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FOREWORD
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ABSTRACT

A computer program has been developed and documented

that generates the information necessary to establish minimum

separation distances between various munition types and per-

sonnel in order to mitigate fragment hazards. This information

includes the fragment density at any point from an accidental

detonation and the probability of injury to personnel within

the hazardous area.

Published munition effectiveness data have been modified,

utilizing statistical techniques, to emphasize a conservative

approach,with respect to safety, by a better resolution of

heavier fragments. The modified munition effectiveness data,

which is input to the computer program, have been included as

a technical data appendix.

Computed results have been obtained for seven munitions

and are presented in the form of contours of constant fragment

density and damage probability in the horizontal plane surround-

ing the munition of interest. In addition, these contours have

been simplified to yield an average value of the hazard as a

function of range from the accidental explosion.
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FRAGMENTATION HAZARDS TO UNPROTECTED PERSONNEL

1. INTRODUCTION

Existing quantity-distance standards for the manufacture,

Jhandling,, and storage of munitions are based on the net weight

of explosive filler contained in the devices in an unsubdi-

vided magazine, or operating building unit. Safe distances

are prescribed in tabular form essentially proportional to

the cube root of the explosive weight.

Because peak blast pressures from explosions of different

yield are the same at distances scaled by the cube root of

the respective explosive weights, existing standards imply

that the acceptable risk to a given target is based on a

peak blast overpressure criterion alone. On the other hand,

the field of fragments projected to the far field from accidental

explosion of a munition store, consisting of inert munition

component fragments and secondary fragments from any enclosure,

does not satisfy the same similarity rules as does the airblast.

Thus, defining an acceptable blast overpressure level at a

target implies the acceptance of different levels of risk of

damage by fragments, depending on the quantity and composition

of the munition store and its enclosure.

To develop quantity-distance standards based on con-

sistent blast and fragment hazard levels requires determination

of the damage risk due to fragments from accidental explosions
as a function of the quantity and type of munitions, and of

the characteristics of the source environment and the vulner-

ability of the target. A previous report (Ref. 1), was a

first attempt aimed at applying engineering analysis, supple-

mentary experimental efforts, and currently available data on

fragmentation and damage criteria to the problem of estimating

fragment hazards at explosives manufacturing and storage sites.
While that report resulted in a fragment hazard model and a
set of fragment density and damage probability maps for a

variety of weapons and targets, this report is concerned with:

We
References listed at the end of the text.



(1) Refining that model and making its corresponding
computer algorithm usable by personnel moderately
experienced at ballistic calculations,

(2) Revising near-field fragment mass distributions
to more accurately reflect their use as input in
estimating fragment hazards,

(3) Developing a new set of fragment density and
damage probability maps; studying the effect
of specific personnel protection criteria for
unprotected personnel, and •

(4) Developing simplified two-dimensional relation-
ships of fragment density and damage probability
as a function of range.

1.1 Problem Background

Under Contract No. DAHC-04-69-C-0056 with the U.S.
Army Research Office-Durham, IITRI has been conducting a
series of investigations concerning fragment hazards associated
with accidental detonation of munitions. This work has been
performed under the direction of the Department of Defense

Explosive Safety Board.

Phase I of this study was concerned with establishing

quantitative damage criteria in terms of fragment mass,

velocity, and attack angle for various targets including
standing personnel, vehicles, aircraft, buildings and open
weapon stores. In Phase II an analytical model was developed
to predict the density of fragments and the probability of
damage to the targets considered in Phase I from explosion

of individual munitions of various types. These included
gun projectiles • general-purpose bombs. Here damage
probability cont'ue.s were obtained in polar coordinates for
a horizontal orientation of the munition axis in each case.

Phase III attempted to extend the fragment hazard model for
individual munitions to the case of multiple munitions in open
stores (Ref.2).The result was a limited demonstration that
an analytic model could be developed to describe the initial
fragment ficld of a stack of niunitiuns. However, it wa§

also brought out that this initial fragment field was often

related to munition case design, stack configuration and

mode of initiaLion.

2



1.2 Program Objectives

In the current research activity the intent has been a

to develop an analytic tool, usable by personnel moderately

experienced at ballistic calculations, and capable of generating

1 : the information necessary to establish the minimum separation
distance to personnel. The objectives of the study were;

(1) To develop and document a computer algorithm
which uses munition effectiveness tables as
input and computes fragment densities and
damage probabilities to unprotected personnel
based upon the following criteria:

'1 * A hazardous fragment has a kinetic energy
of 58 ft-lbs or greater, and

o An acceptable density of hazardous fragments
"is not more than one per 600 sq ft.

(2) To develop a rational scheme for revising published
munition effecLiveness data to moie accurately
reflect its use as inpuL in estimating fragment
hazards.

(3) To develop a simplified means of relating
fragment density and damage probability to a
radial distance over a fixed sector of the
ground plane.

(4) To utilize the computer algorithm and the revised
data in order to compute the fragment density
and damage probability from the explosion of a
single round of each of the following seven
munitions:

* 500 lb low drag bomb Mark 82 Mod 1 (H-6 load)

v 750 lb Bomb M117A2 (Tritional Load)

o 105mm Howitzer Shell M1 (Composition B Load)

o 155mm Howitzer Shell M107 (Composition B Load)

@ *175mm Gun Shell M437A2 (Composition B Load)
* 5"/38 Projectile Mark 49 (CCMP A-3 Load)

o 8"/55 Projectile Mark 25 (Explosive D Load)

3



1.3 Program Accomplishments

The major result of this study has been the de-

velopment and documentation of a computer algorithm which

will allow safety personnel, moderately experienced at
ballistic calculations, to make the computations necessary
to establish separation distances for personnel due to
fragment hazards. A rational statistical scheme has also
been developed and demonstrated which revises published
munition effectiveness data to more conservatively reflect
its use in estimating fragment hazards. A set of computa-
tions were made for seven munitions and the results are
presented as contour maps of total fragment number densities,
damaging fragment number densities and injury probabilities.
The contour maps have also. been simplified to yield curves
of number density and injury probability as a function of
radial distance from the munition source within a constant
sector of the ground plane. (i.e., the nose, base and side-
spray sectors) These results serve both to demonstrate the
capability of the computer algorithm and also as design aids
for explosive safety personnel.

1.4 Program Highlights

The following sections of this report are organized
in such a way as to first present the analysis on which
the fragment hazard computer model is based, to next present

an analysis of the munition effectiveness data which is input
to that computer model and to finally summarize the study
in the form of conclusions reached and recommendations as

to model improvement.

Appendices, covering the study's deliverable items,
are included following the conclusion of the report. These
appendices include a user manual for operation of the fragment
hazard computer program, a listing of the computer program,
the contours and simplified curves describing the fragment
hazard associated with unprotected personnel exposed to these

'4



seven munitions. The revised munition effectiveness data
for the seven munitions were published as a separate classi-

fied document.

2. THE FRAGMENT HAZARD MODEL

This section describes the analysis which forms the

basis for the computational model for predicting fragment
density and injury probability contours for various munitions

The mathematical model, illustrated in Fig. 1, is limited to

I the consideration of -.he single munition without environmenta
protection. The model has been programmed for digital computa

tion, is modular and accepts as inputs:

(I) The spatial distribution of fragment masses
and velocities for single wunitions, which are
defined for intervals of polar angle. (i.e.,
munition effectiveness tables)

1 (2) The k-factors for the individual munitions, which

express the relationship between fragment masses
and projected areas for various munition types.

(3) Vulnerability criteria for targets of interest.
(e.g., kinetic energy and critical densities)

J Output of the model includes:

(1) Fragment density contours showing distances
to isodensity lines for all azimuths. Contours
can be printed for all fragments or for various
classes of fragments.

(2) Injury/damage probability contour§, showing
ground distances to isoprobability curves at
all azimuths for various munition/targetI combinations.

Elements of this model include the following steps:

(1) Munition performance data is converted to an
interital form. All data is normalized into a
a common internal form, wherein the average
fragment velocity and the average mass and
number density for each of several fragment
mass cat:egories are represented as tabular
functions defined everywhere on the surface
of a sphere of unit radius located at the
origin. Gaps in the original data are filled
in, and in addition the data may be smoothed
if this seems desirable,



fjINPUT MUNITION & TARGET

MUNITION EFFECTIVENESS
DATA

gagses, Num-bers, --

Initial Velocities,
i k-Factor 

._.

SPHERICAL TRANSFORMATION
ROUTINE

Tran'f5rNs-Data on to--
Surface of a Sphere with

Unit Radius

FTRAJECTORY COMPUTATIONAL -i ~ROUTINE
_ _ ROUTINETORED INJURY AND DAMGEf]'rmi-nl--Fragmen t FiSlURED

is Computed on a Horizontal TRFUNCTION
Plane-Range, Velocity,
impact Angle, Density

I[VULNERABILITY DISCRIMINATOR AND SORTING ROUTINE

'Selects Damaging Fragments and Sorts on Terminal
Distance for Each Azimuth

INJURY/DAMAGE PROBABILITY COMPUTATIONAL ROUTINE

Fragment Densities, Probabilities for Each
Azimuth

CONTOUR PRINTING ROUTINE

F .. .. . .. ... . .. OUTPUT for..n.ur. .. . . ...ge,
Isoprobability Contours for Injury/Da1age,

Isodensity Fragment Contours

Fig. I FLOW CHART FRAGMENT HAZARD MODEL
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(2) A terminal fragment field is computed on aI selected horizontal plane (i.e., the plane
is above, below or passing through the
origin) utilizing routines for evaluating
fragment trajectories. The quantities
computed for each mass category are impact
velocity, impact angle and number of fragments
per sq ft in a plane normal to the impact angle.

