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Abstract:

Assessment of parameters of high explosive (HE) projectile fragmentation process (mass
distribution and number of fragments) in most of the scientific papers is generally best de-
scribed using Mott (depending on dimensionality and different scaling models) and Held
equations. These methods can describe mass distribution of fragments excellent, but pre-
cise data about individual parameters from these equations are not available in public lit-
erature. During the previous eksperimental research of natural fragmentation for several
types of HE projectiles, authors are studied the effects of several types of projectile body
materials, two types of high explosive and projectile design and determined range of pa-
rameters using in Held laws. Obtained data can help designers with smaller experimental
experience to make faster prediction of new projectile fragmentation parameters.
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1 Introduction

Natural fragmentation of projectiles or warheads results in the formation of a large number
of fragments of different masses and geometries. Expansion of projectile body by detonation
products of explosive charge causes a warhead to split into various sized fragments.

Fragment mass distribution depends on warhead geometry, diameter and length of ex-
plosive charge, thickness of projectile body, body material, its mechanical characteristics and
thermal treatment, as well as explosive charge type.

Determination of warhead performances requires very complex measuring equipment and
measuring process itself is expensive as well. Number, mass and shape of fragments are gener-
ally determined in Pit test. Spatial distribution of fragments can be determined using Arena
test. In more complex Arena tests, fragments can be caught and their velocity could be deter-
mined, while in simpler Arena tests, only fragment spatial density is measured.

The authors used the results of a large number of tests, and applied statistical and numeri-
cal methods.

Capability to make warhead performance prediction in the earliest phases of ammunition
or warheads preliminary design is crucial. Ability for warhead performances prediction de-
pends on comprehensive data base of warheads natural fragmentation features, including data
on fragment mass, number and shape, initial fragment velocities, warhead case and explosive
material performances and spatial fragment distributions.

Using experimental test of natural fragmentation for several types of high explosive projec-
tiles and available numerical and statistical techniques, authors tried to show basic natural
fragmentation peremeters for four types of projectile. Data on aerodynamics and dynamics of
flight for fragments are presented. ChalO26racterization of Held’s constants was performed,
and prediction of initial fragment velocities, and lethal zones for four types of projectile was
made.
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2 Theoretical background

2.1 Number and mass distribution of fragments

Most of the research of high explosive projectile natural fragmentation is pointed towards
detonating cylindrical metal rings, which implies that rarely projectile real geometry is taken
into account when investigating number and mass distribution of fragments.

Overview of literature regarding mass distribution of fragments leads to conclusion that
Mott, Gurney-Sarmousakis and Held formulas are the most used methods in determination of
fragment mass distribution laws. There are alternatives to these methods, such as Magis, Rand-
ers-Pehrson, Stromse-Ingebritsen methods. Also, currently popular methods are Grady model,
as well as Gold methodology [5, 6, 7, 8,9, 10, 11, 12, 13, 14].

Mott’s expression for average fragment mass [ is:

2
pu=B, " .d?”.(H’J (2.1.1)

where: By - Mott’s constant, t - projectile body thickness, d; - explosive diameter.
Gurney-Sarmousakis formula for assessment of average fragment mass is:

1) 14 C (2.12)
M= Ag_g [d} (d; +1) (1+2Mj

i

In (2.1.2) p = myj (average fragment mass generally depends on dimensionality of
process), my - fragment mass, j - dimensionality (for C’M <2 j=2,and for CM>2 j=1),C
- explosive mass, M - projectile body mass, Ag.s - Gurney-Sarmousakis constant (as an ap-
proximation Ag.s= 338,1/Pqe, where Pge is detonation pressure of explosive used).

Gold and Baker developed following method for assessment of average fragment mass:

ﬂ:\F(qj (Vj (2.1.3)
Pr \Yu Y,

where: 1; - explosive charge radius, v, — radial expansion velocity of projectile body , pr— den-
sity of fragment material, o, — yield strength of projectile body material, yp —empirical Mott’s
constant (characteristics of material in dynamic fracture conditions).

