25

 
19

" 
1.

1 
0 

16
80

0 
10

;5
 

20
 

4.
7 

-0
 

23
93

 
5;

5 
21

 
4.

95
 

70
 

56
31

 
4.

5 
22

 
5.

0 
0 

14
78

 
5.

5 
23

 
5.

0 
,d

 
57

56
 

i4
:5

 
24

* 
5,

O
 

d 
16

15
0 

21
.0

 
25

 
5.

0 
60

 
20

73
 

5.
0 

26
 

5.
0 

60
 

38
44

 
9.

5 
27

 
5.

25
 

76
 

52
98

 
8.

0 
28

 
12

,8
 

0 
17

01
 

10
.0

 
29

 
12

.8
 

0 
44

57
 

22
-5

 
30

* 
L3

;O
 

0 
90

70
 

28
.2

5 
* 

D
at

a 
po

in
t 

no
t 

in
cl

ud
ed

 
in

 
an

al
yt

ic
al

 
fit

 
be

ca
us

e 
of

 
ex

ce
ss

iv
e 

fra
gm

en
t 

de
fo

rm
at

io
n 

or
 

br
ea

k-
up

. 



TA
BL

E 
XV

ZI
 

(C
O

M
T)

 

C
ha

ra
ct

er
is

tic
s 

of
 

Ex
pe

rim
en

ta
l 

D
at

a 

Tu
ng

st
en

 
Al

lo
y 

Fr
ag

m
en

ts
 

D
at

a 
NO

. 

31
* 

13
.0

 
0 

10
22

5 
26

.2
5 

32
* 

15
.0

 
0 

82
60

 
31

.0
 

33
 

29
.2

 
0 

34
08

 
28

.0
 

34
* 

29
.2

 
0 

93
00

 
35

.2
5 

35
 

29
.2

 
60

 
35

74
 

13
.0

 
36

 
29

.2
5 

0 
26

04
 

16
.0

 
37

* 
29

.3
 

0 
91

40
 

27
.5

 
38

 
29

.6
 

0 
29

95
 

18
.0

 
39

 
31

.0
 

70
 

38
83

 
12

.5
 

40
 

59
.0

 
0 

36
03

 
35

.0
 

41
 

59
.0

 
70

 
56

67
 

12
.0

 
42

* 
59

.3
 

0 
94

80
 

36
.0

 
43

 
59

.4
5 

60
 

37
79

 
13

.0
 

44
 

59
.6

 
0 

39
49

 
33

.0
 

45
* 

60
.1

 
0 

94
50

 
58

.2
5 

46
 

13
6.

0 
0 

41
03

 
54

.0
 

47
 

13
6.

0 
60

 
41

83
 

19
.5

 
48

 
13

7.
0 

60
 

43
06

 
23

.0
 

49
 

23
8.

0 
60

 
29

53
 

19
.0

 
50

 
23

8.
0 

70
 

44
00

 
16

.5
 

(g
rr

in
s)

 
(d

eg
ze

es
) 

(in
Zh

es
) 

* 
D

at
a 

po
in

t 
no

t 
in

cl
ud

ed
 

in
 

an
al

yt
ic

al
 

fit
 

be
ca

us
e 

of
 

ex
ce

ss
iv

e 
fra

gm
en

t 
de

fo
rm

at
io

n 
or

 
br

ea
k-

up
. 



-61- 

APPENDIX II 

FRAGMENT RETARDATION IN AIR 
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FRAGMENT RETARDATION IN AIR 

The fragment velocities recorded in the experimental work were 

measured at a short distance before the collecting medium. The effect of 

drag even for short distances is significant for small particles. Hence it 

was necessary to correct the instrumental velocities for the effect of drag in 

order to obtain the fragment velocity at impact on the collecting medium. 

