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Abstract

Prediction of blast parameters for cased munitensys remains prime interest
for explosive experts and researchers in the békehergetic materials. These parameters
not only assist us in characterization of warheearliead design and safety analysis) but
are also the direct measure of performance/effogieri warhead. These blast parameters
include initial fragments velocity of fragments,osk wave pressure, number/size of
fragments produced and spatial distribution of rinagts. Determination of these
parameters is a challenging task due to high cbarena testing (acquisition of firing
range and precise equipment like high speed canmeraseasure fragments velocities),
adhering to the safeties involve in handling oflegwes, time and lot of manpower/other
resources. Alternatively, numerical simulation t@goues can be used to model the
blast/fragmentation behavior of cased munitionsi@es providing better understanding
of blast/fragmentation phenomena, these softwaess estimate blast parameters of
fragmenting warheads. In this study, Autodyn witlPHS (Smoothed Particle
Hydrodynamics) solver is used to predict the bpestameters of a thick walled cylinder
filled with Composition B explosives. Multiple sifaions have been carried out by
varying casing materials for same warhead. Comiparanalysis of different casing
materials has been carried on basis of predictedt bbarameters of fragmenting
warheads. On basis of simulation results, castilducbn has been recommended as an
alternative casing material to conventional steekiry on basis of its better
fragmentation characteristics, high end performaigher strength, superior shock
absorption, corrosion/abrasion resistance etc.) aost effectiveness. It has been
concluded that the casing material also affectspréormance of fragmented warheads

vis-a-vis efficiency of cased munitions.

Keywords: warhead; fragmentation; blast paramegaugodyn
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CHAPTER 1: INTRODUCTION

A warhead is most important component of the weapawing destructive
capability. It may be an explosive or toxic matetiaat is delivered by a missile,
precision guided munition (PGMSs), rocket, or torpedraditional warheads use blast or
fragmentation effects to damage the target. Thedstal warhead comprises of three

main functional parts [1] as shown in Figure 1:

Explosiwve
£ill

Fuze

mechanism

TMarhead

casing

Figure 1: Functional Components of Warhead

1.1 The Detonation Train

The detonation train or triggering sequence is eege of events to initiate
warhead. The detonation train comprises a detorfatinary explosive); booster charge
(secondary explosive) and main charge (high expd)sas shown in Fig 2. The
sequence of operation will be from left to rightfigure 1. First of all, detonator is
initiated by electrical spark or mechanical shotke output from detonator is low
powered but enough to reliably initiate the secopndexplosives (booster charge).
Subsequently, the detonation of the booster chanfleresults in a shock wave of

sufficient strength to initiate the main charge.eT$ensitivity of components used in



detonation train decreases from left to right. Rryrexplosive are more sensitivity (i.e.
can easily initiated) and are used in small quiastin relatively safely packaged forms.
Due to their high sensitivity, initiator charges detonators require special care during
storage and handling. Booster charges are lesstigenthan detonators but more

sensitive as compared to main charge, which islyigkensitive.

All the components of detonation train (i.e., detiom, booster and main charge)
are never stored in assembled form to avoid actatiamtiation. They are rather stored

independently and are assembled up prior to migsignirement.

3. Main Charge

2. Booster

1. Detonator

Primary Explosive .
Secondary Explosives

Figure 2: High Explosive Detonation Train

1.2 Warhead Characteristics

Being the most important component of the weapoarhead achieves its
desired objectives by effectively damaging the éarghe damage to the target can be

assessed on following parameters [1]:

1.2.1 Damage Volume The warhead is considered to be enclosed in an
envelope that sweeps along the flight path of Hrget (aircraft/missile). The

volume of this envelope will define the limit ofsteuction of the payload.

1.2.2 Attenuation Attenuation is gradual decrease of blast intenaiyay
from the explosion source. As blast wave/fragménaigels away from the point
of origin; its destructive power keep decreasingticmously until it is totally

harmless.



1.2.3 Propagation After detonation, the way in which blast wave and
fragments are dispersed from payload is called ggafion. When the
propagation of a warhead is uniform in all direg8pit is called isotropic. If it's

not uniform, it is called non-isotropic.
1.3 Types of Warheads

The killing performance of a fragmented warheadfiggreat interest in modern
warfare. On basis of their role and type of damigy impart, Warheads are classified

into five categories [1]:

* Blast Warheads

* Fragmentation Warheads
» Shape charges

» Continuous rod Warheads

» Special-purpose Warheads

1.3.1 Blast Warheads A blast warhead achieves destruction of the target
primarily by blast effect. When a cased munitiontodates, the inside
temperature and pressure will increase rapidly thiedcasing starts to expand
until it breaks up into fragments. After the bladtje to compression of the
surrounding air, the pressure and temperature fise@s atmospheric values to
peak overpressure in a fraction of a micro secéod.a typical high explosives
warhead, the initial values of pressure and tenpexaare 200 kilo bars and
5,000°C respectively. Due to sudden rise of tentpegaand pressure, shock
wave is formed. After some time, the temperaturé pressure will reduce to
atmospheric values. This phase of shockwave is knasvthe positive phase.
The pressure will keep on reducing to sub-atmosph@ressure and
subsequently returns to the normal values. Thikferin the negative (or suction
phase) of the shockwave. This positive/negativaqune variation will create a
push-pull effect on target, and cause the targetdiepse due to internal

pressure.



1.3.2 Fragmentation Warheads A fragmentation warhead is designed to
damage the target by the high velocity fragmentsipced due to bursting of the
warhead casing. After the fragmentation processim#ated, the blast energy
(approximate 30%) will be imparted to fragmentdarm of kinetic energy [1].
The fragmentation process of cased munition is nidge upon charge-to-mass
ratio (C/M), the material properties of casing, dhe explosive power of filler
charge [2]. While, the number of fragments producgde and propagation of
fragments and fragments velocities are direct nteasuwarhead efficiency [3].
Higher the number of fragments and initial velastimore will be the damage

imparted to the target.

1.3.3 Shaped Charge WarheadsShaped charges are designed to concentrate
the effect of the explosive's energy in specifiediion. A conventional shaped
charge comprises a charge casing, a hollow linenetal, and a high explosive

fill between the liner and case. Once high expless/detonated, the detonation
wave collapse the metal liner and it get ejectethenform high velocity jet. The
velocity at forward tip of jet is as fast as 10 k¥ [4]. Having high velocity and
extreme pressure, the jet perforates the targeeriaht The performance of
shaped charge is dependent upon type of explosiivectharge shape and
powdered metal lining. The shaped charges are tsemit or form metals,

penetrate armor, and perforate well in oil andigdsstry.

1.3.4 Continuous-Rod Warheads A continuous-rod warhead
comprises a long rods arranged in a circular buadbeind the main explosive
charge. Once it explodes, the rods spread intoge leircle that cuts the target.
These warheads are effective in anti-aircraft amdi-raissile role. Upon

detonations, these rods can attain maximum veéscitom 1050 to 1150 m/sec
[1]. However, in modern fragmenting warheads, théial fragment velocities

are ranging between 1800 to 2100 m/sec. Due ta¢hison; the continuous-rod
warheads are being replaced with blast/fragmemtatiarheads in latest anti-

aircraft missiles.



1.3.5 Special-Purpose Warheads Special purpose warheads are
specialized weapons designed to perform a speS8time examples of special-

purpose weapons are as follows:-

« Thermal Warheads Some targetsare effectively destroyed by fire
power. For such targets, thermal warheads are Usestmal warheads
use chemical energy to kindle fires e.g. incendariire bombs.

» Biological and Chemical Warheads These warhead uses
infectious agents, such as anthrax spores or diloéwgical agents for
causing sickness or death to humans. These warlheagsan extreme
strategic importance as they causes temporaryitiigab personnel thus
making it more convenient to capture or neutradimeenemy installation
without damaging buildings or materials. An explescharge is placed

in a biological warhead for rapid dispersion oflbgcal agents.

* Pyrotechnic Warheads Pyrotechnics refers to produce fire through
chemical reaction with goal to produce light, headise and pressure.
These warheads are usually employed for signalingjinating, ejection
seat operation and marking targets.

* Cluster Bomb Units (CBU) CBUs are primarily used for area denial
purposes. Hundreds of CBUs are packed in a canistérs dispersed in
air after drop from the aircraft. Each of these btats is programmed
(for several hours) to explode at specific timestliienying the area for
extended hours. These warheads provide a widechim@aerage and are
effective against armored vehicles, personnel d@her®oft targets.

* Mines A landmine is an explosive device, buried undeomthe
ground and is used to destroy or neutralize energets, ranging from
troops to armored vehicles, tanks when they pags vor close by.
These devices are normally triggered automaticdilye to pressure

applied on them by target walking over it or insggroximity.



1.4 Fragmentation Process of Warhead

As the research title indicates, our focus durihg study will remain on cased
munitions (i.e. explosive charge is enclosed in ataftic casing) having blast
(overpressure) waves and fragmentation effectestroly the target [5]. When this type
of warhead detonates, due to decomposition of exmo there is sudden increase in
pressure and temperature inside the casing. Dtiestbigh pressure, the casing starts to
expand until it breaks up into number of high-vép&ragments [6]. The fragmentation
process of cased munitions is normally governedchgrge-to-mass ratio (C/M),
properties of casing material, and the explosivergyoof filler charge [2]. While, the
blast parameters like Number and size of fragmentsluced, spatial distribution of
fragments and initial fragments velocities are dirmeasure of warhead efficiency
[3].Therefore, to improve the efficiency of fragniey warheads, we either need to
increase fragment velocities or to eject more fragi® in target direction [7]. Higher the
number of fragments produced, more will be the pbiliily of warhead to neutralize the
target. Similarly, higher the fragments initial oeities, the more will be the range of
fragments and penetration into the target. Figush@vs a detonation of fragmented

warhead.