Grady and Kipp determined average fragment mass through an expression:

254/ ag 2ay sqlag
ﬂ:AG.pf.ts.(Roj | Gele (2.1.4)
' 4 PV,

where Ag — length to width ratio for fragment, Ry — nominal radius of projectile, sg - constant
(2 or 3, depending on fragment thickness), o - constant (2 < ag < 3), Gg — fracture resistance
of material (determined through Kipp-Grady energy methodology or Mott statistical method).
For prediction of mass of fragments, Held developed method, based on optimization of
empirical constants through regression analysis, where largest fragment are discarded:

m= M () =M,-B-A-n"" et (2.1.5)
dn
M (n) =M0(1—e*3‘"‘ ) (2.1.6)

In Held’s expressions (2.1.5) i (2.1.6): m — mass of fragments as a function of cumulative
fragment number, M(n) - cumulative fragment mass, My — total mass of collected fragments, n
- cumulative fragment number, B and A = Held’s constants (B ~ 0,01; A =~ 0,75).
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Methodologies for prediction of fragments number [6, 7, 15, 16, 8, 17] are based on gener-
al form:

m B
N(m)=N, -e_{”J (2.1.8)

where: N(m) - cumulative fragments number (fragment number with mass larger than mass m),
Ny - total number of fragments, u - average fragment mass determined through one of the me-
thods mentioned earlier , B - constant (measure of fragment size dispersion).

Mott’s expressions for assessment of fragments number for 2D and 3D cases are:

1/2 1/3

m m

N(m)=N, -e_(”J - for 2D case and N(m) =N, -e_(”J - for 3D case (2.1.9)

where: Ny = M/2u (for 2D case), and Ny = M/6u (for 3D case), M — total mass of projectile
body, 2 - average fragment mass for 2D case, and 6 - average fragment mass for 3D case.

According to Grady-Kipp model, constant 3 = 1 (but can be empirically determined using
regression analysis of test data):

N(m):NO-e(ZJ (2.1.10)

Grady-Kipp formula for predicting bilinear distribution is:

m

Nm)=f,-e " +(1-f)e* (2.1.11)

where: f], f; - parameters of bilinear distribution (obtained by solving system of four nonlinear
equations), L, U, - average fragment mass for different mass domains.

2.2 Aerodynamics and dynamics of flight for fragments

There are only few studies dealing with research of fragment aerodynamics, and generally
there are no publicly available data on fragment drag coefficient.

During the flight of fragment through the air, drag force slows down the fragment. This
force is a function of fragment velocity V, air density p, exposed area of fragment A and non-
dimensional drag coefficient Cp:

F, =%ApCDV2 2.2.1)

Aerodynamic drag coefficient depends largely on fragment shape and Mach number. Influ-
ence of Reynlods number can be neglected because of fragment thumbling and its irregular
surface with many sharp edges.

Non uniformity of fragment shapes poses a significant problem in prediction of its aerody-
namic drag coefficient.

In vertical tunel experiment [1], 58 fragments were collected out of several simultaneous
detonations of projectile 155mm, and fragments were divided into five characteristic shapes.
There was a subsonic drag coefficient to fragment shape correlation.

In second experimental program [2], approximately 100 fragments were tested at Mach
numbers ranging from 0.67 to 3.66. Fragments were divided into nine different shapes and
again the correlation between drag coefficient and fragment shape was evident. Only 11 frag-
ments were tested in subsonic condition and the Cp varied from 0.68 to 1.61. Supersonic Cp
varied from 0.76 to 2.98.
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Figure 1: Characteristic fragment shapes [1,3]
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According to DDESB (Department of Defense Explosives Safety Board), minimal kinetic
energy of fragment Exs needed for incapacitation of soft target (ie. soldier) is 80J, so minimal
fragment velocity, based on the criteria, can be written as:

2F

KS
m

min (2.2.2)
Expression (2.2.2) enables an assessment of efficient fragment distance (distance on which
fragment is capable of human target incapacitation).
Trajectory of fragment moving under the influence of drag and gravity force can be deter-
mined using point mass trajectory model:

d’x __ ApC, , dx

dx _ 223
" 2 dr (223)
2
md 2 APCh Ay (2.2.4)
di 2 dt
2
meZ = APy &z (22.5)
di 2 Al

With expressions (2.2.3) - (2.2.5), three additional kinematic equations and known initial
conditions are used, assuming knowledge of drag law Cp=Cp(M).

