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study was conducted to develop optimum theoretical warhead

{ 7 design criteria. Weight, diameter and length constraints were considered based
1' on a solid cylinder with no end confinement. kEnd erfects were also
considered and treated using correction factors in the form of exponential
functions of length-to-diaineter ratios. Using these parameters, three general
qualitative conclusions were drawn: (1) the greater the warhead length, the
greater its initial fragment Kinetic energy, (2) the mathematical models
developed indicate that the optimum charge-to-metal mass ratio (C/M) is
greater than 1.4 and that a decreased length-to-diameter ratio results in higher
optimium C/Ms; and {3) uptimum warhead case material, from the stundpoint
of initial fragment kinetic energy, is a function of warhead weight, length and
diameter.
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The following conversion factors are provided to allow the reader to convert
standard units used in this report to metric equivalents:

To convert from to Multiply by
inch meter 0.0254
pound-mass kilogram 0.4535
pound-mass/inch?3 kilogram/muter3 27679.9
slug kilogram 14.5939
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INTRODUCTION

An optimum theoretical warhcad design is necded primarily during the early
stages of warhead design. Systems analysts also need such information when they are
attemipting to evaluaie systems performance in eacly systems synthesis. In recent years,
the primwy parameter for determining optimum warhead designs has been an energy
criteriy; initial fragment kinetic energy being once of the first faglors of concern,

The warhead cenvironment is quite variable and all the conditions imposed have
an effect on the energy characteristics of the warhead. A study by R.G.S. Sewell
considered several of these conditions in determining an optimuwm charge-to-metal ratio

tor both weight and volume contrained warheads.! In making the determinations of

optimum charge-to-metal  ratios, Sewell used Guraey formulas to evaluate iniiial
fragment velocities and kinetic energies and, for the suke of simplicity, accepted the
assumptions implicit in these formulas. The most significant ol these assumptions
relutive to practical warhead designg is that there are no end cffects to modity the
initial  fragment velocity and, hence, no effect on initial fragment Kinetic cnergy.
However, past experience with cased cylindrical explosive churges has shown that this
is not the case and thut velocily variations at the ends of the warhead are significant
duc to these end effects. Thus, to determine the initial fragment kinetic energy, these
end effects must be included in the warhead design consideration.

METHOD

The study effort repeorted herein is basically a continuation and expansion of
the work done by Sewell (see lootnote 1). His work served both as a basis and
starting point for this ctfort,

This study, as did Scewecll’s, considers  veight constraints fmposed on  the
warhead. But, instead ol a volume constraint being imposed, separate considerations of
both diameter and length are included. To this has been added the consideration of
end cffects; these appear as correction factors in the form of exponential functions of
length-to-diameter ratios, Although only kinetic cnergy (1/2 mv%) is ol concern here,
the same general procedures can be used on othier optimization criteria such as
momentum (mv) or any other parameter involving mass and velocity, e.p.. mv3/e
Additionally. only a solid cylinder with no end confinement is considered in this
study. Any other configuraticn, such as a hollow cylinder or use of appreciable end
conlinement, would require new correction factors since the modified end eftects for
cach configuration would have to be determined.

U'Naval Ordnance Test Station. Fixed-Weight and Volume Constraints on Optimum Charge-
fo-Metal Ratios in Warhead Design, by R.G.S. Sewell, China Lake, Calif., NOTS, March 19¢4. (NOTS
TP 3430, publication UNCLASSIFIED.)
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This is a relatively simple method. However, it is highly dependent on the
quality of the input data. Because the data employed were not generated under this
study effort, appropriate references for these data were used to gencrate correction
fuctors for the velocity as a function of length-to-diameter ratios (L/D) at the initiated
and uninitisted ends of a cylindrical warhead. These velocity correction fuactors were
then combined with the Gurney equation for a solid cylinder and included as & part
of the incremental energy equation. Integration of that equation resulted in the total
initial fragment kinetic energy for a given set of input parameters. Depending upon
which velocity correction factors were used, three different initiation schemes could be
considered, as shown in Figure 1. Single-point, one end, center initiation (Figure la)
served as the baseline, while the center initiation (Figure 1b) and simultancous
dualend center initiation Figure 1¢) schemes were modeled by choosing the appro-
priate combinations of correction factors.

