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I. INTIOIUIICTION

Mltssilý warheads are generally quite different in design and
construct ion than warheads used in other military applications, such as
artillery shells. Thi,; difference mainly is a consequence of the low
latunch loads experienced by missile warheads. Warhead design in
applications where high launch loads are experienced (artillery shel Is)
are usually of the natural fragmentation or controlled fragmentation "
type. By way of background, natural fragmentation warheads are continuous
metal casing warheads with no preselected control sites of failure.
Controlled fragmentation warheads, on the other hand, are continuous
warheads with preselected control sites or lines of failure. These
failure sites are usually arrived at mechanically, metallurgically or
explosively. However, missile warheads are generally discrete-fragment
warheads and not continuous metal-casing systems. Discrete-fragment
warheads are preformed-fragment warheads in which the fragments of the
desired shape and mass are placed on a liner (metal or plastic) which
encases the high explosive. The warhead is then placed inside a missile
casing (skin). These preformed-fragments are attached to the liner and
neighboring fragments by an epoxy filler. Due to the very low launch
load environment of a missile, this evidently is sufficient for structural
integrity.

In the past the main analytical method for predicting fragmentation
warhead performance*, i.e., fragment speed and direction, has been the

Gurney and Taylor2 formulae. These formulae are one-dimensional by
assumption and the Gurney formula requires an empirically determined
constant. This constant, called the Gurney constant, is obtained
experimentally via warhead tests for each different situation. Due to
the one-dimensional nature of these formulae, their utility for predicting
warhead performance near the ends is questionable. It has been

shown' that for cases when the flow is essentially one-dimensional, such

"•Warhead performance as used in this report will mean fragment velocity
dietribution, which, it can be shown, yields fragment mass distribution.

iGurney, R. W., "The Initial Velocitiezi of Fragments from Bombs, Shells

and Grenades", BRL Report 405, September 1943, AD#36218.

2
2B-irkhoff, G., MacDougall, P., Pugh, E. M. and Taylor, G. i., Sir.,
"Fx)losives with Lined Cavities", J. Appl. Phys., Vol. 19, p. 563,
June 1948.

3Karpp, R. R. and Predebon, W. W., "Calculations of Fragment Velocities
from Naturally Fragmenting Munitions", BRL Memorandum Report No. 2509,

July 1,975. (AD #BO07377L)
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•s long artillery projectiles (L/D > 2), these formulae are adequate
for predicting fragment velocity. However, for cases where the flow is
two-dimensional, such as near the warhead ends for any size projectile,
and for axisymmetrLc warheads with length to diameter ratios less than
or equal to two, these formulae are inadequate 3 . Lastly, these formulae
were initially derived for continuous warheads (i.e., natural fragmenta-
tion warheads) and for one specific initiation posture. Consequently,
for discrete-fragment warheads, these formulae are not applicable with-
out significant modification and experimental recalibration.

In an effort to find a method to predict warhead performance not
only over its midsection but over its entire length Including the ends,
a time-dependent, two-dimensional, Lagrangian computer code has been
npplied to naturally fragmenting warheads. In Reference 3, finite-
difference calculations of warheads with varying explosive fills and
casing materials were compared with experimental results; good agreement
was demonstrated. However, the computer code used to obtain the cal-
culations in Reference 3 assumes a continuum. Warheads eventually
fragment, and after fragmentation the continuum assumption needs to be
modified. A method to model the effects of fragmentation and subsequent
explosive gas leakage was presented in Reference 3 as an integral part
of the computational scheme.

In this report the earlier work by Karpp and Predebon 3 on natural
fragmenting warhead is extended to missile warheads, i.e., discrete-
fragment warheads. The objective of the work reported here was to
develop a warhead modeling capability to predict the performance of
missile warheads in general, as well as warhead designs pertinent to the
"Focused-Blast-Fragment" advanced development program,* Computational

modeling was emphasized with limited experimental verification as needed.