Figure 3: Detonation of High Explosive and formatif fragments



1.5 General Purpose Warheads

General Purpose Warheads are typical example eflaasinitions. GP (General
Purpose) bombs are being used extensively arondadnd since 1950’s. These are air
delivered munitions designed to destroy the graangets with blast and fragmentation
effects. The designation ‘General Purpose’ in dpgon of the bomb indicates that GP
Bombs are flexible weapons and can be deployednsigaariety of targets such as
concrete piercing (buildings/ installations), ruryweratering and anti-personnel role

through blast and fragmentation effects.

The Mk-82 is 500 Lbs. (227 kg) GP Bomb containiifgd® kg of high explosive
in a forged steel body having weight of 140-142 Ikgs the steel casing that creates the
primary fragmentation for the bomb. The propagatma size of fragment is random
and dependent upon the shape of warhead. The shdpeattern and size of the
fragments is largely random. Initially, these bomiiere delivered unguided with
accuracy of 5.5% to hit the target as [8]. Guigletsions of GP Bombs also known as
PGMs (Precision Guided Munitions), have high accyrand are used for precision
strikes. During the Operation Desert Storm in 1988% of the dropped GBU-12
successfully hit its targets [8]. Figure 4 shows MK-82 GP Bomb (left) in standard
configuration, while GBU-12 Laser Guided Bomb (tigh

Figure 4: Low Drag MK-82 GP Bomb (left) and GBU-lL@ser Guided Bomb (right)
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PK-82 is the Pakistani Variant of MK-82 bomb beipgpduced by Pakistan
Ordinance Factories (POF), Wah Cantt, using ContipasiB’ as explosive fill and
Carbon Steel (ASTM A106 Grade ‘C’) as casing materThis warhead is being
produced since 1980's, with same explosive fill &mel casing material. Figure 5 shows
the PK-82 GP Bomb being manufactured by POF, WatitCa

Figure 5: PK-82 GP Bomb (500 Lbs.)

1.6 Efficiency of Fragmented Warhead

The efficiency of the warhead generally dependsiutpe total kinetic energy of
the fragments generated after the blast. To olastdiigh kinetic energy, it is essential to
maximize the speed or mass of the fragments. Howéugher mass of fragments will
reduce the number of fragments. For this reasoe, st solution for designing
fragmented warheads is to maintain a balance betweenber and size of fragments

produced.

The blast parameters like Number and Size of fragsngroduced, spatial
distribution of fragments and initial fragments a@ties are direct measure of warhead
efficiency [6]. Therefore, to improve the efficignof fragmenting warheads, we either
need to increase fragment velocities or to ejeagenfiagments in target direction.

The improvement in efficiency of the existing PK-8P Bomb can be achieved
by changing design, filler explosive or Casing mate Changing design of existing
warhead is like designing a new warhead which kéllsubsequently subjected to long
and tiresome process of qualification and arengntesSimilarly, change of explosive

fill is also dependent on existing explosive fifisetups and acquiring a new filling



setup is not a cost effective solution. Howeverthwhe advancements in the field of
material sciences, a significant improvement incefficy of warhead can be achieved

by selecting suitable casing material.

1.7 Problem Statement

The problem statement for this research is to imgprine efficiency of cased

munitions like PK-82 GP bomb by selecting a sugat@sing material.

The main purpose of looking for alternative matesao enhance the efficiency
of warhead by selecting suitable casing materiaé alternate material will be finalized
on basis of better fragmentation characteristies (o increase fragment velocities or to
eject more fragments in target direction) and hguarcellent physical properties.

1.8 Motivation

The main motivation behind the study is to impraféciency of PK-82 GP
Bomb, which is being used by PAF since 1980’'s, aithany modification or

improvement.

Similar type of study has been initiated in 2015Ujites States Department of
Defense (DoD) to improve the fragmentation charssties of existing GP bombs.
Obviously, we will not be shared with the outconfi¢hts research.

Being a restrictive field, limited literature is alable in the field of energetic
materials. Moreover, latest developments in tlakifare considered trade secrets by the

manufacturers.

Last but not the least, the study will be helpfad focal industry in Pakistan and
will provide them an opportunity to go for altereatasing material for PK-82 GP
Bombs. Besides improving efficiency of warheadterakte casing might also provide a

cost effective solution.



1.9 Available Approaches & Proposed Solution

An explosion of high explosive projectiles is highhon-linear transient
phenomena as it will be followed by shock, explasiand fragmentation effects.
Therefore, various physical processes must be takém account to accurately

characterize such events.

Presently, following three approaches are beingduge understand

blast/fragmentation behavior of warheads.

» Firstly, empirical formulas can be used to solvamest and highly idealized
problems.

* Second option is to use analytical techniques (basenumerical softwares) to
predict fragmentation behavior and blast paramet&ust these analytical
techniques are based on available experimentalasmtacan solve limited range
of problems.

 Third and most reliable approach to handle blagjffrentation is physical
experiments. However, these experiments can be aesty and often difficult

for instrumentation, acquisition and interpretatadmesults.

Due to development of numerical softwares and aldity of more powerful
computers, it is now possible to investigate thasbland fragmentation analysis of
warhead. Numerical simulation softwares have emhblas to model a
blast/fragmentation process of cased munitionstamtedict blast parameters vis-a-vis
warhead efficiency. In this study, ANSYS Autodynfte@re is used for numerical
simulations, which is an excellent tool to modehgimentation process of cased

munitions.
1.10 Obijectives

Following objectives were defined to achieve thsiel goal:-
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To model different warheads with varying casing enat in ANSYS
Autodyn.

To predict blast parameters by subjecting each eathto blast
simulation using SPH solver technique.

To perform the comparative analysis of predicteasbparameters and to

recommend suitable casing material for cased wdrhea
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CHAPTER 2: LITERATURE REVIEW

An explosion of highly explosive projectiles is alys followed by shock, explosion
and fragmentation, and reaction problems involvghlyi non-linear transient
phenomena. Therefore, various physical processest imel taken into account to
accurately characterize such events. Physical ewpats combined with analytical
techniques are required to understand full phy$tessently, following three approaches
are being used to understand blast/fragmentatiomavier of warheadsFirstly,
empirical formulas can be used to solve simpledtlaghly idealized problem&econd
option is to use analytical techniques (based omarmical softwares) to predict
fragmentation behavior and blast parameters. Begetlanalytical techniques are based
on available experimental data and can solve lanigage of problems. Third and most
reliable approach to handle blast/fragmentatigohigsical experiments. However, these
experiments can be very costly and often diffi¢alt instrumentation, acquisition and
interpretation of results.

2.1 Empirical Formula’s to Determine Blast Parametes

In 1943, R. W. Gurney [Yerived a simple analytical equations to deterntinee
initial velocity of fragments from an exploding va@ad. As per this model, the initial
fragments velocities could be estimated by Chamdlass ratio (C/M) of warhead,
where C is the mass of explosive fill or charge Bhis the mass of casing, as shown in
Figure 6. The Gurney’s equation to calculate ihitelocity of fragments for cylindrical

warhead is as follows:-

v (M N 1>_%
\2E cC 2

Where,

V= Fragments Velocity,
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M = Mass of casing,

C= mass of Explosive fill,

V2E = -2 = Constant (2.79 to 3.15 for typical military eapives),

T 297

D = Detonation Velocity

Figure 6: Cylindrical Explosive having Charge m&3sand shell mass ‘M’

The Gurney’s equation was simple and reasonablyratzto undertake manual
calculations of initial fragments velocity. Howeyéater studies revealed shortcomings
in Gurney’s formula that it doesn’t cater matepabperties of casing (i.e., tensile/yield
strength and failure strain), which otherwise playsignificant role in fragmentation
[10]. Using Gurney’s model, U. Fano [11] comparddsb of cased charge with bare
charge explosive on basis of kinetic energy. Heetigped an equation to calculate the
kinetic energy of blast gases after energy pomigrwith the casing. E. M. Fisher [12]
found disparities in blast pressure and impulseutaled by Fano’'s equation with
experimental data, which he acquired by perfornsages of experiments. On basis of
his comparison, he suggested improvements in Faeqistion. As compared to
Gurney’s model, Fisher's approach was more congistéh experimental data, but it

departs from Gurney’s basic assumption of unifoa®s gressure etc.

Mott [13] presented a fragmentation model for brapkof cylindrical warhead
to predict the number of fractures and mass ofniegs produced. As per this model
[14], “the average length of the circumferenti@gments is a function of the radius and

velocity of the ring at the moment of break-up, dhd mechanical properties of the
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metal’. The model paved the way for further reseaand is still valid to explain

fragmentation pattern of ductile materials.

John Pearson [2] explained the behavioral processmgmented warhead from
expansion to fracture and fragmentation respegtivéls per this model, the

fragmentation process was divided into four phases:

» the case behaves elastic-plastic
* expansion of the case continues till fractured stadevelop
» start of the fragmentation process

» each fragment achieves initial velocity and stasvimg towards target

Grady and Hightower [15] developed a model based emergy/momentum
conservation in fragmentation process and deriveelcaation to predict circumferential
fractures spacing. Arnold and Rottenkolber [16]estgated fragmentation behavior of
warhead casings of varying thickness. Fragmentss dasribution of 04 exploding
shells was determined and it was concluded thamtlaéerial properties lay an important
role in fragmentation process. Hutchinson [17-2@jgested improvements in Gurney’s
equations [9] and presented new and improved thieardormulas based on impulse

and momentum analysis for cased munitions.

Zecevic etal [21] investigated the effects of miateproperties of casing on the
initial fragments velocities and spray angles afjfnents. On basis of experimental data,
he developed a relationship for selection of annwpin warhead casing material. He
concluded that higher the Rm/Rv (ratio of tenstiersggth to yield strength of casing
material), more will be the number of fragmentsdurced.

2.2  Calculation of Blast Parameters Using Simuladn Softwares
Due to development of numerical softwares arailability of more powerful
computers, it is now possible to investigate tteginentation analysis of fragmenting
warheads. These softwares not only allow to mod&inple geometric shaped warheads
but complex design warheads can be imported froetiBp softwares designed for
creating drawings/models. These softwares are tabfendle wider range of problems
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and assist us to understand full physics of thestbpfhenomena. Moreover, these
numerical techniques offer effective solutions bgiding financial resources and time
of physical experiments. Additionally, these to@se able to predict even those
parameters, which are difficult to be measured fptysical experiments [22].