In reality, in analysis of warhead lethal zone, velocities of largest number of fragments are
supersonic.
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3 Research and analysis of results

Parameters of natural fragmentation process are determined with analytical methods, expe-
rimental researches and numerical modeling methods. Number of fragments, their mass, geo-
metrical shapes and spatial distribution are determined experimentally, using Pit and Arena test
methods. In Pit test, warhead is detonated in closed space, filled with sand. After the fragmen-
tation of warhead, fragments are collected from the sand. Mass and shape of fragments are de-
termined, and fragments are classified by their mass groups. Spatial fragments distributions
were determined through Arena tests. In the arena fragmentation test, fragments concentration
density is measured when projectile is in vertical position on the ground.

Trend in the world is design of munition with advanced performances, range, lethality, de-
sign (ratios t/d and C/M — more explosive mass C, smaller case thickness, slenderer projectiles,
safety in launch phases is higher by using materials with better mechanical characteristics).
Higher projectile range brings the need for slenderer weapon barrels (up to 57 calibers), higher
pressures in the weapon barrel and accordingly need for better material performances of pro-
jectile body. Optimization of parameters of structural resistance of projectile body during the
launch phase, and parameters of projectile terminal ballistics, remains complex problem.

3.1 Characteristics of projectile body material

Depending on projectile type, different metals are used for manufacturing of projectile
body (carbon steel, carbon steel alloys with high percentage of tungsten). Most of these mate-
rials were developed for specific projectile to ensure safety in launch and high efficiency.

Around the world there are big differences in production technologies, which have a sig-
nificant influence to munition quality. Authors were researching several types of projectile
body materials used in USA, Russia and former Yugoslavia.

Currently mostly used steel for US HE projectiles is HF-1 steel, which is used to produce
projectiles 155-mm M549 RAP, 155-mm HE M795, and 203mm M650, RAP, and it is being
considered for other HE projectiles. The required mechanical properties are: 965 MPa yield
strength and 5% minimum elongation [22].

Russians for calibers from 76mm to 152mm use following rolled steels for projectile bo-
dies: S-55, S-60 and 45Kh1 [23].

In former Yugoslavia our own technologies were adopted for manufacturing projectile bo-
dies. Steels used primarily for projectile bodies were C.1534VP, C.1737VP, C.1635VP,
C.9180VP and C.4135VP.

Table 1: Mechanical characteristics of steel materials

Mechanical characteristics
Material Proiectile Minimal requirements Measured values
JUS/DIN ! R, R, | &8 [ v | R R, | pmr | 8 v
[MPa] | [MPa] | [%] | [%] | [MPa] | [MPa] i [Yo] [%o]
C.1543VP/ 120 mm, 325,5 - 636 - 1,62 16,2
C45G HE, M62P3 324 >88,6 15 ) 463,6 796,1 2,28 27,5 )
C.1635VP/ 105 mm, 4483 15 30 448.4 - 684,1 1,43 17,1 32,6 -
DIN 17200 HE, M1 ) ) 579,.5 909,7 1,73 26 63,8
82 mm, HE, ) i ) ) 441- 731- ) 20- )
M74 549 837 22,5
X 122 mm 330,1- | 713,4- 1,92 - 13 - 19,8 -
C.1737VP > - - > > i i
OF-462 323,7 S 7434 | 8846 | 223 | 186 | 329
130 mm, 313.9 i ) 15 321,6 - | 737,3 - 1,91 - 12 - 16,9 -
HE, M79 i 486 927,2 2,31 16 24,6
“ 105 mm, 451 - 692 - 1,27 - 16,1 - | 31,3 -
C.9180VP HE, M1 48,3 - 157130 6oas | 8566 | 164 | 24 | 514
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In table 1 mechanical characteristics of steel used in our country were presented for several
types of projectiles, as well as measured mechanical characteristics. Yield strength is denoted
as Ry, tensile strength as Ry, elongation as 9, and contraction as y.

It is important to notice that after thermal treatment mechanical characteristics of materials
are considerably improved, compared to ones defined in standards.

Average value of tensile strength for mortar projectile 120 mm, HE, M62P3 (C.1543VP),
is 727,75 MPa, which is 23,6% larger (fig. 3) than minimal allowable value according to stan-
dard.
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Figure 3: Variation of tensile strength values for Figure 4: Variation of elongation values for
different mechanical series for mortar projectile different mechanical series for mortar projectile
120 mm, HE, M62P3 120 mm, HE, M62P3

Tensile strength values for projectile 105mm, HE, M1 are in the range from 692 to 856.6
MPa for C.9180VP, and for C.1635VP in the range from 684 to 910 MPa (fig. 5). Average
value of tensile strength for C.1635VP is 2,5% larger than for material C.9180VP.