In the next section the experimental program is discussed in detail.
In Section III the computational modeling is explained. Comparisons
between the computational and experimental results are discussed in
Section IV. The conclusions and recommendations follow in Section V.

*Ti' work was supported by the BRL, Picatinny Areenal and AMC, HQ.
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I I. EX PERIMMENTAIL PROGRAM

Fitgure 1 is a schematic drawing of part of a typical test set-up

tised in the warhead test firings for this program. Shown .hs the warhead

on an angled* wood stand which rests on metal plates on the floor of the

second level of the test facility. The two metal plates form a preset

aperture through which passes the column of fragments to be radiographed.

The lower level of the test facility contains two orthogonal banks (each

bank has four flash x-ray tubes) which provide time-sequential, ortho-

gonal radiography.

Due to the funding and time constraints on part of this program, it

became obvious at the very beginning that cubical fragments** could not

be placed completely around each test warhead and still complete the

minimum number of warhead tests planned. Also, from a long term point

of view, It is desirable to have a morc economical method for tc.sting

preformed-fragment warheads. The method used determined the minimum

anzimuthal-sector angle containing preformed- fragments which adequately

represented the situation where the entire cylindrical warhead contained

preformed-fragments. All the warheads tested had an overall cylindrical

shape. Figure 2 illustrates a test warhead with an azimuthal fragment-

bearing sector angle of 22.50 for a typical length to diameter (1,/D)

ratio of 2.0. In all tests where an azimuthal sector of the warhead

contained the preformed-fragments, the remainder of the warhead con-

taimed strips (rods) of the same material. The width of the strips was

equal to the width of the fragments (for proper radial explosive gas

leakage), and the strip lengths were equal to the explosive charge

length.

Table I contains all the characteristics of the test warheads by

their respective round number. As indicated in Table I, the warhead

length to diameter ratio was varied from 1.0 to 2.0. The explosive

charge in all cases was Octol (25% TNT, 7s• i.mX). Trhe fragments were

steel (AISI 1018 or 1020) cubes and, in all but one test, were placed

directly on the bare explosive charge. This type of configuration was

adopted in order to determine with greater accuracy the effect which

explosive gas leakage between fragments has on the fragment velocity

distribution, particularly for the computational modeling portion of the

program.

Figures 3 and 4 illustrate typical radiographic results from 1,/)

1.0 and I/I) = 2.0 warheads, respectively. Both test warheads were initi-

ated on the axis at the loft end. Figures 3 and 4 show the longitudinal

and orthogonal views of the fragment distributions in their actual spacial

positions at two different times, In each of the test cases the fragments

in the radiographed column were premarked for identification and were

recovered in Celotex. The spacial location of the recovered premarked

'*1' a angle wod stand is used to rotate the main fragment distribution

into the available radiographic view.
**rn all the warhead tests the fragment shape was cubical.
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fragments, in conjunct ion with the t lIme-sequent I I , orthogonal radiography
of the fragments, permitted development of the results shown In Figures 5
and 0 for the two tests i Ilustrated In Figures 3 and 4. In Figures 5 and
b, each of the fragments in flight are labeled according to their original
position on the warhead (shown at the top of the figures). Two different
times are shown for both longitudinal and orthogonal views.

To illustrate radiographically the fragment focusing that can be,
achieved, Figure 7 shows (for two different times) the longitudinal and
orthogonal views of an ,/) = 2.0 warhead which was initiated simultan-

eously at both ends on the axis of symmetry. The fragments of Figure 7
are labeled in Figure 8 according to their original position on the
warhead. Again two different times are shown for the longitudinal and
orthogonal viewi.