VELOCITY CORRECTION FACTORS

Derivation of the velocity correction factors is the first step. Because the
release effects are different on cach end of a single end initiated cylinder, cach end of
the cylinder will be treoted separately. Mathematically this assumes that the entire
correction lactor is the product of two independent functions of length, ie.,

{a) Single point, one end, center
initiation,

DxQ

{b) Center initiation,

(¢) Simuitaneous dual end center
point initiation,

FIGURE 1. Initiation Schemes,

..
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Cy = Ffd) » G (1)
where

Cpois the velocity correction factor
g/d is the position in length-to-diameter ratio of explosive charges
on the charge
Fee/d) is the correction at the initisted end
G(g/d) 1s the correction at the uninitiated end

The problem., then, becomes one of determining F(2/d) and G(&/d) tor the cylinders,

Review of available literature would indicate only very limited work huas been

done in this arca. A plot of correction fuctor versus length in L/D (Figure 2) for
single  point end  initiation  was found. 2 These data were used becuuse ol their

convenient for and availability. It wuas assumed that the correction factor applied to
initial velocity at various points on the cylinder rather than average velocity of the
overall cylinder amd that the charge mass to metal mass ratio was sulficiently high that
the metal cuse thickness was small compared (9 the metal case outside diameter,

A modified least squares fit was done to the curve to put the data in the form
of un cquation, The result is also plotted in Figure 2. The {orm of equation used uas
correction factor is:

Feefdy=1 - oA (N
where
F(/d) = correction lactor
C/d = position on the case in terms of length-to-diameter ratio of the

¢xpiosive charge
A = constant = - 2,3617

Oncee the correction tuctor, F(R/d), has been determined, it becomes necessary to
determine the correction tuctor for the uninitiazied end, G(¢/d). The Ballistics Kuescarch
Luboratories (BRL) had published data® which we empioyed for this purnose. For
fulure simplicity, we will say that G(Yd) = Gix), where x = X(¢/d), x is the distance
from the uninitiated end. Introducing this change of variable will make the processing
of the BRL date much casier. A least squures {it ol the data tor several Jdifferent
exponential cquations resulted in

2 pMe Cotponation. The  Flusive 26, by Donald R. Kennedy, Defense Technology
Laburatories, Santa Chua. Calitt, 22 April 1969, (Publication UNCLASSIFIED.)

3 Amencan Delense Prepanedness  Association,  Proceedmgs of  the  First  {nternational
Svmmpasiore on Ballistics,  13-15 November  [974, “Caleulation  of Fragment Velocities  From
Fragmentation Munitions,™ by B, R Kapp and W. W, Predebon, Ballistics Research Laboratories
(publication UNCLASSIHFHD)
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FIGURE 2. Correction Factor Comparison, F(2/d).
Gix)=1-Be'¥ (3)
where
B = constant = 0.28806
C = constunt = -4.603
x = distance in charge diumeters from uninitiated end
Now X can be converted back to a function of R/d such that
x = X(®/d) = (L - O/d 4

which simply places the position of the point of interest relative to the initiation end.

6
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The form of G(x) was selected on the basis of the best correlation coefticient
resulting from  the least squares fit, The total correction factor for velocity as a
function of position in explosive charge diumeters is now

(“_ =(] - ¢ 2.3()17‘2/(1)(" - 1,ARR0O6E 4.603([.‘Y)d) )

Multiplying this and the Gurney equation should provide a reasonable velocity
prediction along the length of a solid cylindrical, metal encased, explosive charge which
has been point initiated on one end at the center.