Change of demands for mechanical charactersitics of metarials (instead of elongation pa-
rameter now contraction is used) has been conducted (fig. 6). Average value of contraction for
material C.9180VP is for 32% larger than demanded, and for C.1635VP around 76,5%.
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Figure 5: Variation of tensile strength values Figure 6: Variation of contraction values for
for different mechanical series for 105 mm, HE, different mechanical series for 105 mm, HE,

M1, and for materials C.9180VP and C.1635VP M1, for materials C.9180VP and C.1635VP

Average value of tensile strength for 130 mm, HE, M79 is 3% larger than for projectile
122 mm, OF-462 (fig. 7). Contraction parameter values for this material and both projectiles
are 50% less than demanded for projectile 105mm M1. Average value of parameter contraction
for projectile 122 mm, OF-462 is around 65% larger than demanded in standard, while for 130
mm, HE, M79 this values are around 37,7% higher (fig. 8).
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Proces of thermal treatment of material (table 1) is very important for mechanical perfor-
mances and character of fragmentation process. In most of available publications this fact is
rarely highlighted. Body of projectiles made from thermally treated steels (ie. US HF-1 steel)
generally have more uniform distribution of shapes and mass of fragments, and this is impor-
tant fact when terminal ballistics parameters of high explosive projectiles are considered.

3.2 Fragment mass distribution

In the research authors analyzed mass distribution of fragments using Held methodology
and the results are compared with experimental Pit tests. Through analysis of test data, range of
Held’s parameters B and A was determined. Expressions (2.1.5) and (2.1.6) were used for pre-
diction of fragment mass m as a function of cumulative fragments number n.

Accordingly, ratio C/m (explosive mass to case mass) was determined for all tested projec-
tiles, as well as nondimensional geometrical ratio t/d, where t - equivalent body thickness and d
- equivalent explosive diameter, determined from known explosive mass and volume. Equiva-
lent body thickness was determined using:

D -
V= 7L, G.1.1)
4
P I L A (3.12)
2 7L,

where V. - volume of projectile body over explosive length L, and D - equivalent diameter of
projectile (determined through d, V. and Leyp).

Analysis of fragmentation parameters for four projectile types was performed, after the
fragmentation in Pit tests. Projectiles 120 mm HE, M62P3, (120 pieces) 105 mm, HE, M1 (8
pieces), 122 mm, OF-462 (8 pieces) and 130 mm HE, M79 (3 pieces) were tested.

Held diagrams, where mass of fragments is presented as a function of cumulative frag-
ments number, are shown in fig. 9, for four different types of projectiles.

During the determination of Held’s constants B 1 A, large fragments (mass over 100g) were
neglected. Better correlation was achieved (correlation coefficient over 0,99) using this tech-
nique.
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Diagram in fig. 10 shows generally good agreement of Held method with experimental da-
ta. Somewhat poorer agreement of data was noticed for smaller mass groups, as a result of ap-
plied technology for fragments collection.Technique of fragment collecting in Pit test influ-
ences the number of obtained fragments. In Pit tests where fragments are collected using mag-

nets, number of recovered fragments with smaller mass will be higher, comparing to manual
technique of fragment recovery.

Table 2: Values of Held’s constants B and A for tested projectiles

Projectile Loss of fragments mass B A R’ t/d C/m
105mm, HE, M1, TNT 4,0 % 0,0110 | 0,7835 | 0,9993 | 0,191 | 0,222
120mm, HE, M62P3, TNT 2,2% 0,0121 | 0,7641 | 0,9990 | 0,151 | 0,290
122mm, OF-462, TNT 2,5% 0,0065 | 0,7866 | 0,9984 | 0,185 | 0,225
130mm, HE, M79, TNT 4,2 % 0,0070 | 0,8033 | 0,9978 | 0,258 | 0,158

Held’s constants B i A, non dimensional ratios t/D (geometric ratio) i C/m (mass ratio), and
loss of fragment mass during fragmentation Pit test are shown in table 2.