To determine the accuracy of the experimental procedure, a simple
error analysis of the measurements was conducted and the round to round
variation was quantified. Using a conservative approach to error
analysis wherein only maximum differences are considered, for two time-

sequential observations of fragments the measurement uncertainty in the
fragment speed Is less than j- 1% and is less than ± 0.004 for the tangent
of the fragment projection angle, The round to round variation in the
warhead tests is shown in Figure 9. Plotted in Figure 9 is the fragment
speed and projection angle distributions versus fragment number or
relative initial axial position from two tests of nominally identical
(See Table I) L/) = 2.0 cylindrical warheads. The round to round
variation in fragment speed Is ± 3% for two time-sequential observations
of the fragments and ± 13% for single time observations of fragments
(which occurs for a few fragments at both ends). The overall round to
round variation In the tangent of the fragment projection angle is
± 0.02. Therefore, it appears that the variations from one round to
another (nominally the same) are larger than the measurement uncertainty.

Consequently, it was inadvisable to attempt to improve the accuracy of
the measurement procedure.

As previously mentioned, the cubical fragments were placed on the
warhead in varying azimuthal sector angles, with strips in the rema.ning
azimuthal angle, to determine the minimum azimuthal fragment-bearing
sector angle required to approximate the situation in which fragments
covered the entire round. Plotted in Figures 10 and 11 are the fragment
speed and projection angle distributions for varying azimuthal fragment-
bearing sector angles a for L/I) = 1.0 and 2.0 warheads, respectively.
Since the percent difference between the a = 45' and a = 90* cases in
Figure 10 is within round to round variation shown in Figure 9, it is

felt that a 45' azimuthal fragment-bearing sector angle is adequate for
the L/D = 1,0 case. For the L/D = 2.0 case, Figure 11 indicates a large
difference between a = 22.50 and a = 450, 900 and 1350. However the
differences are much smaller between the a = 45°, 90* and 135' cases,
although the fragment speeds for a = 450 tend to be greater than or

17
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equal to a = 90* or ki = 135 0 , especially in areas remote from end vare-
factions. Mindful of the latter point and the round to round variation
shown in Figure 9, the variation In fragment speed between the a = 900
and 1.35° is within the round to round variation; whereas the same varia-
tion between the a =45' and 900 is generally not. In view of the above
it is felt that a = 900 is desirable for the !./fl = 2.0 caise.

Returning to the a = 22.S* case in Figure 1., due to the unexpected
large differences between it and a - 450, 900 and 135*, particularly
near the ends where one would expect the fragment speeds to converge to
a common value for most practical a's, it Is questionable whether these
large diffoiences are due to increased confinement for a - 22.50 or
perhaps some uncovered error in the data. An additional test at a
22.50 will be required to clarify these questions; however, it was
judged that the results of such a test would not significantly change
the main thrust and purpose of this study and therefore was not com-
pleted at this time.

The experimental results of cases in which computaticnal results
were obtained are discussed in Section IV. There arc a few test cases
for which the computations were not performed during this program and
these experimental resulLs will be presented at this time.

Trho modeling of multi-fragment layering is immensely complicated
duo to the many combinations of layer patterns that can be placed on the
warhead. In order to bracket the effects of the simplest multi-fragment
layering case, i.e., two layers of fragments, two double-layered discrete-
fragment warheads were fired. 'The fragment layers were aligned with
respect to each other for the first warhead; the other warhead had the
fragments bricked (that is, the fragments on the top layer were displaced
by a distance equal to half of a cube side relative to the fragments on
the bottom layer). In Figure 12 are plotted the results of the aligned
and bricked double-layered warheads. In order to compare these results
to the single layered test, the charge mass to metal mass (C/M), the
type of explosive, explosive initiation and explosive dimensions were
kept the same as the single layered L/P - 2.0 case (shown in Figure 16).
Further, the fragment shape and fragment material were kept the same.
Those constraints thus imposed that the double-layered fragment masses
be 1/8 the single layered masses. Due to the resulting lower cube
masses (0.486 gin), and therefore much smaller dimensions, the previously
used cube numbering system was not effective in identifying the cubes
with respect to their original position on the warhead. When the cubes
were recovered they had generally collided with each other during flight
and the punched numbers on each fragment were unidentifiable. Consequently
the fragment speed is plotted with respect to Its projection angle in
Figure 12 rather than its initial position on the warhead.