Anderson et al. [23] predicted the final velocitigisfragments by modelling a
cylindrical warhead using a two-dimensional finiliéference code and showed that
predicted values are in good agreement to expetaheralues. Using simulation
software “PAFRAG” based on three-dimensional axisygtric hydrocode, Gold et al.
[24] predicted the performance of cased munitioms \zalidated the simulation results
with existing experimental data. Kong Xiangshaalet[25] successfully demonstrated
the capabilities of Autodyn SPH solver to simuliaégmented warheads. He was able to
predict all the blast parameters. Upon comparisi@, simulation results show close
approximations with the experimental results. IGallis et al. [26] examined the blast
and fragmentation process of cylindrical warhednicktwalled) using Eulerian hydro
code based numerical software “GRIM”. He was ablgredict the spatial distribution
of fragments, initial fragments velocities and théal number of fragments produced
during the fragmentation process. He compared ftheulation results with the
experimental results by subjecting similar chargedétonation. The predicted values

were observed in close approximation to experiniesmaes.

G. Tanapornraweekit [10] conducted numerical swdi the fragmentation
process of cased warhead while focusing on efbéanaterial properties of casing
material on fragmentation process. His concluded ithitial yield strength and ultimate
strength of casing material has minimal effectstlom initial fragments velocities and
spray angles of fragments. Moreover, a warheadnlgawiittle casing material with low

failure strain will produce more fragments with lawerage fragment mass.
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CHAPTER 3: MODELING AND
SIMULATION SETUP

To determine blast parameters of the fragmentedheeals, experimentation is
considered as best and reliable tool around thédwbilowever, it is difficult to draw
general conclusions on basis of experiments onlyg tb variation in results. The
variations in results normally occur due to diffgr@apparatus/test equipment, variation
in test setup and varying atmospheric conditioesgegal skill and operator’s proficiency
etc. Furthermore, experimental testing of explasiigevery costly and time consuming
activity. Numerical simulations are mostly usestody blast/fragmentation process and
to predict blast parameters. They enable greahgavn terms of costs and man-hours
required for physical experiments and make it fidedb predict blast parameters which
are virtually impossible to measure in physical ekpents can be examined in detail.
However, these numerical simulations can nevertagutes experiments, and should be

used in combination with experiments to validatenaetical models.
3.1 Autodyn (SPH Solver)

ANSYS Autodyn is a versatile explicit analysis tdot modeling the non-linear
dynamics of solids, fluids, gases and their intéoas. This software assists us in
designing/modelling of warheads and test setuploi@d by their initiation to
investigate the blast and fragmentation behaviawarhead. Autodyn comprises of four

different solver techniques:-

* Finite element (FE) solvers for computational sincal dynamics
* Finite volume solvers for Computational Fluid Dyriasn(CFD)
» Mesh-free/particle methods for large deformatiod tagmentation

» Multi-solver coupling for multi-physics solutions

Each solver has a capability to address specifie tyf problem. For e.g. SPH-
Lagrange solvers can be used for nonlinear dyngmiblems i.e., hyper velocity
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impacts and failure of brittle materials by exptosand SPH solver is used to undertake

blast / fragmentation simulation [22].

In this study, Autodyn SPH solver has been used itoestigate
blast/fragmentation behavior of thick-walled cylilmél warheads. The SPH solver is a
grid less Lagrangian hydrodynamics technique incWhihe object under study is
discretized into a finite set of observation pointssmall evenly sized particles. The
main advantage of SPH over other techniques isittikah also solve the problems with
large deformations. The other techniques like Lageamethod face computational
termination problem due to large distortion of edentis [25]. Similarly, identification of
produced fragments is very difficult in Eulerian shedue to the presence of multi-
material ‘mixed’ cells [26].

At present, the SPH technique is considered best éxplaining
blast/fragmentation process and prediction of pasameters of fragmenting warheads.
This technique not only predict blast parameteke Ishock wave pressure, initial
fragments velocity etc. but also provides detagfmentation analysis of casing material

by identifying each individual fragment as separdéatity [22].
3.2 Selection of Fragmented Warhead

To undertake comparative analysis of blast parametefragmented warhead,
the first thing we need to select a warhead for engal investigation. The warhead
should contain high explosive and enclosed in rhetatasing to produce the
fragmentation. Keeping in view these considerat@rhick-walled cylinder warhead
mentioned in [26] has been chosen for modellind\inodyn, as shown in Fig 7. The
cylinder has total length of 404 mm. It has innantkter of 150 mm and the outer
diameter is 170 mm. The casing thickness is 65mbo#t ends of the cylinder, while
thickness of casing at radial portion is 20mm. Kes thickness of casing at both ends of
cylinder is more than the thickness at radial portimore than three times), therefore
radial portion will produce more fragments of snsfles while both ends will produce

less fragments of massive size. The red dot depint&ig 3 is the initiator or detonator
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to initiate detonation in cylindrical warhead. Frdmere on, the cylinder end where
initiation is started will be referred as “near &mahd the opposite end of the cylinder

will be referred as “far end”.

274

Initiation Point

Explosive Fill Casing

Figure 7: Schematic diagram of cylinder

3.3 Materials Selection for Warhead

Iron is the fourth most common element found intEarcrust. It is one of the
strongest, highly versatile and cheapest metalsvds a back bone of industrial
revolution in 17th & 18th century. Pure iron is teaft and highly reactive material and
is of not much use. So, it is mostly in the formiroh alloys i.e., iron mixed with other
elements (especially carbon) to make it strongergtier and resilient. One example of
Iron alloy with Carbon is steel, which is being disaround the world in various
industries like automobile, construction, ship mfasturing, automobiles and defense
[27]. Due its higher density, excellent mechanalperties and low cost, alloys of iron
are best choice for production of cased munitidks GP bombs. Higher density will
add more mass thus will increase the lethality rafments produced from metallic

casing.

As already mentioned in para 1.3 above, that A18&d6& ‘C’ is being used as
casing material for PK-82 GP Bomb. Therefore, it bé used as a reference material in
comparative analysis of different warhead casiiige main aim of this study is to look
for a better alternative to existing casing matarea ASTM A106 Grade ‘C’, having
better fragmentation characteristics and improvégsigal properties. The chemical
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composition and the mechanical properties of A10&dé ‘C’ are depicted in Table 1

and 2 respectively:-
Table 1: A106 Grade C Chemical Composition*

Chemical Composition (%)
C(Max) Mn  Si(Min) Cu(Max) Ni(Max) Cr(Max) Mo(Max) V(Max) P(Max) S(Max)
0.35 1 0.29~1.05 0.1 0.4 0.4 0.4 0.15 0.08 0.03 0.035
(*Source: https://www.makeitfrom.conymaterial-group/Iron-Alloy)

Table 2: A106 Grade C Mechanical Properties*

Mechanical Properties
Grade Tensile Strength (Mpa), Min. Yield Strendipé), Min.

A106 Grade C 485 275
(*Source: https://www.makeitfrom.conmymaterial-group/Iron-Alloy)

Different Iron alloys were considered in numerisahulations to find a better
replacement to ASTM A106 Grade C. The alternateeneas were selected from
different categories of iron alloys with varying chanical properties. The selected

materials are depicted in table 3 along with thegchanical properties:-
Table 3: Selected Materials for Comparative Analsitheir Mechanical Properties*

Tensile Strength (M®), Yield Strength (MR),

Material Category Min. Min.
A106 Seamless Carbon
Grade C Steel 485 275
AISI 4340 Steel Alloy 690 470
ASTM 40 Grey Cast Iron 310 200
ASTM A27 L
G65-35 Cast Carbon Steal 500 270
ASTM A536
460 310
60-40-18 Cast Ductile Iron
ASTM 60-42-10 470 320

(*Source: https://www.makeitfrom.com/material-group/Iron-Alloy)

All the selected materials except ASTM 40 (Greyt ¢am) have higher Tensile
strength and Yield strength than the reference mahtee., ASTM A106 Grade C.
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Beside other iron alloys, Steel Alloy AISI 4340 (American equivalent material to
EN24W steel) used for thick-walled cylinder warheaentioned in [26] was also
considered for fragmentation analysis. The simoatesults of warhead modelled using
AISI 4340 (having PBXN-109 explosive) will be usdd compare/validate the

simulation model with experimental results mentmne[26].

3.4 Material Properties

Prior to undertake simulations, the selected maledre needed to be defined in
Autodyn. Although, there is material library avai in Autodyn, but it doesn't
encompass all the materials. The material propgeused for defining selected materials
in Autodyn are appended below in Table 4:-

Table 4: Properties of Selected Materials for de§nn Autodyn

Material Properties

, Specific
Material Density Shear Poisson Young's Bulk Heat at
(g/cm?) M(g}l;lus Ratio M(g}llglus M(gjlslus 20°C
(GPa) GPa) | @GP | A0C
A106 7.85 79.69 0.29 203.8 161.76 470
Grade C
AISI 4340 78 73 0.29 190 151 470
ASTM 40 75 69.77 0.29 180 143 490
ASTM A27
e 78 73.64 0.29 190 150.8 470
ASTM A536
Soaaoe 715 66.02 0.28 170 128 461
AST'\ggo'w 75 70 0.29 180 143 490

(Source: https://www.makei tfrom.convmaterial-group/Iron-Alloy)

3.5 Equation of State (EOS) for Explosive Fill

The equation of state (EOS) of detonation prodigcissed to define energetic
characteristics of an explosive in numerical sirmakes softwares. EOS parameters for
high explosives are generally determined by perifiognctylinder tests, in which the

motion of the walls of a copper cylinder filled Wwitexplosive is measured [28].
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Nowadays, the JWL EOS is widely used in practicajieeering application and same is

appended below:-
P, = Ae”®17 + Be R2v 4 Ccy~(1+W)

Where A, B, C, R1, RZp are the parameters calculated on basis of cylitedsty while

V refers to relative volume.