Inv These quantities are expressed as tabular
functions of range and azimuth for output
processing.

(3) Selected functions of the fragment field
quantities computed in step 2 are computed and
plotted in this step. A wide range of functions
are available. The basic functions involve the
fragment field alone, and do not consider charac-
teristics of a target. Examples of these func-
tions are number of fragments per sq ft, and
"total fragment kinetic energy per sq ft.

The target functions use target characteristics
to determine the number of damaging fragments
and ,• e probability of damage at every point
in the field. These functions use tables or
formulas to determine whether or not a fragment
is damaging, by finding the minimum velocity
required by that fragment to damage the target.
The fragment is considered to be damaging if its
velocity exceeds the threshold.

(4) Fragment field functions may be plotted either on
the printer, or on an off-line plotter if the
output tape is run through an appropriate post-
processor.

2.1 Trajectory Analysis

Large quantities of terminal ballistic property data
are used in developing the outputs of the computational model

described above. These data are generated from the equations
of motion for the fragments. Since these computations represent
the bulk of the computational burden involved in exercising

the model and their accurate evaluation is essential, it is
desirable to utilize a highly efficient numerical procedure for

calculating trajectories.

Figure 2 illustrates the motion of a fragment moving

under the influence of aerodynamic drag and graviLy forces in

nonrotating local coordinates x, y tangent and normal to the
trajectory. The corresponding equations of motion are:

7
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I o
x + 1w~ x + g S ina- 0 i

y + v y + g cosa= 0 (2)

where dots denote differentiation with respect to tile t. In

1 these equations, g is the acceleration of gravity, v is the

speed in the path, and a. is the angle between the x - axis

and the horizontal. Instantaneously we have x = v and y- 0.

The aerodynamic coefficient ; is given by

=CDW A/2W (3)

where CD is the drag coefficient, vi is the specific weight of

air, A is the cross-sectional area of the fragment normal to
the flight direction, and W is the fragment weight. The fragment
area and weight are related empirically (Ref. 3) through a ballis-

tic density k as follows

W = k A3/ 2  (4)

In terms of k, the aerodynamic coefficient becomes

= C w/2(k 2W)1 /3 (5)
D

An approximate local solution to the equations of mo-

tion is obtained by separating the displacement into two parts,

one a basic solution satisfying the local initial conditions
and the equations of motion with gravity absent, and the other
a pair of perturbations satisfying the linearized residual

equations (Ref. 4). The results, applicable for small depar-
tures of the trajectory from the local initial tangent, are
equivalent to difference equations appropriate to an arbitrary

time step in a numerical integration of the complete trajectory.

The displacement 7 is assumed to be of the form

x=xo + _X (6)

0 p

"9
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where the basic solution 5Eo satisfies

x + f -, 0 (7)
0 0

--0 whil-e thi perturbation X pand the initial condition xo= v,

satisfies the associated residual of Eq. (I).

The drag coefficient CD in general depends on the Mach

number, and the atmospheric weight density w is a function

of altitude. If both of these factors are assumed to be con-

stant during the time interval of interest, however, the aero-

dynamic coefficient ý is a constant and Eq. (7) is easily

integrated. The results are

x= [log (l+u) ] / (8)

x 0 v0 /(l+u) (9)

where
u -- v 0Vt (10)

In these expressions, t is measured from the time at which the

fragment is at the local coordinate origin in Fig. 1, and v

is the value of v at that time.

Substituting Eq. (6) and (7) into the equations of

motion, expanding v in binomial series, and neglecting terms

of second order and higher in Xp and y, we reach the following

results:

x" + 2• x + g sina = 0 (11)Xp o p

y + fixoy + g cosa = 0 (12)

These equations are linear in the displacement perturbations

x and 7, and can be integrated analytically by standard

methods. The displacement and velocity perturbations are

% =-(g/2) t 2 sina (l+u/3)/(l+u) (13)

y =-(g/2) t 2 cosa( u(l+u/2)-log(l+u)]/u 2  (14)

xp = -gt sina [ l+u(l+u/3) 5(+u)- (15)

Y = -gt cosa (1+u/2)/(l+u) (16)

10



where u is defined as before by Eq. (10).

Iv The leading fac, ---s on the right in the foregoing equations
express the position and veloci.ty changes due to gravity in the

elementary case of a drag-free trajectory. The multipliers con-

taining u all approach unity as u vanishes, and can be viewed as

corrections on the effect of gravity due to drag.

The drag coefficient and atmospheric density are assumed
to be constant during each time step at their values at the
beginning of the step. The method is self-starting in that the
position and velocity changes are computed from initial values
at the current step only.

Initial values v = V0 and a -X ao are assumed to be given
at the fixed coordinate origin in Fig. 2. Equations (8), (9),
and (13) through (16) give directly the displacement and
velocity components after a typical time step t in the local co-
ordinates. With respect to the fixed coordinates, the displace-
ments during the time step are obtained from the relations

X cos(L - y sina, (17)

,y f x sinc, + y cosu. (18)

while the rotation of the trajectory tangent is given by

"= tan"- ('/v) (19)

For low register trajectories, (i.e., those launched at
angles less than that corresponding to maximum range) the above
analytic perturbation equations with a = _to furnish an approximate
solution for the complete trajectory in one time step t, the
total time of flight. At impact, the expressions for the position

coordinates x and y are of the form:

x = (x-- + 7p) cosa0 - y sina (20)

Y ( + )sina + Cosa =0 (21)
00 0

where X.o xp, and ý'are given by Eq. (8), (13), and (14).

11
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2.2 Fragment Density Computation

Munition effectiveness data are used to derive initial

conditions for the ballistic trajectories of fragments. These

data are in the form of initial velocity and number of fragments,

in each of several mass categories, and are functions of polar

angle measured from the nose of the munition. The resulting

fragment density at any point of interest can be computed

deterministically from the known terminal points of fragments

in all the mass intervals in each polar zone. j
An individual munition is regarded as a nonisotropic point

source of fragments which is rotationally symmetric about its

longitudinal (nose-to-base) axis. Thus, the properties of the

fragments emitted by a single munition are functions of polar

angle 0 measured from the nose. The format of typical munition ef-

fectiveness data (Ref. 5) is shown in Table 1. Fragments in all mass

intervals are assumed to be emitted from a given polar zone at

the same velocity.

A single munition is assumed to be detonated at a level

ground surface, with the munition axis horizontal. In order to

determine the probability of damage to targets at various dis-

tances and directions from the source, it is first necessary to

calculate the number de n, ties of fragments of different terminal

ballistic properties in the field surrounding the source.

The fragments from a munition, considered as a point

source on the ground, may be regarded as originating from posi-

tions on a hemispherical envelope enclosing the source. Each

point of origin on the hemisphere defines an elevation angle

a and an azimuth 0 in the horizontal plane measured from the

nose of the munition,

In Fig. 3, let u, v, and w be rectangular coordinate axes

centered at the source, with w the vertical direction and the

nose of the munition in the positive v-direction. Let R be the

(arbitrary) hemisphere radius, and Q be the pular angle measured

from the nose of the munition,

12
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Transformation formulas between the spherical coordinates

(9,V) with the munition nose at the pole and the spherical co-

I ordinates (ao, 6) with the pole vertical give the following

relations:

cos Cs ao cos (22)

cos V = sin o /sin 0 (23)
0

Fragments on ballistic trajectories in the absence of wind

travel in planes of constant azimuth •.

For an individual munition, the initial fragment proper-

ties are functions of polar angle 9 only. Therefore, for given

elevation angle a and azimuth 0, the associated polar angle

can be computed from Eq. (22) and all initial fragment properties
at that point on the hemisphere can be obtained from munition

performance data.

Now consider the fragments of a single mass interval, all
having the same average ballistic properties, emitted from a
particular munition at a point (Uo$ 4) on the enclosing hemis-
phere. For simplicity, consider target points in the ground

-olane of Fig. 3. The terminal point corresponding to this
initial point on the hemisphere is uniquely determined for each
wnass category through the associated ballistic trajectory.

The family of trajectories for fragments of a given average

mass (i.e., those in one mass interval) can be thought of as a
mapping of points on the hemisphere into points on the ground

plane. Fragments of one mass interval originating from an
element of area R. coso AON[o on the hemisphere are projected
into the element of area RADAR on the ground plane. Thus if

n? is the number density of fragments in mass interval i at the

source hemisphere and ni is the number density at the terminal

point R, we have 2

n 0 cos o(24)

RIdR/d0 I

15
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S. ... . .. . .. . . .. ... . .. .... . .. . . .. . .

This formula permits computation of the number density of

fragments in each mass interval originating from a point on

the source hemisphere at any azimuth 4, since for given

initial ballistic properties the terminal point R is known

from trajectory calculations. To calculate the number density

across a plane normal to the final trajectory, equation (24) is

replaced by
2

o Ro cos a
ni n? R (25)dRR l-sin af aa--I

0

where af is the final trajectory elevation angle.