1 r
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III Figure 12 it is quite evident that there exists a significant
variation of the magnitude of the velocity at any projection angle; this

observation applies both to the aligned and bricked warheads, By compari-
son, if the data from the single fragment layer case of Figure 16 were

plotted versus projection angle, as in Figure 12, only one fragment would
appear at any particular projection anylc. It is important to note, for
reasons previously discussed, It was very difficult to identify the same
fragment in two time-sequential, radiographic views for many of the frag-
ments in the double-layered cases, Consequently, the only fragments that
are plotted are those in which this identification was confidently made.
Therefore, although the single fragment layer case cannot be compared
with the double-layered case over the entire projection angle distribution,

meaningful comparisons cari be made over the projection angle range for
which data were obtained. In the two examples depicted in Figure 12, the

spread in the speeds ranges from 0.15 to 0.40 mm/isec over the projection
angle distribution. The most probable contributing cause of this spread
in speed at a given projection angle is slippage between the layer frag-
wients. Thus, instead of fragments leaving the warhead at a given angle
having one particular velocity, collective effects result in a number of
fragments with varying velocities at the specified angle.

It is lastly noted that the plotted speeds in Figure 12 have not
been corrected for drug, which from the data was estimated to be causing
a 4%-7% decrease in fragment speeds. This dccrease was oTbtained by
comparing single and double flash calculations of identical cubes. This
calculation was also completed in the singlu layered cases; however, in

these cases the drag was always negligible. Because of the lower cube
masses (0.486 gm) in the double-layered warheads, drag is no longer
negligible.

Shown in Figure 13 are the experimental results for single-layered
fragments on an aluminum liner with aluminum endplates, L/D = 2.0 cylin-
drical warhead. As shown, initiation was on the axis on the left side of
the warhead. All the necessary data are given in Table I. This is the
only test case reported with a liner and endplates. These results will

be discussed in some detail in Section IV along w'"h a similar test case
without a liner and endplates.

III. COMPUTATIONAL MODELING

The computer code that is being used for the computation modeling is
a modified version of the HEMP4 computer code. The HEMP code, which was
originally developed at the Lawrence Livermore Laboratories, California,
is a time-dependent, two-dimensional, Lagrangian finite-difference code.

"•WiZkins, M. L., "Calculations of Eiastic-Plastic Flow," Methods of

Computational Phyvics, Vol. 3, edited by Alder, B., Fernback, S. and
Rotenburg, M., Academic Press, NY, 1964.
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If the standard form of the HEMP code is used to predict the performance
of discrote-fragment warheads without including the effects of fragment

separation and subsequent explosive gas leakage between fragments, the
dashed line results shown in Figure 14 are obtained. Shown in Figure 14
is a comparison between these [HEMP calculations and experimental data of
fragment speed and projection angle distributions for an L/D = 1.0 cylin-
drical warhead. In the HEMP calculations the fragments are modeled as a
fluid, i.e., the fragments cannot accommodate a tensile force but they
can be recompressed. This would be a logical approach with a continuum
code since the fragments are not a continuum but discrete particles which
will separate with the application of a small tensile force. It is
obvious that this modeling is superior in predictive ability than the
prediction of velocity and angle by Gurney and Taylor, also shown in
Figure 14. However, the agreement between the HEMP computations and
experiment is not as good as desired. Because of this and other objec-
tions 5 , modeling of the effects of fragment separation and explosive gas
leakage between fragments was initiated to improve the overall predictive
capability of the computations.

The discrete-fragment warhead (missile warhead) model presented
involves the following three essential features: A) modeling of the
discrete-fragments, B) modeling of fragment separation and subsequent
explosive gas leakage and, C) criteria for fragment separation and
method to determine this criteria.