Table 2 shows that The difference in parameter B for four tested projectiles was around
40% for tested projectiles, while constant A differed by 5%. This leads to conclusion that con-
stant B is more sensitive than constant A, which is in accordance with our previous work [18].

Simulation of influence of change of parameter B for £10%, while A = const, and change
of parameter A for £10%, while B = const, was performed. Simulation showed that mass distri-

bution laws are more sensitive to change of A than to change of parameter B. (fig. 11 and 12).
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Figure 11: Influence of change of parameter B for Figure 12: Influence of change of parameter
+10% (A=const) for 105 mm, HE, M1 A for £10% (B=const) for 105mm, HE, M1
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Also, analysis showed when fragments with mass over 100g were included in considera-
tion (usually up to 10 fragments), values of B parameter was significantly decreased and values
of parameter A were increased (ie. for projectile 105 mm, HE, M1 value of B dropped by 24%,
and value of A increased by 5%).

On the other side, higher number of collected fragments under 0,5 g resulted in an increase
of coefficient B, and decrease of A (ie. for projectile 105 mm, HE, M1 value of B jumped by
4%, and value of A dropped by 3%).

Held method is useful for preliminary analysis, but with diagrams in fig. 9 and 10 it is gen-
erally difficult to derive certain conclusions regarding influence of parameters on fragmenta-
tion process.

Authors proposed [18,19] a method for visualization of test data as a mean of assessment
of influence of individual parameters on mass distribution. As an independent value mass of
individual fragment group was taken. Correlation is established between number of fragments
whose masses were smaller than average fragment masses and total number of fragments (Ni/N
for m;<m,), and also between masses of these groups and total mass of fragments (M;/M for
m;<Myyer). This is shown in figures 13 and 14.
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Figure 13: Ni/N for m<m,y.; VS My, for four dif- Figure 14: My/M for m;<myye; VS M,y for four
ferent types of projectiles different types of projectiles

In fig. 13 and 14, diagrams of Ni/N for mj<mgye; VS Myyer, as well as Mi/M for my<myyer Vs
M,y for four different types of projectiles are presented.

From fig. 13 it can be concluded ie. that 80% of all fragments have mass smaller than 5g.
This conclusion is very important, since in some publications, authors focus mostly on larger
fragments.

Also, from diagram in fig. 14 it can be seen that fragments with mass smaller than 5g make
for around 25% of total fragments mass.

Fragments with mass from 5 to 10 g make for around 10% of total fragment number, and
around 25% of total fragment mass. While fragments with mass larger than 10 g make for 10%
of total fragment number and around 50% of fragment mass..

3.3 Lethal efficiency

Analysis of initial fragment velocity was performed using Gurney methodology [18, 20].
Using CAD methods and Gurney formula, theoretical assessment of initial fragment velocity
was made as a function of reletive position of projectile body segments, for four different pro-
jectile types.

Fig. 15 shows that mortar projectile 120mm M62P3 has highest theoretical initial fragment
velocity (maximum around 1250 m/s). Following projectile is 105mm MI, and than 122mm

1034



New Trends in Research of Energetic Materials, Czech Republic, 2011

OF-462. Projectile 130mm M79 has the lowest initial fragment velocity, whose fragment ve-
locities in central segments are not higher than 1000 m/s.

If a nondimensional ratios t/d and C/m (fig. 15) are reviewed for tested projectiles, conclu-
sion arises that projectile 120mm M62P3 has highest value of ratio C/m and lowest value of
ratio t/d.
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Figure 15: Initial velocities of fragments for four different types of projectiles (explosive TNT)

Change of fragment velocity on trajectory as a function of range (fig. 16) was determined
by using point mass trajectory model. Complex shape of fragment was approximated with par-
allelepiped shape of equivalent mass. Dimmensions of fragment were a x a x 3a.

Average exposed area of fragment was determined using accomodation factor for given
fragment shape. Fragment accomodation factor was determined analytically, based on frag-
ment dimensions and density of fragment material [21].

Differential equations of fragment motion were numerically solved using Runge-Kutta
method of fourth order.

Change of fragment velocity on 900
trajectory as a function of range was
considered for fragments with masses
from 0.5 to 10 g, where for every
fragment three different range calcula-
tions were made, with Cpmin, Cpay and
Cpmax (fig. 2). For clearer diagram in
fig. 16, only 7 curves were presented
(for fragments with masses 0.5 and 10
g with drag laws Cpmin, Cpay and
Cpmax, and for fragment mass 2.5 g for
which drag law change was according
to Cpa=f(M) from fig. 2).