For an individual munition the mapping derivative dR/dco

is given by

dR _ + ýR () dVo(
od 0o "-O (26)

where V0 is the iLitial velocity. From Eq. (22) we have

-_-= sin a cos O/sin 9 (27)
)Uo 0

The partial derivatives 6R/'oao and )R/ V0 can be obtained

analytically for lower register fragments; however, for upper

register fragments, they must be obtained by numerical differen-
tiation of a precalculated ballistic file. The 4nalytic ex- I
pressions for the lower register are

2R - 70 cosao F cos ao 2R-xocosao

R _____ 0__ o (28)
tan 'sin s 2i F tan (28

;+R- - 2(R-io cosa° + - sinao/tanaf)/V (29)
0o

The derivative dV /dQ is determined from munilion effectiveness

data.

The computer model, moving along rays of azimuth in the

horizontal plane, determines the terminal properties of lower

register fragments at preselected radial increments of range

16



j out to maximum range. At maximum range the corresponding
elevation angle is noted and the remaining elevation angle
up to 90 degrees is divided into equal increments. The

model, utilizing the multi-step trajectory routine with a

fixed drag coefficient of 1.28, calculates the terminal prop-
erties of the upper register fragments corresponding to each

increment of elevation angle. The fragment number density can
be determined exactly a- prescribed terminal points for lower
register fragments and, by interpolation, at these samepoints

for the upper register fragments. These contributions are ac-

"cumulated to give the total L•ragment density at the preselec-
ted radial distances. By symmetry it is only necessary to

perform the analysis in half the horizontal plane to one side
of the munition axis.

For a particular target, nondamaging fragments based on

the applicable target vulnerability criterion are excluded
from the accumulated number density. The number densities

so calculated represent, in a statistical sense, expected

values of the numbers of impacts per unit area. That is,
these results, calculated deterministically as a function of
position in the horizontal plane, are the numbers of damaging
impacts per unit area to be expected on the average. To

calculate the associated probability of damage (i.e., impact
by one or more damaging fragments) to a particular target
requires a statistical representation of the process, incor-

porating these expected values of fragment number density.
In this study the target is a sphere of unit cross sectional
area and fragments are considered to intersect this target
across a plane normal to the final trajectory direction.

2.3 Target Damage Probability

Calculation of the probability of damage to a particu-
lar target requires a statistical representation of the process
of impact by damaging fragments, involving the target area
and the expected number of impacts per unit area. The number
density of fragments is a function of position of the

spherical target in the horizontal plane of interest.

17



Consider a target of projected area Ai normal to the

trajectory of fragments of mass interval i at the associated

terminal point. Let n be the expected number of impacts per
unit area of fragments satisfying the applicable target vulnera-
bility criterion, The impact process is assumed to be uniformly
random in the immediate neighborhood of the point of interest.
That is, impact by a damaging fragment is equally likely on
all equal elements of area in the vicinity of the point.
Statistically, we then have what is termed a Poisson process.
The probability pi(j) of exactly j impacts on the target by
damaging fragments of mass interval i is given by

Pi~j) (7iAi)j exp (-n-i A i)

(30)

The probability of impact by none of the damaging fragments of
mass interval i is therefore

Pi-() = exp (-ýiAi) (31)

The target is assumed to be damaged if struck by one or
more damaging fragments of any of the mass intervals. On this
basis, the probability of damage to the target, q, is given by

q = I - exp ( -Y FiAi) (32)

This last formula permits direct computation of the probability
of damage to a given target at every point of theý horizontal
plane of interest from the accumulated number densities of

damaging fragments and the associated projected areas. The target
in this study was a standing man. The man was considered to
present a projected area varying from 1.33 sq ft in plan to 9.0 sq

ft frontal area. Ai was then calculated as the sum of the pro-
jections of both a vertical and a horizontal target on a plane
normal to the final trajectory direction. The vertical target
had an area of 9.0 sq ft and the horizontal target had an area of
1.33 sq ft.
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2.4 Description of Model Output

J Contour maps, desctkbing each of the seven Liunitiors of
interest, listed in Section 1.2, were produced utilizi.ng the
computer model and are included as Appendix B. For each muni-
tion there are three contour maps: one describing the fragment
flux (i.e., target hits per sq ft) due to all fragments; another

describing the fragment flux of all fragments with terminal
energy exceeding 58 ft-lbs; and a third which presents the
probability of serious injury to standing personnel computed as
described in the previous section.

Another set of figures is shown in Appendix C. Here
again, there are three sets of figures per munition. These
are simplified curves, derived from the corresponding contour
maps, and represent fragment density and damage probability
in certain sectors of the ground plane as functions of radial
distance only. There are three of these fixed sectors: that
is, 10-degree sectors in the base and nose of the munition
and n third sector representing a peak side-spray. This third
sector varied somewhat among all of the munitions, but was
usually defined by a line of peak values appearing within

+ 10 degrees of the 90-degree azimuth. This line of peak
values did not usually include the outermost or lowest value
contour. The average value of this contour in the side spray

sector was determined by inspection from the maps.

BotI , cuntours and the corresponding curves represent
the fragment fieid from a minimum range of 250 ft out to the
prescribed limit of effect (i.e., one hit pet 6000 sq ft for
fragment densities and a probability value of 0.0001). The
minimum range is a function of a prescribed input variable and
was chosen as 250 ft in this study. Since the results represent
a single unit of munition and it is anticipated that future use
of these results may be directed at multiple unit stacks, it seems
reasonable to assume that the far fields results will be of more
interest and the minimum range of 250 ft will be quite sufficient,
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3. MUNITION EFFECTIVENESS DATA

Previous studies (Ref. 2) have indicated published munition

effectiveness data, in their present form, are not suitable

for far-field fragment hazard analysis. In general, these data

place heavier fragments into one or two broad weight intervals

with a correspcnding average weight. Since the heavier frag-

ments travel greater distances and their resulting terminal

kinetic energy effect is high, it is necessary that these frag-

ments be resolved into an adequate number of weight intervals.

This section of the report describes several tasks which

were undertaken to provide a systematic approach to both illus-

trating the need for and subsequently the methods utilized in

revising munition effectiveness tables.

3.1 Documentation of Original Fragmentation Arena Data

In collaboration with the Ballistics Research Laboratory
at Aberdeen Proving Grounds, the fragmentation arena test

procedure and data analysis techniques used to obtain munition
effectiveness data were reviewed. Arrangements were made to

examine the original arena test firing records at the APG

Technical Library for the following munitions:

* 105 mm Howitzer Projectile Ml

* 155 mm Howitzer Projectile M107

* 175 mm Gun Projectile M437A2

* 750 lb General Purpose Bomb M117A2 (APG Data)

Subsequently, contacts were established at NWL to obtain similar

arena test data for the following mainitions.

* 5-in/38 Projectile Mark 49 Mod 0 (VT)

* 8 in/55 Projectile Mark 25 Mod 1 (HC)
* 500 lb Low Drag Bomb Mark 82 Mod 1

* 750 lb General Purpose Bomb M117A2 (Eglin AFB Data)
For each munition the following information was documented.

20



i~I!
@ Test munition physical measurements

* Specifications for each arena test facility

e Listing of mass groups and polar zones

Individual listing of fragment weights greater than150 grains.

An understanding of the fragmentation arena test techniques
is an important factor in the proper assessment of the larger and
more hazardous fragments. The arena test is used to determine
fragment mass, velocity and spatial distribution of high-explosive
munitions. The munition axis of symmetry is located horizontally
and is taken as the polar axis. Designating the polar angle by
0 and the azimuth angle as $, the fragmentation characteristics

are a function of 9, and gravity effects are assumed negligible.
An arena is constructed of an appropriate size as illustrated

in Fig. 4. The arena test is designed to sample fragmentation
"* characteristics in various polar angle intervals ranging

between 9 - 0 degree at the nose, and 0 = 180 degrees at the
base of the munition. These data samples are used to predict
the fragmentation characteristics for the entire munition.

An important aspect of the arena test procedure is the
r, iationship between the sample size obtained from the incremental

polar zone on the arena recovery panel and the corresponding
munition polar zone. Calculations were made from actual arena
setup data to estimate the magnification factor associated with
the integrated munitions data. These data, summarized in Table 2,

indicate that only about 2 to 7 percent of the fragments are
sampled in the 90 degree polar angle region (side spray) for each
test. Thus, each fragment must be multiplied by a factor of 15
to 60 to obtain integrated data. It should be noted that the
fragment sample size is about doubled at the 30 or 150 degree
polar angle regions, and then increases rapidly to near 100 percent
at 0 and 180 degrees (nose and base regions).

Table 3 summarizes data associated with fragments in excess
of 150 grains for the munitions of interest. The 150 grain
fragment was assumed to be the minimum damaging fragment mass
projected at low elevations. Table 3 indicates that fragments
in excess of 150 grains represent only 5 to 18 percent of the
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total. number of fragments buL comprise .52 to 93 percent of

Lhe Lotal Qase metal weight considered. In general, the weight

I groups beyond 150 grains are few in number and wide in weight

interval. Since these heavier fragments are few in number and
averaged over wide weight intervals, the data samples developed
from arena tests are statistically inadequate in describing
the characteristics for these potentially damaging fragments.

As an example, the munition effectiveness data may list 60
fragments in one polar zone, each weighing 1100 grains and with
a common velocity, while all other zones are free from that

category of fragments. As input to the hazard model, these data

could yield a ring-shaped hazardous region in the far field.
It may be more reasonable to assume these fragments to be dis-
tributed statistically such as 30 units at 900 grains, 20
units at 1200 grains, and 10 units at 1500 grains, with the
fragments being dispersed over three polar zones. In this
regard, the distribution characteristics associated with frag-
ments less than 150 grains could be used to predict the statis-
tical distribution characteristics for the heavier fragments.