A. Modeling of Discrete-Fragments

When discrete-fragments are placed on a cylindrical body, whether it
be the bare explosive or a liner containing the explosive, (assuming
conventional fragment shapes) air gaps will occur between the fragments
in the circumferential direction. Consequently, the discrete-fragment
casing forms a composite of metal and air. In reality, this is a three-
dimensional system. However, the approach that was adopted with the two-
dimensional modeling is similar to the methods used in the modeling of
composite materials. The discrete metal-air composite casing (metal
preformed-fragments) is modeled as a homogeneous continuous material of
the same metal material as the experimental fragments, but with the
requirement that the total mass of the new continuous metal casing equal
the total niss of all the fragments on the experimental warhead. For
example, in the case of cubical fragments, the resulting continuous metal
casing wall thickness in the model will be less than one of the sides of

5Karpp, R. R. and Predebon, W. W., "CaZcutations of Fragment Velocities

from Fragmentation Munitions," First International Symposium on Balzlis-
tics, Orlando, Florida, .13-15 November 1974, Section IV, pp. 146-176,

Proceedings Published by American Defense Preparedness Association, Union

Trust Building, Washington, DC.
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Iii actunl cubical |fragment. For a cylindrical warhead, the modeled
casing outside diameter for a given explosive diameter is obtained from

MT = •.• I = f {T lw (M - III: }

where NIT is the li mc" surtd total fragment mass (pl us litner mass if the

varihoad has a liner), Ili are the micasured individual fragment masses, P1:

is the fragment density, 1,w Is the total length of the fragments on the

warhead, 1IIIH Is the measured diamoter of the explosive und I)M Is the

Outside diameter of the continuous metal casing to be computed. If one
ignores the air gap between the fragments and uses the fragment cube

dimension as the continuous eusing wall thickness, then for the cases
reported in Sections 11 and IV, the modeled total mass will be as much
as (1, greater than the actual total mass.

B. Fragment Separati.on and Eixplosive Gas Leakage

The general ideas of the model for fragment separation and explosive
gas leakage will he presented heroe however, the specific details and
equations have been presented in an earlier reports.

The IIIHEMP code models continuum behavior in general. However, in

reality, when fragment separation occurs a continuous casing circumfer-
ence ceases to increase. But the standard form of the code causes the
casing to remaLn continuous. This treatment tends to yield a higher

radial acceleration and thus a higher final fragment velocity. This can

be corrected by computing the true force acting on an element of the
casing. The true force Is computed in the code by reducing the pressure

acting on the interface of the casing by the factor Rb/R, where Rb is

the radius at fragment separation and R is the current radius. At

present, R1) must be determined by experiment. After fragment separation,

i.e., R > R1, a void appears bctween fragments and gas leakage occurs.

This effect is modeled in the code by calculating the rate of ufflux

from an ideal nozzle passing its maximum rate of flow. The rate of
efflux is computed in the code for every cycle, and the mass leaked for
a single cycle is the product of the mass rate and the cycle time

increment. In this manner, the model accounts for gas leakage between
frngmonts after casing breakup. (,as leakage reduces the pressure accord-
ingly. Lastly, to simulate a loss in circumferential stress upon casing

breakup, the yield strength of the fragment material is set equal to

zero when R > Rb.

C. Criterion for Fragment Separation

Currently, the criterion for fragment separation, Rb, is an emnpiri-

cally determined quantity. As discussed in Section 1I the fragments



are all premarked and recovered in a soft recovery medium (Celotex)
after firing. The recovered fragments are weighed and measured for
their dimensions, Obtained from these measurements is the fragment
plastic deformation due to the explosive loading (or final dimensions).
Since its original dimensions are known a straight forward calculation
determines the corresponding radius of the warhead at which the fragments
separated. (The elastic displacements are neglected in this analysis).
For the case of cubical fragments on bare explosive for L/D - 1.0 and
2.0 cases, the expansion ratio at fragment separation, i.e., Rb/Ro where

R is the inside radius of the casing, was found to be 1.2. The recovered

fragment measurements and expansion ratios are tabulated in Table I.
This criterion for fragment separation is empirical; the criterion will
not be applicable in general, Thus, the next refinement in this analysis
is to relate this criterion to a fundamental material property.