From diagram in fig. 16 it is clear 5 15 25 5 15 =5
that character of velocity change pri-
marilly depends on shape and mass of  Figure 16: Change of fragment velocity on trajectory as a
fragments, and can be generally simi- function of range
lar for different fragment masses.
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Assessment of velocity on trajectory for fragment with mass of 10g and Cpp,y is almost
identical as an assessment of velocity on trajectory for fragment with mass of 2,5g and Cpyy.
This clearly shows an influence of fragment shape on projectile lethal zone.

Based on minimal kinetic energy of fragment needed for inacapacitation of soldier, range
of efficient fragments was determined as a function of fragment mass (fig. 17), where it was
assumed that drag coefficient changes as a function of Mach number by laws showed in fig. 2

[3].
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Fragmentmass, g
Figure 17: Range of efficient fragments for HE projectile 130 mm M79 [1,3]

From fig. 17 it is clearly shown that fragments with masses up to 3 g for projectile 130mm
M79 can have an efficient range from 32m up to 85 m, depending on their shape, or depending
on drag law for moving fragment.

If drag coefficient is assumed to be constant (zone of supersonic velocities), an assessment
of efficient range of fragment can be made using:

_ 2m | v, 3.2.1)
ef T n
Codp  [2E
m

In (3.2.1) m is fragment mass, A - exposed area of fragment, p - air density and V| - initial ve-
locity of fragments.

Differences in effective ranges (for sphericaly shaped fragments) from different mass
groups, determined using relation 3.2.1, with an assumption of supersonic drag coefficient
Cp=1,3 and by using point mass trajetory model with drag law Cp,,~= f(M) for real fragments
are not higher than 5% for initial velocity of fragments higher than 800 m/s.

Zone of lethal efficiency was determined in in quarter-circular Arena. Results of the ex-
periment are analised for two projectiles 120 mm, HE, M62P3, eight projectiles105 mm, HE,
M1, six projectiles 122 mm, OF-462 and two projectiles130 mm HE, M79.

Projectiles were made to stand verticaly with their fuses pointing to the ground. Quarter-
circular wooden panels, 25,4 mm thick and 2 m high, were positioned on different distances
from explosion center (10 m, 15 m, 20 m and 30 m). Fragments that penetrated wooden panels
and fragments that hit (but not penetrated) panels were registered on all four distances in
Arena.

1036



New Trends in Research of Energetic Materials, Czech Republic, 2011

Diagram in fig. 18 1 F 3
gram g \ ¢ 105 mm, HE, M1
shows density of efficient 10
. O 120 mm, HE, M62P3
fragment as a function of
. . \ A 122 mm, OF-462
detonation distance for four X
. . . A O 130 mm, HE, M79
considered projectiles. Y

Projectile 130mm, HE, Power (105 mm, HE, M1)

M79 has highest lethality
radius, followed by projec-
tile 122 mm, OF-462, then
projectile 105 mm, HE, M1
and then has mortar projec-
tile 120mm, HE, M62P3
with lowest lethality radius
(Refi20mm = 17 m, Refiosmm
= 17,3 m, Reflzzmm = 23,8
m i Reflgomm: 27,1 m)

- = = Power (120 mm, HE, M62P3)

N - . = Power(122 mm, OF-462)
----- Power (130 mm, HE, M79)

.

Fragment density (frags/m?)
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o
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Distance from detonation point (m)

Figure 18: Efficient fragment density vs. distance for four different
types of projectiles

Comparation was performed for Pit tests data (number and mass of fragments by individ-
ual groups) and for Arena tests data (number of perforation and hits in wooden panels on four
distances from explosion center.