It should be emphasized that the munitions effectiveness
data are valid statistically for characterizing munition per-
formance for fragments of interest to the user. In general,
the heavier fragments are only considered in the arena test
procedure to assure that a conservation of weight is maintained
between the recovered fragments in the arena sample and the -

integrated munition effectiveness data.

3.2 Revision of Munition Effectiveness Data

"Seven sets of data, corresponding to the seven munitions
of interest, were considered and of these, six were altered
to overcome one of the following two fundamental deficiencies:

"1) Gaps - Toward the heavier mass categories, "data
voids" appeared making it difficult to approximate"* the cumulative distribution of mass as a continuous

function.
2) Refinement - The cumulative distribution of mass

loses definition where the final mass categories
are an amalgam of all mass greater than the upperSlimit of the preceding category.
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The first of these deficiencies were more predominate in

the 175 mm and 155 mm munitions while the remaining sets of data,

with the exception of the 105mm, had poor refinement in the heaviest

mass category. Each problem was handled differently, and in

general, the problem of refinement was the most amenable since

it was not necessary to add "fictitious" mass categories as it

was in the case of data with void deficiencies.

It is prudent to comment that the best improvement which

can be made on the experimental data is increasing the sample

size. It is recognized then that with restricted data collec-

tion techniques and limited sample sizes, extrapolation and sta-

tistical inference must be conservative and cautious.

The basic indicators which were used to establish trends

and to make decisions, were the average mass (i) per mass

category, the associated standard deviation (o), the ratio

/!1, and the average mass frequency (f) for each mass category.

The primary data for a particular munition was processed

toj print out a matrix of fragment weights and frequencies with

mass categories as columns and polar zones as rows. Calculated

inforra,_ion consisted of average mass mi over all polar zones j

within each mass category i, the corresponding average frequency

fi, the standard deviation ,i, a ratio o i/•i for each mass

category, the total weight W = T: m jfij, and the cumulative dis-
tribution of weight

k m f
F = J k = 1,2 ... N (33)
k W..

for all N mass categories. The two fundamental deficiencies noted

in the data were identified by inspecting the cumulative frequency

curve for obvious gaps in the domain of the function and by

observing anomalies in trend of standard deviation values for the

mass categories.

Two cases which will serve to illus rate the method.

A. The 155 mm Munition

The cumulative distribution curve (Fig. 5) was plotted and

It was noted that although the average mass categories range up
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to about 2800 grains, almost 100 percent of the weight has been

accumulatcd at about 1200 grains. By inspection of the curve

in Fig. 5 it was decided to start by adding a data point at

about 2000 grains so that that portion of the curve would be

less sparcely populated. The next decisions must phrase an

answer to the questions: how much, and in what manner?

First and second moments were used as the indices of

central measure and dispersion of the distribution of mass
and frequency across the polar zones within a mass category.

In general, the data available in the higher mass categories

is not sufficient to construct a reasonable frequency histo-

gram. In the lower mass categories it becomes possible to do
this and in order to obtain a graphical sense for the distribu-
tion of this mass, histograms were constructed for several
categories. Figure 6 depicts the weight distribution in the
200-250 category for the 155 munition. There is another dis-
tribution which will be used as a decision aid. This is the
frequency of mass over all mass categories with polar zones

constant. This curve is shown in Fig. 7.

Essentially then, we have a two-dimensional polar zone -

mass frequency matrix in which we would like to make additional
entries. Toward this end trends are identified in two direc-
tions: across columns (mass categories), and across rows

(polar zones). The intersection of these trends at the point in
question allows an estimate of the permissible. entries which

can be made at this point.

It was noted that the ratio Ti/3i tended to be fairly

constant and, in case of the 155 mm munition, the average ratio
was on the order of .061. Using this in conjunction with the

intention of adding mass at i = 2000, the dispersion measure is
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estimated as .061 x 2000 - 122. The plot of polar zone fre-
I ~quency versus mass category (Fig. 7) was consulted, and a

frequency of 30 was associated with the average mass of 2000

I grains. By observing the trend across the mass categories,

attention focused on polar zone 7 (60-70 degrees) and polar zone

11 (100-110 degrees). Further, by noting the distribution of

frequencies across the polar zones in the previous categories, the

I same proportions are used to obtain:

Mass Category m = 2000 grains

Frequency f 30I=
Polar zones receiving entries = 7 and 11

The frequency in previous
mass category = 79W = 1230

J Distribution of mass in 11/79 for zone 7
zones 7 and 11 for I
m = 1230 ) •68/79 for zone 11

Distribution of mass in - 11/79 x 3004, zone 7
zones 7 and 11 for {

Z 2000 68/79 x 30 Z26, zone 11

J Now using o estimated at 122 for i = 2000, we obtain

m + o = 2122

J m - o = 1878

It should be noted at this point that the selection of M, 0r

and consciently R + a impose an implied conditioh of symmetry

for the distribution of mass in that particular W category.

This mass is further apportioned so as to agree with the trend

generally defined by the preceding adjacent category thus

bending the implied symmetry to conform with a distribution

which is most likely not symmetrical. When data is added in

this way the recalculated average mass will not generaily agree

with the original average mass R, which was a somewhat arbitrary
selection to begin with. The new ;F will be fairly close and

in case of the 155 munition the data Point was added at 2090

instead of R - 2000. The completed profile for the new "fic-
titious" mass category consists of the following:

3 1. All polar zones empty except 7 and 11

31L



2. A mass of 1878 grains with a frequency of 4 is
entered in polar zone 7

3. A mass of 2122 grains with a frequency of 26 is V
entered in polar zone 11.

To complete the addition of this new mass category we now
consider the conservation of total mass effects. Obviously after
the addition of a new mass the total mass T1 has been increased
by some increment T2 . Thus, we have from the original or
primary data

Z fi mi T=Z (34)
i ij '0

where inij is tte fragment mass in the jth polar zone in the .
ith mass category, and fij is the associated frequency. YFow

with the added data points we have
7T~ ~ + T ti. (35);-Z fijmij + •7" f ij I ij - T1 2 (5

* f*•

where m and f'. are th,2 added data for the additional mass
categories mi. The objective is to scale down all f and
fi. proportionately such that for new fij,

oZ fmijij + ... fij mij = T. (36)

Toward this end, let pij be that proportion of fij which generate
the new fi.j such that Eq. (36) is satisfied for new fij"

Then for original f )

k N N

.=I P f3ijmij + Ui=k J ijmij = T1 (37)

Dividing both sides of (37) by T 501 fiji we have
f*YI• Pii iiji

YX Pijfimiij + = I (38)YY f ijmij Y'1 f ijmij

recalling that x = [ x f~x) lx)
Jf f (x) g~x

the first term in (38) is p. Hence,
N 

*N

S+ i=k PJfijmij
K= (39)
7 fijm.

i=1� i1 3
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Since the sum 11 pijfi*mi* ia over small ranges of i and j the

error will be small if we substitute • for PijS_ I*' iji
77-f* *

p +p F fi mi+1 (40)

or + F (T2/T 1 ) = 1

and TI= 1 (41)
T+T

I The result shows that we can readjust all the frequencies

by one constant of proportionality. Hence, a complete set of nu.W
J data is generated with an added data point on the cumulative curve

with the conservation of mass. The new cumulative curve, plotted

from the revised data set, is shown in Fig. 5. As in every other

case, the curve is shifted downward, which introduces a conservative

element into the intc;i~pretation of the data.

B. The 500 lb Bomb

The cumulative distribution for this munition was plotted

from the original data and is shown in Fig. 8. Without modification,

the original data was divided into ten mass categories:

0-10, 10-20, 20-40, 40-80, 80-120, 120-150,
1J 150-190, 190-230, 230-310, 310 + grains

The problem in this case is poor resolution. The standard deviation

for example is 3.26 for category number 4, 8.33 for category
number 6, 7.93 for category number 8 and 698.5 for category number 10.

TY Pidard deviation of 698.5 is not in itseli unexpected. Because
of L.s magnitude, it is an anomaly since its ratio o/m = .754
is wore than ten times the expected value of approximately .06.
Moreover, it is a sharp break in the standard deviation trend.

If we focus on mass category No. 10, then we find it labeled as

310 +. This is misleading since, in fact, mass category number 10

contains fragments which weigh as much as 5000 grains. To over-

come this resolution deficiency, the 10th category was expanded into

five additional categories such that the total number of mass
categories became 15.
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Category Range

10 310-450

11 450-750

12 750-1000

13 1000-2000

14 2000-3000

15 3000 +

These mass categories were then added on to the data, replacing

the former category number 10. The result was a better than

50 percent improvement in the average :/F for categories 10

thru 15 and a smoothing of the expected standard deviation trend.

The altered cumulative distribution is shown in Fig. 8.

The data received from the Navy was not directly usable with

out extensive recoding and key punching. This was done for the

750 lb bomb and the cumulative distribution appears in Fig. 9.

This curve falls below the curves for the original data and its

altered form. Since the lower curve implies more mass in the
higher mass categories it also implies a greater damage influence

range. In all cases the alteration of the data produced the same

effect by lowering the cumulative distribution curve.

The following is a summary of how the remaining data were altered.

No alterations were necessary for the 105 mm shell.