Pakistan Ordinance Factory (POF), Wah Cantt andsiak Air Force (PAF)
Munitions Filling Plant, Malir Cantt, both are ugirComposition ‘B’ (Comp B) as
filling explosive for GP Bombs. Keeping in view tleapabilities of existing filling

setups, Composition ‘B’ has been used as a fiirglosive in this study.

Composition ‘B’ is cast able, high explosive formtibn of RDX (Cyclonite)
and TNT in the proportion 60:40 and also containsxwas an additive in some
formulations. It has a density of about 1.717 g/amd detonation velocity of 7980m/s
approx. It was developed to replace pure TNT, whvels being used as high explosive
filler charge for warheads. Due to low melting terggure of TNT (i.e., 80°C approx.),
it is easy to cast and fill Comp B in warheads aifying sizes and shapes, e.g. mortars,
land mines and air-dropped bombs etc. However, tdués higher sensitivity and
chances of accidental initiation by fire or projectimpact, it is replaced by less
sensitive cast-able Composition H-6 in many weapmtems [29]. Despite the fact that
Comp B has been replaced by less sensitive Conosit6 it is still being used as an
explosive fill for large munitions like GP Bombso@p B explosive already exists in
material database of Autodyn software and it h&nlakefined there using standard JWL
equation of state (EOS). The JWL constants use@donp B are shown in Table 5.

Table 5: JWL constants for Comp B Explosive

Densit CJ Energy / Unit
3y A(Pa) | B(Pa)| @ |R1| R2 d VoD
kg/m Volume (KJ/m3) | (m/sec)
1660 5.2423el1l 7.678¢90.34 | 4.2| 1.1 8.5e6 7980
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3.6 Modelling of the Warhead and Blast Setup

As Autodyn SPH solver technique was chosen for kitians, therefore the first
step was to create a selected warhead [26] as @RHOQue tosymmetrical shape of
cylindrical warhead, only a quarter portion of wead was modelled in Autodyn as
shown in Fig 8. In this figure, the green colorresgenting the warhead casing while the

blue color representing the explosive fill i.e.,ngwB.

Figure 8: 1/4 Computational Model of Warhead

The creation of quarter model will not only redube model size but will also
lessen the simulation time as less computationalepavill be required. However, the
results of quarter model can be applied on fulleseaarhead by using symmetry option

in two axes i.e., X-Axis and Y-Axis, as shown igBi.

In SPH solver, both cylindrical casing and explesfill inside the casing are
discretized into number of small evenly sized péet. For an appropriate fragment
mass distribution, the particle size should be rasllsas possible. However, smaller
particle size corresponds to large number of dagjovhich will therefore enhance the
simulation processing time. Therefore, we need &intain a balance between patrticle

size and simulation processing time. During thelstulifferent particle sizes were tried
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and the particle size of 2 mm was chosen as itymed 1,56,435 particles of warhead
casing, which is considered sufficient to expldie total count of fragments produced in

fragmentation process of casing.

fragmentation-of-explosively-loaded-cylinder 1 » z

Cycle
Time 0.000E+00 ms
Units mm, mg, ms

Figure 9: Full Scale Model of Warhead

Beside 2 mm SPH patrticle size, simulation was atsempted with 1mm and 3
mm SPH particle size. With 1 mm particle size, &lt@f 1,265,412 particles were
formed by warhead casing and simulation proced$sdfdao complete despite 2-3 days
processing on ordinary laptop. Whereas, with 3mntiga size, a total of 45,374
particles were formed by warhead casing and sinongtrocess successfully completed
in less than an hour. As the smaller SPH partsi#® provides better resolution,

therefore 2 mm SPH patrticle size was preferred 8vam.

Once compared with the Euler technique, materiahbaries and interfaces in
the SPH method are well defined and material séparas naturally handled [30].
Therefore, whether it's a quarter, half or full nebddefining specific boundary

conditions is not required in SPH technique.

Due to very fast reaction of detonation processciosecond phenomena), a
wrap-up time of 0.6 msec is assigned to the sinamaprocess. The warhead was
initiated by point detonation at one end of expledill (near end plate of cylinder). The

detonation initiation point is depicted in red aottamond symbol in Fig 10.
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To measure the blast parameters of expanding @indsing, 12 gauges (i.e.,
observation points) are designated on steel camnghown in Fig 10. Gauges 1-4 are
installed on near end of cylindrical casing alohg ty-axis with a gap of 31 mm
between them. Gauges 5-8 are installed along tigtHeof cylindrical casing (Z-Axis)
excluding both ends, with a gap of 90 mm betweamthWhile, gauges 9-12 are
installed on far end of cylindrical casing along th-axis with a gap of 31 mm between

them. All these gauges are moving points and apalta to predict blast parameters

even after fragmentation process.

x|0 o

Figure 10: Location of Gauges and Detonation itidraPoint on Simulated Warhead

‘tagrentation-of-explosively-loaded-cylinder

syelell Detonation Point

3.7 Validation of Simulation Model

Prior to undertake comparative analysis of warheagings, it is necessary to
validate our simulation model with the experimerdald simulation data available in
literature. [26]. The model conditions used in tateire and in our simulation model are
depicted in the table 6.

To achieve this objective, the selected thick-whibglindrical warhead [26] was
modelled in Autodyn with Steel Alloy AISI 4340 (egalent material to EN24W steel)
with PBXN-109 explosive. AISI 4340 Steel has beeefgrred over EN24 steel as it
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already exists in Autodyn database and has beanedethere using Johnson Cook

parameters as shown in Figure 11.

Table 6: Comparison of Physical Parameters Sinmr&Eixperimental Model

Parameters Simulation Results | Experimental | Difference
(this model) Values [26] %
Warhead Casing Material AISI 4340 Steel EN24W Stegl -
Explosive Fill PBXN-109 PBXN-109 -
Similar Dimensions
Dimensions of Casing (mm) (Inner Dia 150, Thickness 10 & Length -
404)

Total Mass of Warhead (Kg) 47.225 47.21 0.032
Explosive Fill Mass ‘C’ (KQ) 8.038 8.01 0.35
Mass of Casing ‘M’ (Kg) 39.187 39.2 0.033
Charge to Mass Ratio (C/M) 0.205 0.2043 0.343

Rest all the modelling conditions were same extle@tcasing material. Setup
conditions like SPH particle size, detonation posimulation wrap-up time etc. were

kept same.

@ Material Data Input - STEEL 4340

-

Name o | STEEL 4340

Reference Density /| 7.230000 {g/cm3)
—|eos |Linear w __'.f_]

Bulk Modulus /| 1.590000e+008  |(kPa)

Reference Temperature 300.000000 (Kl

Specific Heat 477.000000 {J/kgk)

Thermal Conductivity 0.000000 (JimE=]} =
Elstrenglh lohnsen Cook v iJ

Shear Modulus
Yield Stress

4

8.180001e+007  |(kPa)
/| 7.920000e+005  |(kPa)
5.100000e+003  |(kPa)

Hardening Constant

Hardening Exponent 0.260000 (nonel
Strain Rate Constant 0.014000 (none)
Thermal Softening Exponent 1.030000 (none)
Melting Temperature 1.793000e+003  |(K)
Ref. Strain Rate (/=) 1.000000 (none)
Strain Rate Correction

1st Order W

Figure 11: Johnson-Cook parameters for AISI 434@ISt
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The comparison between the simulation models ampererental results were
based on parameters like Charge to Mass ratio (CAVg¢rage fragments velocity,
spatial distribution of fragments and the total tw@mof fragments produced. The details
of comparison are discussed in subsequent paragraph

3.7.1 Charge to Mass Ratio (C/M) After modelling in Autodyn, the
mass of casing (AISI 4340) and explosive fill (PBAR9) were noted. Fig 11
shows the total mass (of steel casing and explddiyess time calculated in
Autodyn software. As it is 1/ model of the cylindrical warhead, therefore to
calculate total mass of casing and explosives, @asl rio multiply it with 4. The
total mass comes out to be 39.2 kg for casing abd I&y for explosive fill, thus
having C/M value of 0.2043. Whereas, the experialerdlues for mass of steel
casing and explosive fill are 39.187 Kg and 8.088oectively, having C/M as
0.205 [26]. Therefore, C/M values are almost saonédth models.

“§o"
10
8-— ........................................................
4670 [N U SN TN S S
(53 —— (1)PBXN-109
s (2)STEEL 4340
P_ . " "
7O RN N . CunE Sl (SR e S
2.003
2 : -
1 1 i 1 T T

0.0 0.1 0.2 0.3 0.4 0.5 0.6
TIME {ms)

Figure 12: Total Mass Vs Time for Autodyn Simulatio
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3.7.2 Spatial Distribution of Fragments As the warhead has more
wall thickness at both ends (i.e. 65 mm) of thentdr as compared to central
portion (i.e. 10 mm); therefore the maximum expansis expected from the
central portion of warhead. During the simulatiothwAutodyn, the fragmenting
cylinder produced a ring type spatial distributafrfragments as shown in Fig 13
(left). Similar type of spatial distribution was s#yved in [26], when it was
subjected to fragmentation process using GRIM so#was shown in Fig 13
(right). The spatial distribution of fragments dapd by Autodyn software is

more clear and elaborative as compared to spassildition of fragments by
GRIM software.

Y-axis
] -10

LT
User; Imiewtas
Tue Mar 26 09:49:06 2013

Figure 13: Spatial Distribution of Fragments in édyn (left) and in GRIM
Software (Right)

3.7.3 Fragments Velocities

In Autodyn, the fragments velocities were predictesing installed
gauges (1-12) on steel casing. Whereas, in the aatipe experiment [26],
fragments velocities were captured using veloaiiisfinstalled on straw board.

The straw board was positioned at a distance ofe8ms from center of the
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cylindrical warhead. Layout of the straw board usedexperiment [26] is
depicted in Fig 14. For a better comparison, thpegrental values were
translated against installed gauges and gauges/ 6v&re found corresponding

gauges for comparison, as depicted in Fig 14.