To be completely rigoreus, it should be pointed out that Fquation 5 is a
correction foctor for fragment speed. It canniot be used for velocity since velocity is a
vector quantity and speed is only the magnitude and says nothing about direction of
fragments,

OI'HER INITIATION TECHNIQULES

By combiing F(¢/d) and G(Y¢/d) in two other ways with small chaonges in the
variable, the initiation miethods shown in Figures b and le can be approximated. The
rationale and correction fauctors are presented in this section,

In the case of center point initiation. as shown in tigure 1k, we find that the
release effects at cither end of the charge are identical, In addition, they are the samce
as the uninitiated end ol the single end initiated charge. This means that the end
correction factor for an uninitiated end can be utilized for both ends il an appropriate
change is made in the Torm of the equation, This change allows treating the velocity
from a reference end corresponding to the initiated end in the first case, ie., ¢/d = 0.
Thus, for this end of the charge,

GIE/d) =1 0.288060 4 00340d (6)

while on the other end, where ¢/d = L/1), the correction fuctor is simply Equation 3.
Henee, this correction fuctor is

Cp= (1~ 0.288000" 4003y - g 285060 4003 (L L/d)) (7)

The center region ol the charge for this configuration is asswmed, in this
model. to be unaffected by the  initiation point location. This 15 a  reasonable
assumption us long as only the magnitude of the velocity is of interest. It is not
correct if direction is of concern since an appropriate treatment of the vector problem
must also be made. However, our concern is with magnitude only. thus, we need onily
justity  that the velocity  magnitude is unchanged. It was determined,®* from both
theorctical and experimentai mformation, that normal impact of the detonation waves

T ® Pursonal discussions between the author and Mr. R.G.S. Sewell of NWC.
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under the conditions existing in this problem do not change the maximum or initial
velocity; only the acceleration profile of the frugmentation is modified. This is because
the actual impulse remains about constant in this region for either normal or sweeping
detonation waves, The higher pressures from a normally impacting detonation wave are
also of shorter duration. Conversely, longer durations and lower pressures are char-
acteristic of a sweeping detonation wave: hence, the resulting change in acceleration
profile with the same limiting “velocity™,

In the case of simultancous dual end initiation, as shown in Figure lc, both
ends are initiated. Utilicing the same considerations as before, we find the correction
factor at the reference end to be Equution 2 only. Now using X in place of ¢/d for
the opposite end, and making appropriate substitutions, the correction factor becomes

(‘t-=(1-c‘3-3"‘7”“)(1 c-}.,%b]?(L-l)/d) (8)

The main assumption in this case is that the center interaction zone, where the
detonation waves meet, does not change the velocity magnitude of the fragmentation
system. Supporting this assaniption is the width of the reaction zone in the explosive;
on the order of 0.1-0.2 inch thick. Conversely, limited wst data would indicate that,
although the explosive interaction zone is very narrow. the effect on fragmeniation
velocity s significant over a much larger percentage of the warhead length. For our
purpose, the assumption will be considered valid. However, this model should be
considered, at best, usclul only for generation of trends because of the apparent lack
of validity of this assumption.

FRAGMENT INITIAL KINETIC INERGY

There now exist correction factors which, appled to the Gurney equation for a
solid cylinder, will predict initial velocities at any point along the length of the
cylinder, And this, in turn, can be used to predict fragment initial kinetic energy or
potential  energy  within a solid cylindrical configuration for any of the various
initiation systems shown. Figure 3 will be reterred to in the following section us an
aid in developing the appropriate equations. 1t consists of u constant diameter (d)
explosive charge having length (1) and encased within a constant wall thickness metal
sleeve,

The cnergy of that cylinder can be determined as follows, First. the eoergy at
any point along the cylinder is;

dE = —-l,dmv3 )

where the incremental mass, ¢, of the metal case is defined as

p A P
din = ,om7r(‘l - ‘4'""):[&’ (10)
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where g = density of the metal case.
Fquatior 10 can be rewritten in terms of the variable y as follows: :
dm = pga(t-, Sy (an
8 where E
} ;
. y = ¢/d ?
dy = dV/d !