750 lb bomb: originally had 12 categories. The label on
category 12 was 450+. Six additional categories were added

as follows:

12 450-700

13 700-900
14 900-1200

15 1200-1500
16 1500-2000

17 2000-3000

18 3000 +
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The cumulative distribution is shown in Fig. 9

1 5 inch Munition: 11 mass

categories were expanded to 14 as follows:

11 250-450

12 450-700

13 700-1500

14 1500-2000

i The cumulative distribution is shown in Fig. 10.

i The 8 inch Munition: 10 mass

categories were expanded to 16 as follows:
1 0 160-300
11 300-500

112 500-700
13 700-1000

14 1000-2000

15 2000-3000
16 3000+

IThe cumulative distribution is shown in Fig. 11.

The 175 mm munition: two data points were added

1 to the cumulative distribution as shown in Fig. 12.

The technique was the same as described for the 155 mm

munition.

A complete set of the revised munition effectiveness tables

are presented in Appendix E to this report. Their format is

similar to that shown in Table 1.

j 3.3 Model Sensitivity to Input Data

In order to gain an appreciation for the sensitivity of

the fragment hazard model output to alteration of munition effective-

ness data, which is input to the model, a computational experiment

was conducted. The unaltered and altered data sets for the 175 mm

I gun shell were used as input to the modei. The results of these

two cases are shown respectively in Figs. 13 and 14. The primary

ji difference between the two sets of contours is the location of

the lowest value contour line.,
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The altered data set represents an emphasis on the resolution

of the heavier fra- ants, (e.g., note Fig. 12) at the expense

of lower weight fragments. This has the pronounced effect of

shifting the location of the lowest value contour line outward

for the altered data set. In terms of safety, then, the altered

data set results in a more conservative set of contours.

I
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4. RESULTS. CONCLUSIONS, AND REC(MMENDATIONS

This study has resulted in the development of a computer 2 (
model which generates the information necessary in establishing
minimum separation distances between various munition types
and personnel in order to mitigate fragment hazards. The ".
model specifically treats the fragment hazard associated with
a single munition and has been utilized to generate single unit
fragment hazard data for seven common military munitions. While V
single unit detonation does not represent a realistically severe
accident situation, previous work indicates that multiple unit
(i.e., stacks) fragment hazards may be proportional to single
unit results. If this is true, and there is evidence to support
such a hypothesis in the case of thin wall munitions, then the
results obtained herein are directly applicable to estimating
the fragment hazards associated with openly stored munitions.

4.1 Results

" Contour maps, expressing number density and injury Iprobabilities (i.e., Appendix B), are seen to be
particularly pronounced in three fixed sectors of
the ground plane; that is, the nose, tail and side-
spray sectors. Average values within each of these I
sectors have been expressed as functions of the radialdistance from the explosive source. (i.e., Appendix C)

"* Examination of the relationships in Appendix C indicate
that the side spray sector is the critical area in the
case of thick wall "shell type munitions and to a
limited degree in the thin wall "bomb" munitions.

"* The curves in Appendix C also serve to illustrate how
the kinetic energy criterion for personnel injury
(i.e., 58 ft-]bs) reduces the applicable number
density. At a given range the number density is re-
duced as much as an order ot magnitude. IL slhuuld be
recognized that consideration of a less severe kinetic
energy criterion will lead to lesser reduction in num-
ber density and thus a more conservative injury cri-
terion in terms of safety.

"* Table 4 summarizes the results available in Appendix C
for each of the seven munitions considcred. The table
gives the computed distances corresponding to a fragment
density of one hit in 600 ft 2 for all fragments and frag-
ments with a terminal energy in excess of 58 ft lbs.
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TABLE 4

SUMMARY TABLE FOR THREE PRINCIPAL DIRECTIONS AT 1 HIT
"PER 600 SQ FT (ENTRIES ARE IN RADIAL FEET)

All Fragments Hazardous FragmentsS~Munition
"Nose Side Tail Nose Side Tail

750 (1)* 440 1060 740 220 690 500

500 (1) 220 825 595 210 670 450

175 (1) 250 840 575 250 450 200

155 (1) 290 810 510 120 400 230

105 (0) 240 650 360 100 270 150

8 (1) 325 660 240 140 520 120

5 (1) 310 720 340 140 275 150

*(0) - Unaltered Data

(1) = Altered Data

* **Hazardous fragments are defined as having in excess of

* 58 ft lbs kinetic energy

:1 45



4.2 Conclusions

"• By utilizing trajectory analysis in conjunction with -'
stochastic treatment of experimental input data and
damage functions, a mathematical model has been de-
veloped for estimating injury/damage contours for
various single unit munitions.

"• The mathematical model currently utilizes published

munition effectiveness data which has been altered
to give more emphasis to heavier fragments. It has
been observed that this results in extending contour
levels outward giving a more conservative result
insofar as fragment safety is concerned.

4.3 Recommendations

Before making specific recommendations concerning the .

results generated in this study and future research efforts it

is prudent to discuss the adequacy of munition effectiveness data

as input to the model.

The results generated by the computer model are dependent

upon 'and quite sensitive to the munition effectiveness data,

which is input, This data was originally generated to support

munition effectiVa•Less studies and is the result of explosive

tests of single unit munitions. It is the only known source of

information concerning near-field estimates of munition fragment

size, number and initial velocity. However, since it has been
collected to be utilized in weapon effectiveness studies, it is
primarily concerned with the fragments which are effective withiri

the applicable range of the muniticn. This has'normally led to

a set of data which has a high degree of resolution, in terms of
weight intervals, where the greatest number of fragments are con-
centrated. This unfortunately is at a rather low fragment weight

(e.g., below 300 grains). The remaining fragment weight of the

munition is quite substantial, but because it does not break

down into very many fragments and is not always projected into

the designed zones of munition effectiveness, its recorded

resolution is usually quite poor.

Another inadequacy of recorded munition effectiveness data

is concerned with its use in representing the basis for multiple

unit munitions fragment hazard analysis. Here, the primary
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concern is whether the munition fragment size, number and initial
Uk velocities will, be similar for munitions in single and multiple

units.

In the present study an attempt has been made to overcome
the first of these deficiencies in a conservative manner. That
is, existing munition effectiveness data have been altered to
adequately resolve higher weight fragments in a statistical
sense. Recently reduced data, developed at the Naval Weapons
"Laboratory, tend to support these alterations; however, the
best way to resolve this problem would be the design and use
of an experimental procedure aimed at obtaining arena data for
hazard analysis.

The problem in assuming similar fragment characteristics
tor multiple and single unit stacks is a much more difficult
problem to resolve. A number of detonation tests of stacked
munitions have been conducted in the past where resulting
fragments have been collected. In some cases the fragments have
also been sized and number and weight distributions computed.
Results of these studies indicate that thinwall "bomb type"
munitions tend to fragment into similar size fragments for both
multiple and single units. H'wever, it is becoming quite apparent
that this is not the case for thickwall "shell type" munitions.
Here, fragment weight ane number distributions from multiple
units are quite different from single unit munitions.

In light of the input deficiencies enumerated above, the
following recommendations are made:

a To take care in utilizing results obtained in this
study for single unit munitions, in projecting
fragment hazards associated with multiple units ofsimilar munitions. This is especially true of
"shell type" munitions.

a To compare the analytic results for the single unit
750 lb bomb obtained in the present study with experi-
iuenLal multiple unit results obtained in the NWC-
China Lake Tests of March, 1970. Such a comparison
will serve to validate our analytic procedures andthe extension of our results for estimating multipleunit "bomb" fragment hazards.
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e To characterize the resulting fragment number and
weight distributions obtained from the June, 1970
155 mm shell tests at Yuma and the corresponding
155 mm shell tests at China Lake in December of
1971. These tests are expected to be dissimilar
amongst both themselves and as compared to single
unit results. However, such comparison will
document these differences and the resulting dis-
ttibutions can be utilized by the analytic model
to estimate the fragment hazard associated with
both these cases.
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APPENDIX A

PROGRAM USER'S MANUAL

The computer program for the fragment hazard model has

been written in such a manner as to accept a problem-oriented
input language. The following discussion describes, in detail,
the various control and data statements required to execute
the program. An example of the use of these statements in a

sample problem is included.

Control Cards

All control cards start with column 1 '$'. The remainder of
the card is free format. Only columns 1-72 may be used for con-
trol text; columns 73-80 are not examined and may be used for

anything.

Control Statement Form

Control statements are of the form:

name fieldl field2 ... fieldn

where 'name' identifies the control statement, and the 'field's
are parameters whose form depend on the particular control state-
ment. name and the 'field's are separated from one another by

1) one or more blanks, or
2) a comma, padded on either side by one or mora blanks.

Examples: $PRINT CON,DATA

$TAPE 4 ,SRCH=01100 ,BKSP

$STOP

If desired, comments preceded by a '$' may appear after the last

field.

Example: $STOP $ END OF RUN

If a control statement will not all fit on one card, it may be
continued to additional cards in the following way:

1) place a comma after the last field on the first card.
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e• 2) start the second card with a '$' and a ',' (padding
with blanks if desired).

3) pla'ce remaining fields after the '$' and ',' on the
second card.

4) as many continuation cards as necessary may be used.

Example: $ORDNANCE FORMAT-2 ,REDUCE ,REZONE ,NORM,SMOOTH,
$,READ=3,LIST $ READ FROM TAPE 3

Parameter Form

Control statement parameters may be of three forms:

1) Positional: A value which must appear in its proper
order on a control statement, as the first parameter,
third parameter, etc.