Figure 14: Translation of Angular Zones into Gaigénts

In Autodyn, the maximum fragments velocities weoairfd close to
center of warhead i.e., on gauge 6 and 7, as showig 15. The predicted
fragments velocities were found in the range of 5146 1805 m/sec. The
maximum fragment velocity was observed on gauge.7 1615 m/sec. While,
the experimental values of fragments velocitieseffeund in the range of 1250
to 1800 m/sec [26].
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YWELOCITY (mfs )

500 :
— [1)Gauge# 5
(2)Gauge# 6
(3)Gauge# T |
—— (4)Gauge# 8 | |
I | I I
0.0 0.05 0.1 0.15 0.2

TIME (ms)

Figure 15: Y-Velocity Vs Time for Gauges 5-8

The comparative analysis of predicted fragmentsoriés by Autodyn
(our Simulation model) and experimental resultsgfauges 6 and 7 is depicted in
Table 7. There is a variation of 9-10% in fragmeelocities. This much

variation is always expected during such comparistue to applying certain

assumption in numerical analysis. Despite the swatiations, the predicted

values of fragment velocities (in Autodyn) are irood agreement to

experimental

values [26].

Table 7: Comparison of Initial Fragments Velocities

Gauge Simulation Results | Experimental Values Difference %
Points (this model) [26] 0
Gauge#6 1455 1600 9
Gauge#7 1615 1805 10.5
3.7.4 Total Fragments Produced Upon completion of the simulation

process using Autodyn, a total of 690 fragments \afying sizes) were
produced. Due to thick walls at ends of the cylm@e. 65 mm thickness); fewer
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fragments were produced at both ends. The spasaiibdition of fragments

produced during simulation process is shown inlfeig

Figure 16: Side View of Spatial Distribution of Graents

During the fragmentation process, both ends ofcihiedrical warheads
mostly remain intact due to comparatively thick iwalhe central portion of the
Fig 16 is depicting a large fragment, while thetspalistribution around it is
formed by the small sized fragments produced byc#rgral portion of warhead
(having 10 mm thickness). Autodyn (SPH) providetaitied characteristics of
each fragment i.e. mass, average velocity and dioeretc. Using mass of each
individual fragment, mass distribution of fragmehgs been plotted as shown in
Fig 17. The mass of maximum fragments producedhdiee range of 1-5 gms.

Whereas, in the comparative experiment [26], 3attens were
performed by detonating similar cylindrical warhehdving same explosive
charge. The number of fragments captured duringetBaterations was 116, 111
and 122 respectively. Similarly, simulation of teme experiment using GRIM
resulted in 128, 175 and 114 fragments experini6it [
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Figure 17: Mass distribution of fragments

The comparison of total number of fragments produneour simulation

model (Autodyn) and literature values are depiatetiable 8.

Table 8: Comparison of Fragments produced duripgement/simulation

Experimental | Simulation Values* | Simulation Results
Values* [26] (GRIM) (this model)

Total Fragments 116 139 690
Produced

* Average Values

Large variation was observed w.r.t total numbegrmants produced,
once our model i.e. Autodyn (SPH) results were canegh with experimental /
simulation results by GRIM [26]. Limited number fohgments was reported in
experiment and simulation by GRIM. The main reakamthis disparity is the
limitation of fragments capturing mechanism useéxperiment. As seen in Fig
13, the fragments capturing straw boards werelledtan one side of warhead,;
therefore they are capturing fragments from a &ohiportion of warhead only.
Moreover, all the fragments having mass0.13 gm were excluded from
experimental results [26]. Furthermore, GRIM sofivas based on Eulerian

mesh, and identification of individual fragmentvisry difficult in this software
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due to the presence of multi-mixed materials [ZBherefore, a fragments
identification algorithm is usually defined to iddy individual fragments in
GRIM software. That's may be the main reason thas Inumber of fragments
are identified in GRIM software.

On other hand, Autodyn predicts each single fragnpenduced during
fragmentation process irrespective of its mass.theamore, capturing of
fragments using straw boards is not considered nadigble approach and mostly
high speed cameras are used to capture the gsténtation phenomena.

3.7.5 Final Verdict on Validation of Our Simulation Model The
fragmentation process of thick-walled cylindricanvead has been modelled in
Autodyn (SPH solver) to determine blast paramefBing simulation results are
compared with the experimental/simulation data §ionilar warhead) available
in literature [26]. The comparative analysis reeedathat Autodyn provides the
complete picture of fragmentation procelisalso enables us to predict blast
parameters (i.e., shock wave pressure, fragmenlscitye number/size of
fragments, fragments mass/spatial distribution) etbich are otherwise difficult
to measure in field experiments. The average frageneelocities predicted by
Autodyn software were found in close approximaifeariation of 9-10%) to the
experimental values. The spatial distribution afginents predicted by Autodyn
and GRIM was almost identical. However, there wasm@ation with respect to
total number of fragments produced during the satoh process and
experimental results [26]. Less number of fragmemias reported in
experimental results as compared to Autodyn sinaraflhis is mainly due to
the limitation of fragments capturing mechanismdusering the experiment.
Moreover, all fragments 0.13 gm were excluded from experimental results.
Moreover, being Eulerian based software; GRIM hagam limitations for
identification of individual fragments in multi-nmexial mesh. On other hand,
Autodyn predicts each single fragment producedndufragmentation process
irrespective of its mass. That's the reason, thatodyn has predicted much

more fragments as compared to experimental results.
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CHAPTER 4: RESULTS AND
DISCUSSIONS

After validation of our simulation model (Autodyn ity SPH Solver),
comparative analysis of casing materials were uaken. Numerous simulations were
performed by varying casing materials to invesaghie fragmentation behavior and to
predict the blast parameters. In each simulatiomjar thick-walled cylindrical warhead
was used along with Compo B as an explosive f#tuf conditions like SPH particle
size, detonation point, simulation wrap-up time. @tere considered same as per para
3.6. The results of simulations conducted are dised in subsequent paragraphs.

4.1 Expansion and rupture process of Warhead

Despite using the different casing material forheanulation, almost identical
expansion and rupture behavior was observed. Ugtation of detonation process, the
expansion process started at near end of cylindnaghead. Due to varying thickness
of warhead casing at both ends (i.e., 65 mm) aodgathe length of cylinder (10 mm),
the expansion of the cylinder mainly took placeadial direction. The expansion and
rupture process of cylindrical warhead against tisrghown in Fig 18a—d.

(a)t=0sec (b) t = 4x1072 msec

(c) t=8x10"2 msec -
(d) t=1.2x10"" msec

Figure 18: The expansion / rupture process of yfiadrical
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Fig 18a presents the initial state, prior to initia of warhead at t=0. Upon
initiation of warhead, the cylindrical casing ssatd expand radially from the near end,
as shown in Fig 18b. As the detonate wave travelsgathe length of cylinder, the
cylinder starts to expand radially and forms argyical ring as shown in Fig 18c.
While, there is very little deformation on both sraf warhead due to heavy walls. With
the increasing expansion of cylindrical casing ttudigh pressure gaseous products of
detonation process, fractures start to appear @uroference as shown clearly in Fig
18d.

Due to continuing expansion process of cylindricasing , the fractures keep
elongating until it rupture the casing into a numbé high-velocity fragments [31].
Figure 16 shows the formation of fragments durlng éxpansion process at time, t= 0.4
msec. Maximum fragments are produced at the ciretente in radial direction, while
minimum fragments are produced at both ends o€yhedrical warhead. Both near end
and far end of cylinder mostly remain intact, dodéavy thickness of the casing at both

ends and can be easily identified in Fig 19.

fragmentation-af exploskely-loaded-cylindasr

Cycle 2661

Time 4 001E-001 ms

Units mm, mg, ms thickwalled, Stes! 4340

Figure 19: Formation of fragments from steel casingime t=0.4 msec
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4.2 Velocity of Fragments

It is one the most important blast parameter ajrfranted warheads as it defines
the lethality of the warhead. Higher the fragmargtocities, the more will be the range
of warhead and fragments penetration into the t4fg8. This initial fragment velocity
is also useful to estimate the danger area. Sindeandrld war, lot of research work has
been carried out in this field. To predict initiahgments velocities after the blast of
fragmented warhead, classical Gurney’s equatioasvately used. However, Gurney’s
approach has some limitations that it doesn’t ctitereffects of the material properties

of casing on blast parameters [10].

The selected warhead is now modelled in AutodyrH(S®lver) using different
casing materials already finalized in para 3.3.hEatthe warheads was subjected to
detonation to measure the blast parameters. Aadlrenentioned, 12 moving gauges
(observation points) were assigned on warhead gdeimeasure the blast parameters
including initial fragments velocities. Using thegauges, the fragments velocities for

each warhead were predicted.

Keeping in view the expansion and rupture processvarhead, fragments
velocities of only gauges 5-8 will be predicted amhsidered for comparison. Fig 20

shows the gauges 5-8 installed on warhead casipigethct the fragment velocities.

COMP B E
ASTM B0-42-10 @ .

Figure 20: Gauges 5 - 8 installed on Warhead Casing

Details of numerical simulations carried out todce initial fragments velocities
of warheads (having different casing materials)diseussed in subsequent paragraphs.
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4.2.1 A106 Grade C (Seamless Carbon Steel)The first casing material
considered for blast/fragmentation analysis in Ayto (SPH Solver) is A106
Grade C. As A106 Grade C is presently being usezhsieig material for PK-82
GP Bomb, therefore ballistic parameters of warh@eing A106 Grade C as
casing material), will be considered as referenme domparison with other
warheads (having different casing materials). TI®TK A106 specification is
for seamless carbon steel pipes for high temperatervice. As ASTM A106 is
produced as a seamless product only thereforeegrdbhave different types and
it comes in three grades; A, B, C. As comparedrtalg A and B, grade C has

maximum allowable carbon content; thus has higheshanical properties.

Once thick-walled cylindrical warhead was modelleing A106 Grade
C, the mass of casing and explosives comes out.&#4 %g and 2.072 kg
respectively. Using Gurney’'s equation for cylindticwarhead, the initial
fragment velocity comes out to be 1212 m/sec [3Re numerical simulation
using Autodyn (SPH solver) predicted a maximumiahifragment velocity of
1905 m/sec. Fig 21 shows the fragments velociteesinae at gauges 5-8 for a

warhead with casing material A106 grade C.