IV. COMPARISON BETWEEN COMPUTATIONAL AND EXPERIMENTAL RESULTS

In Figures 15-17 are shown comparisons between the calculations
with the discrete-fragment model (labeled Elastic-Plastic with Gas
Leakage Model) and experimental results. In Figure 15 and 16 the calcu-
lated fragment speed and projection angle distributions are compared
with the experimental data for L/D - 1.0 and 2.0 cylindrical warheads,
respectively. Data from two test firings are plotted in each figure.
In both cases the agreement between computation and experiment is extremely
good. Also shown in Figures 15 and 16 are the calculations without the
discrete-fragment model, namely, a fluid model, and the Gurney velocity
and Taylor angle predictions. Shown in Figure 17 is a comparison between
the computations and experimental data for the same case as shown in
Figure 16 except with dual-end axial initiation. Again the agreement
between computation and experiment is very good. Note that the computa-
tions model the region where the two detonation waves collide (higher
pressure region) at 0.5 relative initial axial position.

Returning to the test results shown in Figure 13, note that the
warhead configuration in Figure 13 is similar to the configuration in
Figure 16. Both are L/D = 2.0 cylindrical warheads with the same explo-
sive material, fragment material and size, and with essentially the same
explosive diameter. However, the test warhead in Figure 13 has a liner
between the explosive and fragments, and endplates. The reasons given
for placing the liner between the fragments and the explosive are often
varied. It was the intent of this initial experiment, in conjunction
with computational modeling (yet to be performed), to help explain the
effect of a liner on warhead performance. Due to the additional width
of the Al liner, the inside fragment radius increased, which resulted in
more fragments on the warhead, and thus a larger total metal weight, and
lower C/M. These data are given in Table 1 by Rd. No. 9457. Consequently,
the results of Figures 13 and 16 cannot be directly compared. However,
it is the authors'judgment at this time, based on these data and other
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calculations, that the effect of a liner is to contain the explosive
gases for a longer period of time. This in turn causes leakage of explo-
sive gases between fragments to occur at a larger expansion ratio, result-
ing In a higher final fragment speed, as compared to the case without a
liner (assuming all other quantities being equal). This can be .llus-
trated from a plot 6 of calculated fragment speed versus time (from detona-
tion) for these cases. From a plot of this type one observes that frag-
ment separation and leakage occurs during the initial, approximately
exponential, acceleration rise. By placing a liner between the fragments
and explosive, one can prolong fragment separation and subsequent leakage
until the fragment speed versus time profile flattens, which then results
in a higher final fragment velocity. From these and other computations,
it Is estimated that up to ,pproximately a 10% increase in final fragment
velocity can be obtained with a liner between the fragments and explo-
sive versus the case without a liner.

Having demonstrated extremely good agreement between the present
calculations and experimental data for both L/D u 1,0 and 2.0 cylindrical
warheads with single-end and dual-end axial initiation, the computations
were then confidently utilized, without experimontnl verification, to
study the effect of initiation posture on warhead performance. Shown
in Figure 18 are the nine initiation postures that were computed. The
cylindrical warheads that are drawn in Figure 18 are all with a length
(L) to diameter (D) ratio of two and initiated as shown. The first case
of dual end axial booster initiation, i.e., initiation with two 19.05 mm
diameter explosive boosters, is shown in Figure 17, The computational
results of the remaining eight cases are shown respectively in Figures
19-26. Shown in Figure 07 and Figures 19-26 is the effect of a large
variety of initiation postures on warhead performance. The general idea
of this set of computations is, un the one hand, to demonstrate the
versatility and generality of this computational tool, and on the other
hand to aid in the understanding of the effect of initiation posture on
warhead performance. Furthermore, should the initiation posture of
interest lie somewhere between these cases, a simple interpolation of
the already computed cases is all that is required for a first approxima-
tion of the warhead performance. Similarly, since the computational
results are general, i.e., scalable, then if the geometry of interest is
not precisely the same as the cases calculated, these results can be
scaled up or down assuming proper scaling procedures are followed.
Lastly, it is worth while to note that axial line initiation, Figure 26,
Is the one case of the initiation variations studied in which the frag-
ment projection angle and speed dist'ibution are significantly different
from the dual end axial initiation case, Figare 17.