The inidal velocity (v) in Equation 9 requires the application ol Fquation § to
the Gurney equation. The velocity equation now becomes:

R . . C/M
vEoloe AT 0288000 OO Y o ey (12)
where
Y = L/
a = Gurney constant characteristic ol the explosive

C/M = ratio of charge mass to mctal mass

tn order to determine the total initiah fragment kinetic energy, Eopgop, in the
systein, Equation 9 must be integrated over the full length of the warhcad. Hence,

Y bl ki
, ] N e - de
Eror = 2/ Ve pmﬂ( 4 )d‘/y (13)
y 0]
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Substituting Equation 12 into Lquation 13,

Fior D2 2 C/M Y
A A A ~2.3617
o warl g i) : [(1- e 23017Y)

(1 0.28806¢ 4-003Y ¥ "yy (14)
The ntegral itself is simple but tedious to evaluate. By expanding, integrating
term-wise, and reducing to its simplest form, we have the integral

Y )
f [(1 - e 23007y o 0288000 +003Y -y )17y = - 075128+ Y
0

+ 1.3367¢ - 3017Y 5.1740044.()03\’ +4.5918¢"4.7234Y
- 0.00328¢ V206V (15)

The last term is so small that for any practical application it can be ignored.
Substituting Equation 15 into bquation 14 for the integral results in

biod D2 - g2 /M )
e Lol -—4—‘1--)a(1+01§(~/M) (-0.75128 + L/d + 1.3307¢ 236 17L/d

- 5.1740¢ 4.6031 4d 4 4.591(\'0-4'72341'/(1) (16)
One additionual algebraic manipulation must be done. That is an expression for
the explosive charge diameter in terms of the more commonly specified parameters of

weight (W), length (L). and outside diameter (D). Writing the expression for W

D2 - d? d- :
W=1r( —4 )me +7 4'l.pc (7

Solving Equation 17 for d:

d:[@r\ﬁ/ § pml)—‘)/( oo +pc>}”2 (18)

And finally the chargebto-mass (C/M) ratio becomes

. ) N2 dl
C/M = [pcﬂ'i.(d-//\)]/I:/),HWL(" 4 ’)] (1
or
De 1
¢ = I e
Fm pl |
d-

10
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This same procedure cun be applied to the other initiation techniques shown in
Figure 1 as well. The only changes made will be in the correction tactors already

developed and discussed, e.g.. Lquations 7 aund 8. Hence, only the integral portion of

Equation 14 needs to be redone for tb cases considered here. For the center
initiation, Figure 1b and Equation 7, the integral becomes

Y \
f [(1- 0.28800¢ 4083y )1 0.288060 4-0030Y-yh"yv =y . 02503+ (0
0

+0.17824 0.3319Y)e *+003Y 4(0.02077 + 0.00688Y)e” ¥-200Y (20)

Once again the last term is significant only for Y << 1: therefore, we can ignore it
and substitute Equation 20 for the integral in Equation 14.

Eiror 1 D2 - g2 C/M
—=- =, [)mﬂ( g .)d(—H'O.SI']M')[L/d - 0.2503

+(0.1782 4 0.3319L/d)e 4-"0“-'“*] (21

Using this sume procedure tor the dual end initiation, the integral in Fquation 20
becomes

Y M)
./ (1 e 23007y 23617 -y)y) gy
0

=Y - 127027+ 4Ye 2 A0UTY 4y 41270274 7234 (22

With this now inserted back into the original equation

ol D2 - d? C/M L
(\:‘2='3pm7r( : 4——-)LI(I+M-C7M)[L/d 1.27027 4 4 /¢ *A01710d

7

)
"t

F(LAd+ 127027 +T234L0] (

~

RLESULTS

There now cexist three sets of equations which will predict the initial fragment
kinetic energy output from a solid cylindrical, metal encased, explosive charge of tinite
lenpth and having no end confinement, A set of parameterized variables were selected
and cach set of equations applivd. The results are shown in Figures 4 through 21,
Figures 4 through 9 are for a single ond initiated charge as shown in Figure la.