2,000
1 ,800—'"""“"“':
1,600 50 | , |
[l : : 5 : é
5 —— (1)Gauge# 5
Iﬁr 1r000_._..]__.. (2)Gaune¥ &
£ | (3)Gauge# 7
tge 800 - —— (4)Gauge# 8
4004
200}l
o
00 01 0.2 0.3 04 05 0.6

TIME (ms)
Figure 21: Fragments Velocities vs Time at Gaug8s 5

36



As the gauges 6 and 7 are located close to cerfitéheo warhead,
therefore maximum fragments velocities are observedthese gauges. The
maximum velocity at gauge 7 was observed at a tis®1 m/sec. So, it can be
assumed that 0.1 m/sec will be required for exmewisipture process of
warhead casing prior to formation of fragments.eAfthe rupture of warhead
casing, the blast gases will start to escape frasd cracks. Therefore, the initial
fragments formed will have maximum fragments velesj once they exit from

the influence of blast and same can be termeditzd finagments velocities.

To calculate the average velocity of fragmentsrédial direction), only
gauge 6 and 7 will be considered. Gauges 5 and Beated too close to ends of
cylinder and will also have velocity component ira¥is, that's why velocity
readings of these gauges have been excluded. H®x@nomm and minimum
values of fragments velocities at gauges 6 anc &xiracted from Autodyn and
depicted in Fig 22.

Plot Minimum ¥ Value Maximum Y Value

X Y X Y
1 0.0000e+000 1.0000e-010 1.7641e-001 1.8028e+003
2 C.0000e+000 1.0000e-010 8.9942e-002 1.9055e+ 003

Figure 22: Max/Min Values of Fragments Velocities$Gauges 6 and 7

Fig 22 presenting the numerical values of fragmeatscities (max/min)
against the plot shown in Fig 21. Plot 1 and 2i;n 20 are representing the plots
of gauges 6 and 7 respectively. The maximum vaftegauges 6 and 7 comes
out to be 1803 and 1905 m/sec respectively. Thexefthe average initial
velocity of fragments for casing material A106 grad comes out to be 1854

m/sec.

4.2.2 ASTM A27 Grade 65-35 (Cast Carbon Steel) ASTM A27

is a carbon steel formulated for casting. It iselydused in automotive industry,

37



railways, construction machinery, mining equipmantl engineering industries.
In Carbon steels, only carbon is used as a prih@paying element. Other
elements are present in very limited quantitiesl are added for de-oxidation.
Silicon and manganese typically range from 0.2580% Si, While Mn ranges
from 0.50 - 1.00% [33].

Once thick-walled cylindrical warhead was modelleing ASTM A27
Grade 65-35 (density 7.8 g/cm3), the mass of cammagexplosives comes out be
9.762 kg and 2.072 kg respectively. Using Gurneagsiation for cylindrical
warhead, the initial fragment velocity comes oub®1215 m/sec [32]. While,
the numerical simulation using Autodyn (SPH solvprgdicted a maximum
initial fragment velocity of 1885 m/sec. Fig 23 sfwthe fragments velocities vs
time at gauges 5-8 for a warhead with casing netaSTM A27 Grade 65-35.

1,800~~~ J4*hk
1,600 -5 -doeeee
1,400 -4
—1,200-
E
_i 1,000 —
[11]
-2
@m 800
< ' ' : : ! '
: i — (1)Gauge# 5 |
O | (2)Gauge# 6 |-
i —— (3)Gauge# 7 |
200 - ‘ ' omemmsmcheees | —— (4)Gauge# 8 [:
Ap— 1 | | |

00 01 02 03 04 05 08
TIME (ms)

Figure 23: Fragments Velocities vs Time at Gaug8d& ASTM A106 Gr C
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To calculate average fragments velocities, maxinikagments velocity
at gauges 6 and 7 were considered from Fig 24.nTdsamum values at gauges
6 and 7 were found 1784 and 1885 respectively. éfber, the average initial
fragments velocity for casing material ASTM 27 Getb-35 comes out to be

1835 m/sec.
& o L=l
Plot Minimum Y Value Maximum ¥ Value .
X
1 0.0000e+000 1.0000e-010 2.7148e-001 1.7840e+003
2 0.0000e+ 000 1.0000e-010 1.0903e-001 1.8848e+003

Figure 24: Max/Min Fragments Velocities at Gaugesfér ASTM 27 Gr 65-35

4.2.3 ASTM A536 Grade 60-40-18 (Cast Ductile Iron) ASTM 536 is an
American standard specification that covers castmgde of ductile iron, also known as
nodular or spheroidal cast iron. Nodular or ducttast iron is a more recent
development. It is obtained by controlled and &Kilintroduction of molten magnesium
into the iron, and small amounts of sulfur and pih@sus. Acquired in this way, it has a
different microstructure in which the carbon isgad in the form of spheres in ferritic
matrix. The change in microstructure results inlcmstronger, elastic and durable iron.
It has following compressive strengths like Abrasi@sistance, ability to molding,
fatigue and machinability. The main grades of ASABB6 includes:-

* Grade 60-40-18

» Grade 60-42-10

* Grade 65-45-12

* Grade 70-50-05

* Grade 80-55-06

* Grade 80-60-03

e« Grade 100-70-03
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e Grade 120-90-02

ASTM A536 grade 60-40-18 is ductile cast iron ie imnealed condition. Most
ductile irons are designed for specific applicasioand requisite mechanical
properties. ASTM A536 grade 60-40-18 has the lovetsingth (minimum tensile
strength of 414 MPa and yield strength of 276 MBa)l highest ductility (an
elongation of 18%) compared to the other variahtductile cast iron [33]. It is used

to manufacture high pressure bearing parts foraiaaigh temperatures.

Once thick-walled cylindrical warhead was modellesing ASTM A536 grade
60-40-18 (density 7.1 g/cm3), the mass of casirdyexplosives comes out be 8.948
kg and 2.072 kg respectively. Using Gurney’s equmafor cylindrical warhead, the
initial fragment velocity comes out to be 1264 m/$82]. While, the numerical
simulation using Autodyn (SPH solver) predicted aximum initial fragment
velocity of 1973 m/sec. Fig 25 shows the fragmemetscities vs time at gauges 5-8
for a warhead with casing material ASTM A536 gr&0e40-18.

2.000 v
1,aoo—~----:-;~ Ao . ‘
1o | ol RS St Wi i,

(1)Gauge® 5
- (2)Gauge® & | ___
E —— (3)Gauge® T
E — [(4)}Gauge# 8

T T
00 01 02 03 04 05 o0s
TIME (ms)

Figure 25: Fragments Velocities vs Time at Gaug8dd warhead having
casing material ASTM A536 Gr 60-40-18
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To calculate average fragments velocities, maxinikagments velocity
at gauges 6 and 7 were considered from Fig 26.nTdsamum values at gauges
6 and 7 were found 1935 and 1973 respectively. ,Tthesaverage max initial
fragments velocity for casing material comes oui¢d 954 m/sec.

@ Min/max .

Plot Minimum Y Value Maximum Y Value

X ¥ X Y

‘ 1

H 0,0000e+ 000 H1.DDDDE-D1D H1.EE?9E-DD1 H 1,9348e+003
2

0.0000e+000 1.0000e-010 1.2843e-001 1.9731e+003

Figure 26: Max/Min Values of Fragments VelocitiesGauges 6 & 7 for
A536 Gr 60-40-18

4.2.4 ASTM Grade 40 (Grey Cast Iron) Grey cast iron is a type of
cast iron, having grey appearance due to graplake fstructure that is formed
during the cooling process. It has better machlitglais compared to other types
of cast irons and is widely used for productionirafustrial components. The
graphite in gray cast iron has a flake-like stroetwhich is largely responsible
for the high machinability of this metal. The flakiee graphite structure gives
rise to discontinuities in the metal matrix and sedpent reduced cutting forces.
The main reason behind the popularity of grey oast components is their low
cost. It has reasonable strength, ductility andaot resistance for most of the
applications. Grade 40 cast iron is grey cast irothe as-fabricated (no temper

or treatment) condition.

Once thick-walled cylindrical warhead was modellsthg ASTM Grade
40 (density 7.5 g/cm3), the mass of casing and exytsstomes out be 9.386 kg
and 2.072 kg respectively. Using Gurney’s equatorrcylindrical warhead, the
initial fragment velocity comes out to be 1237 m/§&2]. While, the numerical
simulation using Autodyn (SPH solver) predicted axmmum initial fragment
velocity of 2087 m/sec. Fig 27 shows the fragmemelscities vs time at gauges

5-8 for a warhead with casing material ASTM Gra@e 4
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Figure 27: Fragments Velocities vs Time at Gaug8dd& casing material
ASTM Grade 40
To calculate average fragments velocities, maxinfikagments velocity
at gauges 6 and 7 were considered from Fig 28.nTdsamum values at gauges
6 and 7 were found 1911 and 2087 respectively. Tthesaverage max initial
fragments velocity for casing material comes oui¢d 999 m/sec.

X Y X Y
1 0.0000e+000 1.0000e-070 4.3337e-001 1.9106e+003
2 0.0000e+000 1.0000e-070 7.3114e-002 2.0867e+003

Figure 28: Max/Min Values of Fragments Velocitieszauges 6 & 7 for
ASTM Gr 40

425 ASTM A536 Grade 60-42-10 (Ductile Cast Iron) ASTM A536

grade 60-42-10 is a special grade of cast duatie. ilt has average value of
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tensile strength (min. 415 MPa), but the elongd&tadse high (min. 10%), which
makes it strong and ductile alloy. ASTM A536 gr&@e42-10 is mostly used for

special applications, such as pipes, fittings etc.