Corrections were based on the substance of BRIM Report 915 entitled, “Air 

Drag Measurements of Fragments” (U). For the reader’s convenience, a brief 

summary of this report is given below along with a set of graphs indicating 

how fragment slow-down varies with velocity and fragment size for each 

fragment material, 

The experimental work for BRLM 915 amounted to firing individual 

fragments with velocities from 600 to 5000 fps through three successive wire 

velocity grids, The average velocity over measured distances was obtained; 

the loss in velocity for a knbwn distance of travel led to an estimate of the 

drag coefficient, CD, for the fragment shape under consideration. Cubes, 

right circular cylinders, parallelepipeds, and shell fragments were used in 

the experimental work. All the fragments were steel,- ranging in weight from 

about 0.7 grains to 555 grains. 

The retardation equation is taken to be: 

In thfs equation 
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V is the fragment velocity in fps, 

R is the distance of travel in inches, 

CD is the drag coefficient (- 0.56 for cubical fragment's with Mach 
numbers from 1 to 5 at sea level), 

A* is the average projected area, in square inches, of the moving frag- 
ment in a plane perpendicular to its 
trajectory, 

m is the fragment weight, in grains, and 

p is the air density in grains/(inch)3; P = 0.327 at sea level (standard 
conditions) 

If the fragments are randomly oriented in flight, then A* = A where 

A = cm2'3 

and c is a constant for any homologous class of regularly shaped fragments. A 

value of c for the set of fragments for each fragment material has been given 

earlier in this report, but will be shown again in a table which follows shortly. 

Therefore, 

dV CD c P v 
dRP- yin--' 

Thus, with the initial value V = Vo at R =I 0, the differential 

equation has the solution 

V= V. exp (-CD c P R/m l/3) . 

Let R be 12 -inches, and let LYJ be the loss in velociry sustained 

by the fragment in this one foot of travel at sea level (standard conditions); 

then 

av = v. - v = v, 1 - exp (-h/m1'3) 
I 

where 

h = C,, c (.327) (12). 
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Appropriate values for c and h for each of the fragment materials 

under consideration are given in the fallowing table, 

Fragment Material C h 

Plastic 0.0308 0.0677 

Magnesium Alloy 0.0279 0.0613 

Aluminum Alloy 0.0103 0.0402 

Steel 0.0088 0.0193 

Tungsten Alloy 0.0054 0.0119 

A set of graphs follows, showing for each fragment material the 

estimated loss in fragment velocity for one foot of travel, The assumptions 

that are implicit for the construction of these graphs are: 

1) the value of CD is approximately 0.56 for all velocities,. 

fragment weights, and fragment shapes under consideration, 

2) the fragments are moving at, or near, sea-level (standard 

conditions), 

3) the fragments move khrough air with no apparent stabilization 

regardless of the size, material, velocity, etc. 



Retardation for Plastic Fragments in Air 

Notes 1 
a) Fragment has moved only one foot 
bl Fragment moving ot standord,seo-level conditions 
c) + 0.56 
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Fig. 18 
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Retardation for Magnesium Alloy Fragments in Air 

Notes ’ 
al Fragment has moved only on‘e foot 
b) Fragment moving at standard,sea-level conditions 
c) C,--0.56 
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Fig. 19 

Rsf: BRLM 915 
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Retardation for Aluminum Alloy Fragments 

Notes 1 

AV 

a) Fragment has moved only one foot 
b) Fragment moving ot atondard,seo-level conditic 
c) c,-0.58 
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Fig, 20 
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Retardation for Steel Fragments in Air 

Notes’ 
a) Fragment has moved only one foot 
b) Frogrnent moving at standard,sea-level conditions 
c) c,-O-56 

Fig. 21 
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. 

Retardation for Tungsten Alloy Fragments in Air 

Notea’ 
a) Fragment has moved only one foot 
b) Fragment moving at s?andard,sea-level conditions 
c) Co-O.56 

AV 
(f psi 

0 I 2 3 4 5 6 

.Ql .02 --7-T--lr/-l (g 3ne 1 

-- 
r/: m .25 

-- .,-.- 

V,(lOOOfps) 

Fig. 22 
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