Examples: 3, 14.197, T, 'TITLE A'

2) Flag: A name, or the two characters 'NO' prefixed to
a name. A flag may appear anywhere in a control state-
ment after the positional parameters (if any). A flag
is associated with a logical value: this value is TRUE
if the flag's name is specified, or FALSE if 'NO' plus
the flag's name is specified.

Examples: LIST, NOLIST, BCD, BIN

3) Keyword: A name, followed by either a BCD (3-8 punch)
or an EBCDIC (6-8 punch) equal sign (-), which may be
padded with blanks, followed by a value.
A keyword parameter may appear anywhere in a control
statement after the positional parameters (if any).
The variable represented by the name is set to the pro-
vided value.

Examples: ORDER=2, Z=5.5, FLAGS=XY, TITLE-'TITLE A'

Value Form

There are four types of values:

1) Logical: a string of one or more characters, not con-
taining any of the following: dollar sign ($), com-
ma (,), equal sign (=), blank, or apostrophe ( ). If
a T appears in the string before an F appears, the
value is TRUE. If an F appears before a T appears, or
if neither an F nor a T appear, then the value is false.

Examples: T, .TRUE., TRUFFLE and TRUE are all TRUE.
F, .FALSE., AFTER, FALSE and NO ere all FALSE.

A-3
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2) Integer: one or more digits, optionally preceded by
a + or - sign.

Examples: 0, -1234, +77111

3) Real: a real number. Decimal point and exponent may
be used. The exponent, if present, must be of one of
the following forms:

En, E+n, E-n, +n, -n

where n is one or two digits.

Examples: 0, -1234, +77111, 3.1416, 6.0238E+23, 1.-5,
-.1+10, 51E6

4) Alphabetic: two forms are allowed.

"* a string of one or more characters, not containing
any of the following: dollar sign ($), comma (,),
equal sign (=), blank or apostrophe(')

Examples: ABC, 123, MACH-I

"* a string of zero or more arbitrary characters, en-
closed in apostrophes ('). Within the string, one
apostrophe is represented by a pair of apostrophes.
EitLier t~ie 6CD (4-8 punch) or EBCDIC (5-8 punch)
apostrophe may be used.

Examples: 'ARTHUR' 'WHICH WAY?', 'DON''T GO',
TITLE A (a null s•tring)

Notation

When describing control cards, some possibly unfamiliar notation
is used. This can be explained with an example:

$TAPE n j,BD
{31 ','W

The use of {means that only one of the arguments listed may be

used. If one of the arguments is underlined, that one will be

assumed if none of the group are specified. (In the example, BIN

is assumed unless BCD is used. BIN and BMD may not both be used.)

The use of [ ] means that the enclosed argument is not required;

it may be used or not used.
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I
I $PRINT ,CON][,DATA]

Print controls

CON Cause control cards to be printed.

DATA Cause data cards to be printed

$STOP
End of run; execution is terminated.

$TIME Print elaosed time since beginning of execution,

And since last $TIME statement.

B CD)S RCH=aj
TAP nE,BIN, ,S sKIP=k] ABKSP]L ,WEOFJ

Tape file manipulations. If more than one of
the operations (REW through WEOF) are specified,
the operations take place in the order REW,SKIP,
SRCH or SXRCH, BKSP,WEOF, regardless of the order
in which the operations are specified.

n Tape unit number

SBCD Tape is formatted (BCD)

BIN Tape is unformatted (binary).

If neither BCD nor BIN is specified, BIN is assumed.

REW Rewind unit n.

SKIP=k Skip k records on unit n.
SRCH=a Search unit n, starting at its present position,

for a sentinel record whose key is a (1 to 8
characters). Terminate if no such sentinel is

. found before the end-of-file.
XSRCH=-• Proceed as with SRCH, but if an end-of-file is

encountered, rewind unit n and search the entire
file. Terminate if end-of-file is again reached
without finding the proper sentinel.

BKSP Backspace unit n one record.

WEOF Write a terminal sentinal record and an end-of-
file mark on unit n.

$ORDNANCE FORMAT=n[ ,NSETS=n] [ ,REDUCE] [ ,REZONE] [ ,NORMJ [ ,SMOOTH]

S[,ORDER=n][ ,READ=n] [ ,LIST][ ,KWIKPLOT] ,SUMMARY]

Cause a title card and a set of ordnance data
to be read.

i FORMAT=n Ordnance format code. =1 or 2.

NSETS=n Number of ordnance components (fuz., casing, etc.)
I If&0 or omitted, NSETS-l is assumed.
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REDUCE Halve the number of mass categories by combining
each pair of categories.

REZONE Transform data from N+l sets of values at the
boundaries of N polar zones to N sets of values
at the N polar zone midpoints.

NORM Normalize data, given as total number of frag-
ments per mass category per polar zone, to
number per unit area on a unit sphere surrounding
the ordnance.

SMOOTH Fill in gaps in data, and (if ORDER)O) apply a
smoothing function to the ordnance data.

ORDER=n Use an ntn order Fourier series to smooth data
(if SMOOTH is specified).

READ=n Read ordnance data from unit n, a BCD card image
unit. If n=5 or if READ-n is omitted, ordnance
data is assumed to follow the $ORDNANCE statement.

LIST List ordnance data in tabular form.
SUMMARY List data summary information: total mass per

mass category, per polar zone, etz.
KWIKPLOT Produce printer plots of velocity curve, and of

mass and number curves for each mass category,
all as a function of polar angle.

An ordnance title card is read immediately after a $ORDNANCE state-

ment is encountered. Columns 1-72 contain a description of the

ordnance.

Two basic formats are defined for ordnance data (FORMAT=l and 2).

Within the context of each format, several data conditioning op-
tions are available (REDUCE, REZONE, NORM, SMOOTH, ORDER=n).

Ordnance data is read from cards if the READ field is omitted, or
if READ=5. If a READ field specifies some other I/O unit, input
is read from that unit in card image form. This unit is assumed

to be properly positioned.

The first card (or card image) of a set of ordnance data is as fol-
lows, regardless of the type of ordnance data.
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COTSN FORMAT NAME DESCRIPTION _________

J 1-5 15 NMORJ Number of mass categories.
If NMORD> 30 (maximum number of mass i
categories), REDUCE must be specified

to cut the number of mass categories in
half.

6-10 15 NVORD Number of measurement positions along a
meridian from nose to tail. Measurements
may be made either at the center or at
the edges of equi-spaced polar zones. In
the latter case, REZONE must be specified
NVORD(37.

II-IL A5 IDORD Ordriancte L..D. lLLlnmber O0iDOR<_99.
16 (ignored)

17 Al IVO Ordnance modification code. If left

blank, IVO='0' is assumed.

18-20 (ignored)

21-30 ElO.0 XKORD Average fragment drag factor (grains/in. 3

Format I Ordnance Data

Data of format I consists of NVORD groups of cards, each containing:

"*[NMORD/4]c cards, in (4(2F5.1,5X))format, containing NMORD
pairs of values: the average fp gment mass (grains) and
the average number of fragments Tor each mass category,
for one polar zone.

"* one card, in (50X,E0.1) format, containing the average
fragment initial velocity (fps) for one polar zone.

Format 2 Ordnance Data

Data of format 2 is split into two parts.

Part I contains NSETS of cards, each consisting of rNMORD/41 groups

of NVORD cards. Each card is in (MEIO.0) format and contains

four pairs of values: the average fragment mass (grains) and

the average number of fragments for four mass categories, for one

polar zone.

fX! itRiads che smallest integer not less than X.
Examples: 3.1.41=4. [141=14, [7.000011=r7.9999]=8.

I **Fragment number information in the form of a count of the total
number of fragments in a polar zone may be used, provided that

the NORM parameter is specified on the $ORDNANCE statement.
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j./,

Zone 1 Zone 4
Zone 2 Zone 3

Hypothetical Sphere of Unit
Radius Surrounding Ordnance.
Sphere divided into four polar
zones, each of equal latitude
range.

of Zones Boundaries (REZONE
Parameter Required on
$ORDNANCE Statement)
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Part 2 contains NSETS sets of cards, each consisting of NVORD cards

in (50X,EIO.0) format, each of which contains the average fragment

initial velocity (fps) for one polar zone.

$BOOM [,FLAGS-a] LNBAR=nl[ ,ORDER=n][ ,Z=h][ ,DRNG=r][ ,NRNG-n]

,NEL=nl] L N.AX=n]

Generate a fragment distribution using ordnance
data read according to the prior $ORDNANCE state-
ment. Write the fragment distribution field,
with a sentinel record on binary unit 4.

FLAGS=c ,: consists of one or two characters. If a is one
character, the second flag character is assumed
to be zero. If the FLAGS field is omitted, both
flag characters are assumed to be zero. The flag
characters are used in the sentinel I.D. for the
fragment field output.

NBAR=n Number of barriers placed in the vicinity of the
ordnance. If omitted, NBAR=O is assumed. Barrier
description cards, if any, are read after the frag-
ment field title card, NBARSl.

Z' = h height of target plane (in feet) above ordnance.
If Z<O, the ordnance is above the target plane.

DRNG=r spacing of range points, in feet.

NRNG=n number of range points on an azimuth ray, NRNG_<26.

NEL=n Number of elevation angles to be considered (high
register fragments), NEL_<18.

NAZ=n number of azimuth rays in fragment field (a sini-
circle), NAZ<36.