033 " e 105 mm, HE, M1, N=2192 N ! * 105 mm, HE, M1, N=2192 1
os O 120 mm, HE, M62P3, N=2474 09 O O 120 mm, HE, M62P3, N=2474
’ A 122 mm, OF-462, N=4623 08 A 122 mm, OF-462, N=4623
O 130 mm, HE, M79, N=5242 SN O 130 mm, HE, M79, N=5242
0.25 — Power (105 mm, HE, M1, N=2192) 0.7 E, N Power (105 mm, HE, M1, N=2192)
= = - Power (120 mm, HE, M62P3, N=2474) Z 06 A ‘\‘ - — = Power (120 mm, HE, M62P3, N=2474)
z 0.2 ~ — == Power(122mm, OF-462, N=4623) = e R - - = Power(122 mm, OF-462, N=4623)
3 N~ AL T Power (130 mm, HE, M79, N=5242) Z 05 4 S - Power (130 mm, HE, M79, N=5242)
01s B 204 Kfi; et
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Figure 19: Efficient fragment density/total number
of frag. vs. distance for four types of projectiles

Figure 20: Fragment density/total number
of frag. vs. distance

Comparison of fragment number N, determined using Pit tests, number of fragments pene-
trating wooden quarter-circular panels N,, and number of fragments partially penetrating
wooden quarter-circular panels N,, during Arena tests, were made. The goal was to make an
assessment of ratio of efficient fragments N, (EK > 80J) and active fragments (N, + N,) that hit
vertical quarter-circular wooden panels, 2m high, on different distances from explosion (fig. 19
and 20).

Analysis showed that for mortar projectile 120 mm, HE, M62P3 on distance of 17 m, only
5,5% of efficient fragments (N,/N) were registered and around 11,5% of active fragments
((Np+N,)/N), while for projectile 130mm, HE, M79, on distance of 27m from explosion center,
there were around 6,5% of total number of efficient fragments, and around 20% of total active
fragments.

On distance of 10m from the explosion, mortar projectile 120 mm, HE, M62P3, has around
15% of efficient fragments, and around 30% of active fragments.
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4 Conclusions

Types of material for projectile body, applied thermal treatment, uniformity of manufactur-
ing process for projectile body, behaviour of material in dynamic conditions significantly in-
fluence the shape and number of fragments.

Analysis of mechanical characteristics of projectile body materials for series from several
years, with total quantity around 300 000 ammunition pieces, showed that mechanical charac-
teristics significantly changes with mechanical series, and this surely influences the number,
mass and shape of fragments.

Analysis of fragment mass distribution using Held method, where largest fragments were
neglected, showed excellent correlation with experiments. During analysis of four types of pro-
jectiles, it was noticed that value of Held’s constant B varied up to 40%, while constant A va-
ried only by 5%. This leads to conclusion that constant B is more sensitive than constant A,
which is consistent with our previous work. In further analysis it was determined that, while
A=const, an influence of parameter B is insignificant for Held mass distribution law, while with
B=const, parameter A significantly influenced the character of Held’s mass distribution law,
especially in zones with smaller mass groups.

Authors proposed method that enables more precise analysis of influence of individual pa-
rameters (explosive mass, type of explosive and body material, influence of body shape, etc)
on process of natural fragmentation.

By analyzing fragmentation parameters of four considered projectiles, it was noticed that
around 80% of all fragments have masses smaller than 5g, and that these fragments comprise
around 25% of total fragment mass. Fragments with mass from 5 to 10 g make for around 10%
of total fragments number, or 25% of total fragments mass, while fragments with mass larger
than 10g make for remaining 10% of total fragments number and around 50% of total frag-
ments mass.

Analysis of fragment flight dynamics for minimal effective kinetic energy of fragment,
needed for soldier incapacitation for different mass groups, showed high influence of fragment
shape (fragment drag law) to exterior ballistic properties of fragment and thus to lethality zone
of projectile.

Lethality radius is influenced by number of fragments, fragment mass distribution, shape
of fragment (fragment drag), fragment velocity, external and internal shape of projectile body,
material type of projectile body and explosive charge, applied thermal treatment for body ma-
terial, explosive chain in projectile, etc

Based on analysis of fragmentation parameters in Pit and Arena tests for four projectiles
considered, authors concluded that from total number of fragments formed made during explo-
sion, only 11,5% to 20% fragments hit wooden panel (height 2 m, thickness 25,4 mm) on dis-
tance considered as lethality radius, of which only 5,5% to 8% possess enough (minimal) ki-
netic energy of 80J, needed for incapacitation of soft targets.

5 References

[1] N. J. Moga and K. M. Kisielewski, Vertical wind tunnel tests to determine subsonic drag characte-
ristics of unscored warhead fragments, NSWC TR 79-112, Dahlgren, Virginia, May 1979.

[2] J. W. McDonald, Bomb fragments, Eglin Air Force Base, 23 September 1980.