Shown in Figures 27 through 30 are the computational results for
two different internal cavity sizes and materials for the same general
L/D - 2.0 cylindrical geometry. Shown in Figure 27 are the results for

6KXrpp, R. R. and Predebon, W. W., "Ca'lcouations of Fragment Velocitivs

from Fragmentation Munitiona," p. I'V-164.
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the case with an aluminum cavity liner material with the dimensions as
indicated. Comparing the results shown in Figure 27 with those in
Figure 17 it can be soon that although the projection angle distribution
is only slightly altered, the fragment speed is significantly reduced.

3The computational results with a tungsten alloy (p = 16890 KG/M )
cavity liner material for the same cylindrical geometry and cavity shape
given in Figure 27 are shown in Figure 28. As expected, due to the
higher density cavity liner material the fragment speed distribution is
somewhat higher than with aluminum; however, the fragment projection
angle distribution is not noticeably altered. It is important to note
that these results are for one cavity shape and therefore are not neces-
sarily true for all cavity shapes and sizes, In Figures 29 and 30 are
shown the computational results for a slightly different cavity size
where the cavity is modeled either as a vacuum (Figure 29) or as a
cavity whose boundaries are rigid (Figure 30) for all time. The purpose
of these two computations is to provide a qualitative lower (Figure 29)
and upper (Figure 30) bound on fragment speed and projection angle
distributions that can be expected for the cylindrical geometry and
cavity shape shown.

V. CONCLUSIONS AND RECOMMENIOATIONS

A dig-rt~r-fragment warhead (missile warhead) computational modeling
capability has been developed which is capable of modeling with a satis-
factory degree of confidence the performance of a large variety of axi-
symmetric warhead configurations. The computational warhead model
includes the ability to model the effects of varying L/D, fragment
material and size, explosive material, initiation posture, and internal
cavity material and shape. It is felt that the modeling capability can
be extended to include two layers of fragments on the warhead, a liner
between the fragments and the explosive, and end confinement. The
experiments were completed for these cases and are discussed in Section
II.

Future efforts should include additional experiments and computa-
tional modeling with different liner materials, shapes and sizes, and
end confinement to understand fully the influence of these variables on
warhead performance. Also, future work should include generalization of
the empirical criterion for fragment separation to a more fundamental
criterion. For example, material properties, such as the total plastic
strain to failure, might be used to predict fragment separation.

It is also believed that the modeling capability can successfully
be applied to certain aspects of eccentric warheads (a three dimensional
problem). However, while some degree of success may be had, in order to
model eccentric warheads properly, a three dimensional computer code is
needed.
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LIST OF SYMBOLS

Nominal charge (explosive) mass to metal mass (fragment +

liner) ratio

D Explosive diameter

DM Calculated outside diameter of continuous metal casing model,

from K4., -a Pf (w/4 LW (DM2 - DHE)

L c Side of a cubical fragment

L HE Explosive Length

LW Length of fragments on warhead (equal to LHE in all cases)

Mc Mass of a cubical fragment (also equivalent to mi)

MHE Mass of the explosive charge

MR Mass of a rod

mi Individual fragment mass

M RC Mass of a recovered cubical fragment

'IT Total mass of fragments and liner on warhead

Ncc Number of cubical fragments per column (along warhead length)

N Number of columns of cubical fragments
C

NR Number of rods per warhead

R Current warhead radius in computations

Rb Radius of warhead at fragment separation in computationsi

R Expansion ratio at fragment separation or breakage ratio;
S0 equivalent to WRc/Lc

o 0Initial inside radius of casing (metal fragments)

WRC Recovered cube dimension in the circumferential (hoop) direction.

Uf Azimuthal fragment-bearing sector angle

Pf Fragment mass density
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