The following cards are read immediately after a $BOOM statement

is encountered:

0 A title card. Columns 1-72 contain a description
of the fragment field.

SIf NBAR)O , NBAR barrier description cards are read .
The format of each card is:
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COLS FORMAT NAME DESCRIPTION

1-5 15 IBTYP Barrier type code.
1-barrier is a circular arc, with

ordnance at center.
2-barrier is straight and is closest

to the ordnance at its midpoint.

5-10 (ignored)
11-20 E10.0 BCPH Azimuth angle (deg) of barrier

midpoint

21-30 E10.0 BWPH Extent of barrier in azimuth (deg)
on either side of midpoint.

31-40 E1O.0 BHAL Angular height of barrier (deg), as
seen from the ordnance. If IBTYP-2,
this angular height is measured at
the midpoint of the barrier.

4.-

02 1 2 iBCPH
Tail Tail '02 1

I- --_ .. -2 -WPHNose 0Nose 1-'c...AL
S•2 12 J =BHAL

22-

. a ka

Circular Barrier Straight Barrier
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I TABLES
PARAMS

I $OUTPUT LIMITS
{EXEC[ ,PLOT] (oKWIKPLOT}J [,LIST]
,*RANGE
,SOJA C

Read function definitions or compute
and plot functions of the fragment
field variables (velocity, striking
angle, and number per square foot, as
functions of range and azimuth).

The fragment field is read from binary
unit 4, which is presumed to be prop-
erly positioned.

TABLES Read Damage Threshold V$locity Tables
_,1 or Formula Coefficients.

Between two (2) and five (5) cards
are read for each Table or Formula.
The formats of these cards are given
below. The end of input is marked by
a card containing blanks or zeroes in
columns I and 2.

PARAMS Read a title card, and fragment thresh-
old and target description cards for
each fragment field function.

Between two (2) and four(4) cards are
read for each function. The formats
of these cards are given below. The
end of input is marked by a card con-
taining blanks or zeroes in columns 1
and 2.

LIMITS Read an output parameter card for each
fragment field function.

The format of this card is given below.
The end of input is marked by a card
containing blanks or zeroes in columns
1 and 2.

The formula used is the empirical relationship derived under
project THOR.
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EXEC Compute and plot specified functions
of a previously computed fragment
field. Functions are specified on the
data card following this control card.
The format of this card is given below. ""

The fragment field is read from binary
unit 4, which is presumed to be properly
positioned.

The functions are specified using two
digit codes, whose meanings are:

01 total number of fragments (per sq ft)

02 total fragment mass (lb)

03 total fragment momentum (lb-sec/ft 2) ..

04 total fragment kinetic energy(ft-lb/ftz),

05-07 (unused)

08* average fragment impact velocity
(ft/sec)

09* average fragment impact angle
(radians)

lj number of damaging fragments,
using table j.

2j probability of damage, using table j.
3j compute and plot lj and 2j together -

(this is cheaper than specifying lj
and 2j separately)

4j number of damaging fragments, using
Thor coefficient set j.

5j probability of damage, using Thor
coefficient set j.

6j compute plot 4j and 5j together
(this is cheaper than specifying
4j and 5j separately)

7j-9j (unused)

Up to eight (8) functions may be com-
puted and plotted at one time. To plot
more than eight functions, the fragment
field file must be repositioned, and
another set of plots requested.

Functions 08 and 09 must both be specified if either is, and must
be the last function codes specified.
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Note that a function code of 3j or 6j
causes two plots to be generated, and
that specification of functions 08
and 09 counts for 3 functions, even
though only two plots are generated.

PLOT cause function values to be written to
the plot file (file 2) for later
processing by a contour plotting program.

KWIYPLOT generate contour plots of functions
values on the printer.

RANGE read plot range parameters from data
card following this control card. The

format of this card is given belwra.

SOJAC read characters Lo be used for printer
plotter (see KWIKPLOT) from data card
following this control card. The format

J of this card is giver, below.

LIST list data read with this control card.

A
!
I
I
J
I
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.71
Data cards read after a $OUTPUT,TABLES statement. Between two and
five cards are read for each table or formula coefficient group.

COLS FORMAT NAME DESCRIPTION

Heading Card

1 11 IT type code. If IT=1,2 or 3, table IS is
to be read. If IT=4,5 or 6, coefficient
group IS is to be read.

IF ITýO and IS=0, the end of this group
of data cards has been reached.

2 11 IS table or coefficient group number.

OCIS.'9.

3-5 (ignored)

6-10 15 NTB (used only for tables) number of M-V
pairs to be read. NTB1<4.

11-15 1$ JDUM (used only for tables) interpolation
mode. All table values are read in
true form, but linear interpolation of
tle table during processing may require
either a log or linear scale, according
to JDUM:

=00 M linear, V linear
=01 M liiiear, V log
=lO M log, V linear
=11 M log, V log

Coefficients (formula coefficients only)

1-70 7E10.0 (COEF(l) ,1=1.,7) - Thor formula coefficients,
group iS.

Fragment Mass Values (tables only)

NTB masses are read, 7 per card.

1-70 7El0.0 (XTB(1),I=1,7) - Fragment mass values, (grains)
for table IS.

Damage Threshold Velocity Values (tables only)

NTB velocities are read, 7 per card.

1-.70 7E10.0 (YTB(I),I=l,7) - Damage threshold velocities
(ft/sec) for table IS.
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f i
SI Data cards read after a $OUTPUT,PARAMS statement. Between two and

four cards are read fr each fragment field function.

I COLS. FORMAT NAME DESCRIPTION

Heading Card

1 Il IT Function type. If IT=0 and IS=O, the
end of this group of data cards has been
reached. If IT-0 and IS>0, then the
function requires neither a table nor a
Thor formula, and the function type is
given by IS. IF ITO, then IT deter-
mines the function type.

=1 number of damaging fragments per
sq ft, using table IS.

=2 probability of damage, using table IS.
=4 number of damaging fragments per sq ft

using coefficient set IS in the Thor
formula.

=5 probability of damage using coeffi-
cient set IS in the Thor formula.

2 Ii IS table number if IT=I or 2), coefficient
group number (if IT=4 or 5), or function

I type (if IT=0):

=1 total number of fragments per sq ft
=2 total fragment mass (lb) per sq ft
=3 total fragment momentum (lb-sec)

per sq ft
=4 total fragment kinetic energy (ft-lb)

per sq ft
=8 average fragment impact velocity (ft/sec)
9 average fragment impact angle (radians)

J 3 (ignored)
4 Al IVP Function variant code. A blank is treated

A Ias a 'zero' character. IVP is used to dis-
tinguish plots of the same function, but
with different parameters.

5 (ignored)

6-10 15 NF Number of parameters (OCNF414) If NIF414,
j parameters not read are set to zero.

A
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COLS. FORMAT NAME DESCRIPTION

Title Card

1-72 12A6 (ITTLF(I),I=1,12) - function title, which will
appear on all plots of this function.

Parameter Card(s)

NF parameters are read, 7 per card. If NF=0, no cards are read.

1-70 7EIO.O (F(I),I=1,NF) - parameters affecting function
performance.

Parameters 1 through 7 have the same meaning for all functions:

F(l) miminum fragment weight (grams). All lighter frag-
ments are ignored.

F(2) minimum fragment velocity (ft/sec). All slower
fragments are ignored.

F(3) minimum fragment momentum (lb-sec). All fragments
whose momentum is too small are ignored.

F(4) minimum fragment kinetic energy (ft-lb). All frag-
ments whose kinetic energy is too small are ignored.

F(5) - F(7) (reserved)

Parameters 8 through 14 are used only if IT>O.

F(8) target plan area (ft 2 )

F(9) average target elevation area (ft2)

F(10) - F(11) are used only if IT=4 or 5.

F(10) target thickness (in.)

F(11) target hardness, where applicable.

F(12) - F(14) (reserved)
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Data cards read after a $OUTPUT,LIMITS statement. One card is read

for each function.

COLS. FORMAT NAME DESCRIPTION

I Ii IT Function code (see PARAMS discussion
above)

2 12 IS subcode or table code (see PARAMS discus-
sion above)
Note that if IT-O and IS=0 the end of
this group of data cards has been reached.

3-10 (unused)

11-14 14 ISM Plot smoothing code. IF ISM=O, do no
smoothing. IF ISM=I to 5, smooth by re-
placing each value by the average of the
values in a 2*ISM+l raster square cen-
tered on that value.

15 1i ISC Plot scale code. ISC=O to request a
linear plot. ISC=1 to request a plot of
the log of the function.

16-20 (unused)

21-30 ElO.O OZMIN minimum value to be plotted.

31-40 El0.0 OZMAX maximum value to be plotted.
If OZMIN>OZMAX, the plot range is set
interna lTy.

i
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COLS. FORMAT NAME DESCRIPTION

Data card read after $OUTPUT,EXEC statement. See discussion of

the EXEC parameter for the list of valid function codes.

1-2 12 first function code

3-5 (ignored)

Subsequent function codes go in columns 6-7, 11-12, etc.

Data card read after $OUTPUT,SOJAC statement.

1-5 (ignored)

6-10 15 NZ number of function value ranges to be
plotted on printer. NZ<50

11-19 (ignored, leave blank)

20-69 50A1 (CH(1),I=I,NZ) - plot characters for each func-
tion value range.

Data card read after $OUTPUT,RANGE statement.

1-5 (ignored)

6-10 15 NX number of resolution increments in X
direction (tail to nose). NX<__81.