[3] J. G. Powell, W. D. Smith, F. McCleskey, Fragment hazard investigation program: natural commu-
nication detonation of 155-mm projectile, NSWC TR 81-54, Dahlgren, Virginia, July 1981.

[4] F. McCleskey, Drag coefficients for irregular fragments, NSWC TR 8§7-89, Dahlgren, Virginia,
February 1988.

[5] J. Carleone: Tactical Missile Warheads, Progress in Astronautics and Aeronautics, Volume 155,
AIAA, 1993.

1038



New Trends in Research of Energetic Materials, Czech Republic, 2011

[6] Victor: Warheads performance calculations for threat hazard assessment, Victor Technology, San
Rafel, California.

[71 V. M. Gold, Engineering model for design of explosive fragmentation munitions, US Army AR-
DEC, AETC, Picatinny Arsenal, NJ, february 2007.

[8] J. Hokanson, Fragment and debris hazards from accidental explosions, Naval Surface Weapons
Center, Dahlgren VA, 13 july 1981.

[9] V. Gold, E. Baker, K. Ng, J. Hirlinger, New Methodology for Simulating Fragmentation Munitions,
US Army, TACOM-ARDEC, Picatiny Arsenal NJ.

[10]V. Gold, E. Baker, W. Poulos, Modeling Fragmentation Performance of Natural and Controlled
Fragmentation Munitions, 23rd International Symposium on Ballistics, Tarragona, Spain, 16-20
april 2007.

[11]V. M. Gold, E. L. Baker, W. J. Poulos, B. E. Fuchs, PAFRAG modeling of explosive fragmentation
munitions performance, International Journal of Impact Engineering 33, 294-304, 2006.

[12]M. Held, Fragment Mass Distribution of Debris, Minutes of the Explosives Safety Seminar (24th)
Held in St. Louis, MO, 28-30 August 1990.

[13]V. M. Gold, Y. Wu, Modeling Fragmentation Performance of Insensitive Explosive Fragmentation
Munitions, 2009 Insensitive Munitions and Energetic Materials Technology Symposium, Tucson,
Arizona, 11-14 May 2009.

[14]Structures to resist the effects of accidental explosions, fragment and shock loads, Army TM 5-
1300, Navy NAVFAC P-397, Air Force AFR 88-22, 1990.

[15]D. R. Curran, J. D. Colton, Improved Fragmentation Algorithms for Debris Environments, Defense
Nuclear Agency, Alexandra VA, September 1996.

[16]D. Grady, L. Wilson, D. Reedal, D. Kuhns, M. Kipp, J. Black, Comparing alternate approaches in
the scaling of naturally fragmenting munitions, 19rd International Symposium on Ballistics, Inter-
laken, Switzerland, 7-11 May 2001.

[17]JPRODAS (Projectile Rocket Ordnance Design & Analysis System) V3, Technical Manual, Arrow
Tech Associates, Inc.

[18]Zecevic B., Catovic A., Terzic J., Serdarevic - Kadic S., Analysis of influencing factors of mortar
projectile reproduction process on fragment mass distribution, 13th Seminar "New trends in re-
search of energetic materials", University of Pardubice, Pardubice, Chech Republic, April 21-23,
2010.

[19]Catovic A., Zecevic B., Terzic J., Analysis of terminal effectiveness for several types of HE projec-
tiles and impact angles using coupled numerical-CAD technique, 12th Seminar "New trends in re-
search of energetic materials", University of Pardubice, Pardubice, Chech Republic, April 1-3 2009.

[20]Zecevic B; Terzic J., Catovic A., Serdarevic-Kadic S., Influencing Parameters on HE Projectiles
With Natural Fragmentation, 9th Seminar “New Trends in Research of Energetic Materials”, Uni-
versity of Pardubice, Pardubice, Chech Republic, April 19-21, 2006.

[21]Static testing of high explosive munitions for obtaining fragment spatial distribution, US Army
Combat Systems, APG, Maryland, 1993.

[22]Anon: Manufacture of Projectiles, Projectile Components, and Cartridge Cases for Artillery, Tank
Main Armament, and Mortars, MIL-HDBK-756(AR), April 1991

[23]Valery Shikunova, New Life for Projectile Bodies, http://milparade.udm.ru/23/037.htm

1039




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