BT -
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Equations 14, 18, and 19 were used to generate those figures. Similarly, Figures 10
through 1S5 are for a center initiated cylinder and utilized Equations 18, 19, and 21.
Figures 1o through 21 are the max.num cenergy plots for the parameters considered
tor cach initiation method. The parameters used to generate these figures were: weights
ranging from 10 to 20 pounds in S-pound increments, outside diameter ranging from 5
to 8 inches in l-inch increments, and p,, =0.283 inllb3 (i.c.. steel). The length in
terims of the ratio of length to overall outside diameter was parametrically varied for
cach pair of the above parameters (see Figures 4-8, 10-14, and 16-20). The peak
encrgy values determined for each set of parameters were then plotted in Figures 9,
15, and 21. As summarized in the preceding graphs, these data indicate the L/D and
C/M values for maximum Efo? to the nearest 0.025. It can be seen that the optimum
C/M increases as L/D decreases and in none of the cases considered did the C/M ever
drop to 1.4. Also note that increased L/D with correspondingly decreased diameter
resulls in an increase it energy even though weight and volume constraints remain the
sume, This 15 to be expected as the end effects become less of a factor on the retul
energy consideration fur the longer warheads, What is surprising is the degree to which
this effect is poticed. In some cases considered. the energy varied by more than an
order of magnitude due to i change in diameter of less than a factor of two.

In Figures 22 through 25, the impuct of fragment density (py,,) on initial
fragment kinetic energy is cousidered. Using diflerent pg, values impacts the output
energy inoa linear fashion, as indicaled by Lquations 10 and 14, but it also affects the
results coming out of Equations 18 and 19, It is interesting to note that the cnergy for
the low L/Ds is highest at the lowest densities while the opposite is true for large
L/Ds, i.c., high p,, results in higher energy. In effecy, there is a L/D region where case
density will make little difference in energy as well as L/D regions where it will make
a significant difference. This is not surprising since the correction factors used when
applying  this mode! to each initiation technique would be expected to produce,
qualitatively, such an cffect. What is surprising is the apparent effect, quantitatively, at
the short L/Ds, It can be scen by looking at Figures 9, 15, and 21 that, for very
short L/Ds, the effect is very significant. This leads one to consider that sub-calibers,
or digmeters smaller than the missile outside diameter, may be a desirable way to
design warheads simplv to increase L/D ratio and, hence, net total energy. However,
the increase in unnecessary weight required to design a sub-caliber wurhead must also
be considercd before making such u decision.

CONCLUSIONS

The considerations and resulting curves presented here may prove useful in the
design of guided missile warheads by allowing the designer to define the optimum
“initial energy” packaging cnvelope. They do not, however, consider any of the other
factors necessary in the design of a warhead such as fragment size or weight, ejection
angle, or any other factors affecting hit probubility. Therefore, they do not provide all
the necessary information for designing a warhead. Although an attempt was made to

12
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consider different types of initiution methods, the assumiptions and approximations
used are limited, The Jeast accurate  model is that oi’ the simultancous dual end
initiation with the interaction zone in the center. Although the model can be used 1o
generate trends, its accuracy is questiongble.

Three general conclusions cun be drawn from this effort. First, the greater the
warhead lenpth, the greater its initial fragment kinetic energy. Note ouce again that
this says nothing about the distribution of that cenergy. Sceond, these mathematical
models all indicate that the optimum C/M ratio is greater than 1.4 and that decreased

L/D results in higher C/M. Third, the optimum case material, from the standpoint of

initial fragment Kinetic energy, is a function of warhead weight, lengih, and diameter,
Also, there s no reason o believe that changes in optimization design criteria, c.g..
momentum or 32, will result in the same designs proving optimum. Indeed, the
simple exercise of momentum optimization will show this not to be the case. This
report anerely  exemplities the procedures necessury to accomplish such optimization
whutever the optimization criteria,

A e e P g e
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SINGLE END INITIATION

FIGURE 4. Fragment Initial Kinetic Energy Envelopes ior Indicated Weight, Single Eod Initiation.
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* 1 SINGLE END INITIATION
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SINGLE END INITIATION
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