11-15 15 NY number of resolution increments in Y
direction (laterally from waist of muni-
tion). Normally NY=(NX-1)/2+1. NX<41.

16-20 (unused)

21-30 E10.0 XMIN minimum X value (ft)

31-40 E10.0 YMIN minimum Y value (ft). Normally YMIN=O.

41-50 El0.0 DX X increment (ft). Normally NX,XMIN and 'DX
are set so that XMAX=-XMIN where XMAX
is XMIN+DX*(NX-1).

51-60 E1O.O DY Y increment (ft). Normally NY and DY
are set so that YMAX=X•AX where YMAX
is DY*(NY-l) if YMIN=0.
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Sample Data Deck

ihe deck listed on the next page is set up to do the following

job:

I) Read munition data for munition No. 4 (mod 1).

Gaps in the data are to be filled in, and the
data is to be listed neatly in tabular form.

2) A fragment field is to be computed, on a polar

"grid consisting of 8 ranges spaced 250 feet
apart, and 18 azimuth rays, spread evenly over

a half-circle (at azimuths 5, 15, ... , 175 deg).

After the fragment field has been written onto

tape 4, an end of file is written and the tape
is rewound.

3) Output specifications are read. These include

a. the printer-plotter character set,

b. the size and resolution of the plot,

c. the trivial (0-velocity) fragment thresh-
old velocity table,

d. the function limits and scale (all are to
be plotted in log units), and

e. the function titles and parameters.

4) Plots are generated. The function specifica-
tions 01 and 30 cause functions 01, 10 and 20
to be generated and plotted.

I
I
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SPRINT C4)NTROL,CATA
SORflNANCE F0RM1ATU2vNORMpSMO0THoDUST
MUNITION~ 0'4 MOU 1

16 .56 4-1 66U,

(Thac munition data goes here.)j

-%ikN~x I ?0OfJ FOOT fRADh1JS, 10 DEG AZ SE~CTORS

fT I "E
%TAPE 4,wFOP
ATAPE 4,-qF .4
'*O'JTPUT 6CjAC L..AST

ry ~-12341-b769+

i(OUTWL! TAHI EzS LIST
inl 2 0

04

%OJTP(Ii Llnlls I As
~1I. 1 ,O(3l16667 .16667 ~ ~~rdCoCOPY*~W

Inl 1 00016667 .16667 i~'a

01 4
ARLAL [PFNsI TY OF ALI. F114GMENTS (T4RGLT IS SPHERE OF UNIT CROSS-SECTION)

In
A RAL I';w~ F V~ OF (WIAGING FRAGMENTS (KF GT 58 FT-LB)

1.33 9.C
20 9

PROPAPILITY OF H4IT FEy UAMA(NG FRAC;MLNT (KJE., GT 58 FT-LB)
0.0. 0.,

IOUlP(IT t.XLC Lisr RIVIKHLOT
01i 30
$TIME
fSTOP
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I

Sentinel Records

The munition data file (if one is used), the fragment field file,

and the output function file (if one is used) each consist of

Sseveral groups of data. Each group is preceded by a sentinel

record which identifies the group, as described in the following

J section. In addition a special sentinel record is written after

the last data group.

J A sentinel record exists in two forms, one for formatted files

(the BCD munition data file), and one for unformatted files (the

binary fragment field file and the binary output function file).

Formatted sentinel record:

char. 1-6 '*HEAD*'

char. 7-14 an 8-character search key. (If fewer
than 8 characters, blanks are added.)

Search for a formatted data group using the statement;

$TAPE n,BCD,SRCH=key,BKSP

Unformatted sentinel record:

word I" '*HEAD*'

word 2 an 8-character search key. (If fewer
than 8 characters, blanks are added.)

Search for an unformatted data group using the statement:

$TAPE n,SRCH=key,BKSP

Two words are needed when using a computer with four characters
per word.

Two words are needed when using a computer with four or six
characters per word.
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Sentinel Record Keys

1. A 3-character key of the form

XXI
is used for munition data. (BCD tape)

XX - munition ID number. 00_XX_99

I = a modification code. Normally I=0.

2. A 5-character key of the form

XXIJK

is used for fragment field tables. (Binary tape 4)

XX,I as above

J,K = fragment field modification code to reflect
changes in resolution, target plane altitude,
barrier placement, etc.). Normally J=K=O.

3. An 8-character key of the form

XXIJKYYL

is used for output function tables. (Binary tape 2)

XX,I,J,K as above

YY = output function code. (See $OUTPUT discussion.)

L = output function modification code(to reflect
changes in threshold or target parameters, etc.).
Normally L=0.

4. The sentinel record which should end a file has an 8-character

key which is

99999999

A sentinel record may be written with the statement

$TAPE n[,BCDJ,WEOF
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Timing

"The generation of the fragment field is the most time consuming

"part of the program. Several parameters affect timing in this

phase.

NM number of mass categories into which munition
data is divided

NAZ number of azimuth angles

NEL number of elevation angles

DRNG range increment (ft)

All operations are performed for each mass category at each azi-

muth. Low-register fragment trajectories are computed for ranges

Ri=DRNG*i, out to Ri=Rmax, which corresponds to an initial eleva-

tion angle of amax. High-register fragment trajectories are com-

puted for elevations ai=(i-i/2)/2\a, where !v=9 0 0/NEL, and where

a maxýCi 9 0' holds.

Thus the computation time for low register fragment trajectories

increases as DRNG decreases, and the computation time for high

register fragment trajectories increases as NEL increases. So

the expected computation time is given by

T=A*NM*NA Z* ( I+B/DRNG+C*NEL)

Because all runs done for this project used the same values of NAZ,

DRNG and NEL, the constants A, B and C cannot be determined at this

time. However, the approximate relation (in sec)

T=7 x NM

and has been observed on the Univac 1108, with NAX=I8, DRNG-250

and NEL=I8.
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APPENDIX B

CONTOURS OF FRAGMENT NUMBER DENSITIES

AND INJURY PROBABILITIES
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COMMoIKS of TnTAL &PAGMJO41

NUMBER DENSITY

1 1292O

0 ~ f OP I Q OO ~ O

-U0

0 fo I

I. I

l~O li0 5u 0 500 WOO0 L)1)1

(1-1-61 OFLOAD)Il Y -
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SO~~~ONTM'RS OF TOM.L tMc,•ftWI

NUMBE Ut;•D •IRMY

1/2•s5

1,278---!I I

.. .... ..... .... , ... •-.
OIn j 031 509 0 500 1000 15 c

Rangle, (it)

FOR ~ ~ ~ ~ ~ ~ ' I-AMET ',III iNP- ONT,)UIII5 tI* i.d•;•J;: l ii' !i.5l •).si rs

i;H!%ATFR THAN hI r LKS

E 0

U..n 0 ... ... 00'

I

-. 0002

S/

"1500 1000 5uu V 500 1"00 150o0
Ronxge, (tt)

Fig. B2 750 LB BOMB MII7A2
(TRITIONAL LOAD)
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IJIJMBER u)ENSITY

4,127h'

tk ~ AC'.V1I7 / I ,' vi it ' ' AI H
AN't S- IT

5011

sI "0.) tw 0 0 50 110 51

F ig. B3 105 MM~ HOWITZER SHELL Ml
(COM4P. B LOAD)
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RSOf TOTAL I KA"t.NT

JFST
1 /6000)

___________Tail

FORl rm cmftA ,N ..'1111 MICKJWY

41 I
0 -I
J!~J

0.

I -A DLjJ I 50,, 1604) IYvJ
,-, it) o I

RMS,(ft)

Hosa T&V

Fig. B4 J55 MM IIOWITZ5R SHELL M1.07
ICOMP. B LOAD
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CON rOURSq Of TOTAL FRA M-NT
NUIMBER1 DLMSITY

1127115121

Iso o 1 01 0 500 1000 I ýo0

(;~iu5OF VRA(WT4 NT 1lMP7 IF.N'ISITV
FoI, FkA(?IEhTS WITII PKNKMI~

50-1T8 0 ~ ~ 5"o IOU( A l~ o

I __f __Al: . ot PRK tI yWI N1 l

10 &HC'dJ

.001

1500 TW00 500 0 Soo 1600 1500
Kfln~t, G-t)Son&~ Tall

Fig. B5 175 MMi GUN SHELL M437A2
(CiFP. B LOAD)
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, *I. .,°. -'-

U I CL*"rcMIHS OF TOTAL t'OUc~tl:r
NUMBER DFJ4SITY

I o

j ~12IsU1 -

L'L2

50:' . a SQ loi l Lsoo

ill .11 Ul I '• "C .N '" W llS•1 1 1 IA N;, I

! ..

.4!
U.• I"" ..

.0:

A I J." I )u

.0o

S'~~~~- .. ... . . • / 1,,I" X.

' i
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15 .0... , U. J 0 _O ... ... . ..
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H1MBE~t DENSITY

ISO, 10 n 5100 0 50 -O 10

E 0

141

)II0i
L0' 0 500 1)00 1,

R -! ,. ( ft) I.i
CM T ;S 01 ,R(IJ'ADIL II11.] 304'

' Oo 410 500 0 Soo0 1000 1 '0,
ftavig., (fr.)

we..

Fig. 137 8"/55 PROJECTILE MARK 25
(EXPLO',;1V1E D LOAD)

B~-8



!II

>3 1
I
I
]

APPENDIX CI

.1AVERAGE CURVES OF FRAGMENT NUMBER DENSITIES

AND INJURY PROBABILITIES
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