Once thick-walled cylindrical warhead was modellsing ASTM A536
grade 60-42-1Qdensity 7.5 g/cm3), the mass of casing and exypggstomes out
be 9.011 kg and 2.072 kg respectively. Using Gumeguation for cylindrical
warhead, the initial fragment velocity comes oub® 1260 m/sec [32]. While,
the numerical simulation using Autodyn (SPH solvprgdicted a maximum
initial fragment velocity of 2069 m/sec. Fig 29 sfwthe fragments velocities vs
time at gauges 5-8 for a warhead with casing n&t&$TM A536 grade 60-42-
10.

ABS VEL. (m/s )
—h
o
o
T

800—
600—
. . : — (1)Gauge# 5
400 — == SR sensmadibedeaiaak (2)Gauge# 6 |---
‘ ! ! : —— (3)Gauge# 7
200 - J i | _._;..__.._._. — (4)Gauge# 8 |---
0 i ! i i i i

00 01 02 03 04 05 06
TIME (ms)

Figure 29: Fragments Velocities vs Time at Gaug84d&r warhead having
casing material ASTM A536 Gr 60-42-10
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To calculate average fragments velocities, maxinfitagments velocity
at gauges 6 and 7 were considered from Fig 30.nTdsamum values at gauges
6 and 7 were found 1954 and 2069 respectively. /Tthesaverage max initial
fragments velocity for casing material comes ouied®012m/sec.

X Y X Y
1 0.0000e+ 000 1.0000e-010 1.1230e-001 1.9538e+003
2 0.0000e+000 1.0000=-010 7.1585e-002 2.0685e+003

Figure 30: Max/Min Values of Fragments Velocitiessauges 6 & 7 for
A536 Gr 60-42-10

4.2.6 Predicted Average Fragments VelocitiesThe average fragments
velocities of different warheads predicted by AwiodSPH are displayed
graphically in Figure 31. The reference materialTASA106 Grade ‘C’ has an
average fragments velocity of 1854 m/sec. The nvaxame fragments velocity
was predicted in warhead having casing material MS¥536 Grade 60-42-10
i.e. 1212 m/sec.

2050 1999 2012
2000 1954
1950
1900 1854
1850 1835
1800
1750
1700
ASTM A106 ASTM 40 ASTM A27 ASTM A536 ASTM A536
Grade C Grade 65-35Grade 60-40Grade 60-42-
18 10

Avg Fragments Velocity

Different Material Used

Figure 31: Predicted Average Fragments Velocityt@dlyn) for all Warheads
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4.3 Fragmentation process

Fragmentation process of exploding warhead cmaprbdf three main aspects
i.e., total number of fragments produced, average ®f fragments and spatial
distribution of fragments. Higher the number ofgiteents more will be the probability
of warhead to get damaged. Higher the mass of feaggrmore will be their lethality or
ability to destroy the target. However, higher miaagments will face more drag due to
their higher mass and dimensions. Therefore, tsbmild be a balance between the
mass of fragments and the effective range of weapae to this reason, the number of
fragments produced and size of fragments will & af focus during interpretation of

fragmentation analysis.

4.3.1 Fragments Mass Distribution The casing material undergoes
natural fragmentation after the blast. The propagaand size of fragment is
random and dependent upon the shape of warheadligpersal pattern and size
of the fragments is largely random. Despite usiifer@nt casing materials,
almost similar type of Mass distribution of fragnerwas observed for all
warheads. Due to this reason, the average masagmhénts produced for all the
warheads is almost same (refer table 10). Fig 3#shthe fragments mass

distribution of warhead having casing material ASA#06 Grade C (reference

material).
1000
828
800

)
c
GE) 600
() 404
g 400
©
s 200 112 82 96
o)
E 0
z <0.13 0.13~0.75 0.75~2 2~10 >10

Mass distribustion (Grams)

Figure 32: Fragments Mass Distribution for ASTM A&lBGrade C
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The fragments mass distribution mentioned in Tatleis based on
analysis of small fragments only and the 02 laigedsfragments produced at

both ends of cylinder (approx. mass 13-14 Kgs) hmaen excluded.

4.3.2 Total Number of Fragments Produced After completion of
simulation process, fragmentation analysis repomse generated for all the
warheads (with varying casing materials). As alyeackntioned Autodyn (SPH
solver) caters each individual fragment as sepadetgity and provides detailed
information of each fragment like mass, dimensi@vwgrage speed, momentum
and kinetic energy etc. Table 9 presents the fragmtien behavior (i.e., total
number of fragments produced and the average diZeagments) for each

warhead.

Table 9: Summary of Fragmentation Analysis ReparCiifferent Warheads

Casing Materials Total Fragments Average Size of
9 Produced Fragments (mg)
A106 Grade C 1522 13.79
ASTM 40 1536 13.79
ASTM A27
Grade 65-35 1594 13.78
ASTM A536
Grade 60-40-18 1558 13.79
ASTM AS36 1619 13.79

Grade 60-42-10

It is evident from the Table 9, that fragments mdssribution that
average fragments mass is almost same for all titerrals. Fig 33 represents
the graphical representation of total number ofjfrants produced by each
warhead in Autodyn. The reference material produlds?l fragments while the
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maximum fragments were produced by ASTM A536 Gradet2-10 i.e. 1619

fragments.

1650 1619
1594

1600 —
1550 1522 1536

1500

1450
ASTM A106 ASTM 40 ASTM A27 ASTM A536 ASTM A536
Grade C Grade 65-35 Grade 60-40-1&rade 60-42-10

Total produced Fragments
Different Materials Used

Total Fragments Produced

Figure 33: Predicted Total Number of Fragments ¢élyih) for all
warhead casings

The extract from fragmentation analysis reportadtrecasing material is
depicted in Fig 34-38. Besides presenting the totamber of fragments
produced during the simulation process, these &stere presenting summary of
small particles. Furthermore, these extracts apictleg the properties of 03
individual fragments (sorted by mass, high to Idik¢ mass, volume, kinetic
energy, average speed etc.
Fragmentation Information Summary
Ident name: fragmentation-of-explosively-loaded-cylinder
Number of fragments: 1522
Unit system: (mm.mg.ms)
Time: 6.000E-01

Cycle: 3786

Total Mass: 4. 758E+07

Elements S
E[TY’?IE:(M in Mass Center-X | Center-Y | Center-Z | Origin-X | Origin-Y | Origin-Z | Volume Egr?;‘tahclensllc E‘r?:rtg;; g;z?dge ﬁxzatum ﬁxy;iilum ﬁxﬂéseilum
Fragment
1 226252 | 1.421E+07 | 0.00 0.00 -112.59 10.00 0.00 3246 |1.811E+06 (290.81 4.494E+11 |251.50 |0.000E+00 |0.000E+00 |-3.573E+09
2 225984 | 1.419E+07 | 0.00 0.00 58120 (0.00 0.00 371.58 | 1.809E+06 290.19 1.003E+12 | 375.80 |0.000E+00 |0.000E+00 |5333E+09
3 7876 4946E+05|731.06 [731.09 26273 15630 156.31 [200.64 |6.316E+04|241.33 6.973E+11 | 1678.12 | 5.85TE+08 |5.857E+08 |5331E+07 |*
Small Particle summary
Total number Total mass Lowest Mass Average Mass Largest Mass Total KE Total Momentum
601153 8.288E+06 1.374E+01 1.379E+01 5.494E+01 7.9688E+12 1.082E+10

Figure 34: Extract from Fragments Analysis RepbiCasing Material A106
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Fragmentation Information Summary

Ident name: fragmentation-of-explosively-loaded-cylinder

Number of fragments: 1594

Unit system: (mm.mg.ms)

Time: 6.001E-01

Cycle: 4055

Total Mass: 4.733E+07

Elements . . N
Fragment = : , Characteristic | Kinetic Average | X-Wise Y-Wise Z-Wise
Number ?ragment Mass Center-X | Center-Y | Center-Z | Origin-X | Origin-Y | Origin-Z | Volume Length Eneray Speed | Momentum | Momentum | Momentum
1 226160 | 1.411E+07 |0.00 0.00 580.95 |0.00 0.00 37155 | 1.810E+06 | 299.43 9.961E+11 | 375.52 |0.000E+00 |0.000E+00 | 5.299E+09
A 218172 |1.361E+07|0.00 0.00 -11540 |0.00 0.00 3144 | 1746E+06 | 27817 4 435E+11 | 25525 |0.000E+00 | 0.000E+00 |-3.475E+09
3 7125 4 446E+051731.37 173143 125994 15630 (5630 119990 |5717E+04 22935 6.269E+11 | 1677.94 [ 5265E+08 |5 265E+08 | 4.626E+07
Small Particle summary
Total number Total mass Lowest Mass Average Mass Largest Mass Total KE Total Momentum
601336 §.288E+06 1.374E+01 1.378E+01 5.494E+01 T.960E+12 1.084E+10

Figure 35: Extract from Fragments Analysis Repb€asing Material ASTM A27
Grade 65-35

Fragmentation Information Summary

Ident name: fragmentation-of-explosively-loaded-cylinder

Number of fragments: 1558

Unit system: (mm.mg.ms)

Time: 6.001E-01

Cycle: 4709

Total Mass: 4.408E+07

Elements . T : - :

Fragment - - - Characteristic | Kinetic Average | X-Wise Y-Wise Z-Wise
NimEer E{agment Mass Center-X | Center-Y | Center-Z | Origin-X | Origin-Y | Origin-Z | Volume Length Energy Speed | Momentum | Momentum | Momentum
1 225452 | 1.290E+07 | 0.00 0.00 -126.74 |0.00 0.00 32.38 | 1.804E+06|308.78 5.465E+11 [291.09 |0.000E+00 |0.000E+00 |-3.754E+09
2 217096 | 1.242E+07 | 0.00 0.00 592.79 [0.00 0.00 372.69 | 1.737E+06 | 286.72 9.599E+11 [393.12 | 0.000E+00 |0.000E+00 |4.882E+09
3 7071 4.045E+0511081.12 [75.10 |263.57 (7856 [13.03 120345 [5671E+04|254.36 6.307E+11 |1765.04 | 7.117E+08 |3.730E+07 |4.233E+07

Small Particle summary

Total number Total mass Lowest Mass Average Mass Largest Mass Total KE Total Momentum

601112 8.288E+06 1.374E+01 1.379E+01 5.494E+01 8.352E+12 1.112E+10

Figure 36: Extract from Fragments Analysis Repbd€asing Material A536 Grade 60-

40-18
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Fragmentation Information Summary

Ident name: fragmentation-of-explosively-loaded-cylinder

Number of fragments: 1536

Unit system: (mm.mg.ms)

Time: 6.000E-01

Cycle: 5812

Total Mass: 4.583E+07

Elements e I i
Fragment o g - Characteristic | Kinetic Average | X-Wise Y-Wise Z-Wise

in Mass Center-X | Center-Y | Center-Z | Origin-X | Onigin-Y | Origin-Z | Volume
Number Fragmen Length Energy Speed | Momentum | Momentum | Momentum
1 224068 | 1.344F+07 |0.00 000 50049 (000 |000 |37179 |1793E+06 30290 1.085E+12|401.65 |0.000E+00 |0.000E+00 |5.400E+09
2 221384 | 1.328E+07 |0.00 0.00 1706 (000 (000 |31.88 |1.771E+06|277.93 4277TE+11|253.78 | 0.000E+00 |0.000E+00 |-3.370E+09
q anRd A 428F+0R 11057 20 Innn 24804 [7094 Innn 10214 |7 970F+na | 203 11 ana7F+11 11722 /1 [0 381F4n8 [0 nnnF+nn | R RMF+NT
Small Particle summary
Total number Total mass Lowest Mass Average Mass Largest Mass Total KE Total Momentum
600997 8.287E+06 1.374E+01 1.379E+01 5.494E+01 8.099E+12 1.093E+10

Figure 37: Extract from Fragments Analysis RepbCasing Material ASTM Grade 40

Fragmentation Information Summary

Ident name: fragmentation-of-explosively-loaded-cylinder

Number of fragments: 1619

Unit system: (mm.mg.ms)

Time: 6.001E-01

Cycle: 3748

Total Mass: 4.433E+07

Elements s | oo . 3
Eﬁ%‘ggﬂt in Mass Center-X | Center-Y | Center-Z | Origin-X | Origin-Y | Origin-Z | Volume Eglﬁ;la;!enslic Elr?eefgit é;ifge ﬁ'mzﬁ'um \i\{’gx:?a?\lum ﬁéﬂrﬁ:entum
Fragment
1 223740 |1.289E+07 | 0.00 0.00 -121.31 |0.00 0.00 3217 | 1.790E+06 | 292.10 4.542E+11 26544 |0.000E+00 |0.000E+00 |-3.421E+09
2 219452 | 1.264E+07 | 0.00 0.00 591.92 |0.00 0.00 37235 | 1.757E+06 | 290.84 9.793E+11 | 393.33 | 0.000E+00 | 0.000E+00 |4.972E+09
a2 TR AATTC. AR | ANTE A0 no 44 AR0 N7 70 R4 1247 NN AR R O4RC . N4 | 24 N4 R ARAC .44 | 47E0 47 | 7 2NnRC . NO /R NNAC .. AT A NARC AT
Small Particle summary
Total number Total mass Lowest Mass Average Mass Largest Mass Total KE Total Momentum
600856 8.288E+06 1.374E+01 1.379E+01 5.494E+01 §.281E+12 1.106E+10

Figure 38: Extract from Fragments Analysis Repb@asing Material A536 Gr 60-42-

10
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4.4  Comparative Analysis of Results

After predicting the blast parameters of thicklec cylinder warhead (using
Autodyn (SPH Solver), aomparative analysis has been carried out betwegheads
(of different casing materials). The main paranseteonsidered for comparison are
average fragments velocities and total number afjfrents produced during the
fragmentation process. All warheads considered for comparison have similar
geometry/dimensions and same explosive fill inddé different casing material. The
comparative analysis of both predicted parametensg various simulations is depicted
in Table 11:-

Table 10: Comparative Analysis of Total Number cdgments Produced

Total % Average %
Casing Materials Fragments Increase Fragments Variation
Produced Velocity (m/sec)
ASTM A106 Grade C Reference Reference
(Cast Carbon Steel) 1522 Material 1854 Material
ASTM 40

(Grey Cast Iron) 1536 0.92 1999 7.82
ASTM A27 Grade 65-35 1594 4.73 1835 .0.01

(Cast Carbon Steel)

ASTM A536 Grade 60-
40-18 1558 2.37 1954 5.39
(Cast Ductile Iron)

ASTM A536 Grade 60-
42-10 1619 6.37 2012 8.52
(Cast Ductile Iron)

All the selected materials produces slightly moragients as compared to
reference material i.e., A106 Grade C. The maxinmumber of fragments produced by
a warhead having casing material ASTM A536 Grade4®Q0, which are 1619

fragments (6.4% more than reference casing material

Similarly, all the selected materials (except ASAZI7 Cast Carbon Steel) gave

higher average fragments velocities as comparaeéfezence material. The maximum
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average fragments velocities was observed in wdrlh@aing casing material ASTM
A536 Grade 60-42-10, which is 2012 m/sec (8.5% niwaa reference casing material).

Warheads having cast ductile iron casing materiabwed excellent
fragmentation characteristics during the numersiaiulation. Two different alloys of
Cast Ductile Iron were considered in comparativalysis (i.e., ASTM A536 60-40-18
and ASTM 60-42-10), both materials showed improveinie terms of initial fragments
velocities and number of fragments produced, orwapared with reference material
i.e., ASTM A106 Grade C.

4.5 Comparison of Physical Properties

As cased munitions are subjected to long term g&raxtreme environments
conditions and loads during launch and drop seqaherefore these munitions must

have extra ordinary physical properties like sttBngnpact and corrosion resistance etc.

Keeping in view the comparative analysis of blamtameters i.e., total number
of fragments produced and initial fragments velesitcast ductile iron was found more
suitable as a casing material for fragmented walhehie to its better fragmentation
characteristics. However, prior to consider it as@acement to existing materials, it is
better to undertake comparison of both materials basis of different physical

properties. Details of the comparison are as fatew

4.5.1 Composition/ Structure  Ductile iron has higher carbon content
(3.0%-3.9%) than cast steel (0.08%-0.60%). Dueinutdd carbon content in
cast steel, carbon does not form free graphites thaulting in a laminate type
structure. While in Ductile Iron, graphite flakeseamodified by a skill full
treatment process to form tiny spheres or noddles modified microstructure
of cast ductile Iron provides it the physical prdjes like steel [34].

4.5.2 Strength Cast ductile Iron alloys are much stronger as coath#o
cast iron alloys. Both cast steel and ductile i@s almost similar values of
tensile strength but yield strength of ductile itwas higher value than cast steel.
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The comparison of strength between cast ductile aitoy and cast carbon steel
alloy is presented in table 10 [34]. It is evidéoim table 10 that as the strength

of cast ductile iron alloy is increases its duttillecreases.

Table 11: Comparison of Strength between Cast [Buictin vs Cast Steel

ASTM A536 Cast Ductile Iron ASTM A27 Cast Carbored
Ultimate . Ultimate :
. Yield : : Yield .

Grades Tensile Strength Elongation Grades Tensile Strength Elongation

Strength (ksi) (%) Strength (ksi) (%)

(ksi) (ksi)

60-42-18 60 40 18 60-3@ 60 30 22
65-45-12 65 45 12 65-35 65 35 24
80-55-6 80 55 6 70-36 70 36 22

4.5.3 Shock Absorption Cast ductile iron has better shock absorption as
compared to cast carbon steel. Shock absorptiaeendent on degree of
ferrization in microstructure. The average dampmapgacity of a cast ductile iron
is 6.6 times greater than SAE 1018 steel [34]. uthis reason, ductile iron is

considered best for warheads that impact the target

4.5.4 Weldability Cast carbon steel has better weldability as contp&oe
cast ductile iron. However, proper welding candotieved in ductile iron by
following specialized welding procedures [34].

4.5.5 Abrasion Resistance Cast ductile iron has superior abrasion
resistance and it is even comparable to some obélse grades of steel. Due to
this reason, cast ductile iron is normally usedriction wear components e.g.
engine crankshafts. The presence of higher pexgendf graphite is the main

reason behind its better abrasion resistance vadthas a lubricant [34].

4.5.6 Corrosion Resistance Cast ductile iron alloys have superior
corrosion/oxidation resistance as compared to caston steel and even better
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than highly alloyed steels in certain environmemditions. Oxide penetration

may severely affect the performance and strengéndloy [34].

4.6 Cost Effectiveness

Cast ductile iron alloys not only offers high perf@nce and versatility but also
a cost effective substitute for cast carbon steBlsting solidification process of
commercial cast metals, decrease in volume occumsich causes shrinkage
(internal/external) of structure. Therefore, aduaitimetal is poured from a reservoir to
avoid these defects. However, in case of ductile castings, graphite is formed during
the solidification process, which causes interngdamsion of ductile iron. Due to this
reason, ductile iron alloys doesn’t require adddiofeed metal. This provides a
substantial cost saving with respect to limitedursgment of material and power
consumption. Furthermore, it is less brittle thamstrtypes of iron and can be used in the
as-cast condition without additional heat treatrmerifable 12 presents the cost
comparison of existing casing material i.e., ASTNIO& Grade C and Cast Ductile Iron
ASTM A536 Grade 60-42-10.

Table 12: Cost Comparison between Cast Ductile WeiCast Carbon steel

' Price
Material Grade (USD/KG)
Cast Ductile Iron 1.31
ASTM A536 Grade 60-42-10 '
Cast Carbon Steel 2.40
ASTM A106 Grade C '

(Source:http://www.iron-foundry.com/ductile-irongmerties-advantages-costs-capability. html)
4.7 Improved Lethality Warhead (ILW) program

The Improved Lethality Warhead (ILW) program isedfort to increase lethality
of GP Bombs to enhance the area attack capabflitySAF (United States Air Force)
fighter aircraft. The project was started in ye&12 and was aimed to improve

fragmentation characteristics of existing GP bomhs future scenarios.After
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considering different options, improvement in lditiyawas recommended by replacing
the existing steel casing with an alternative maltemvhich produces much better

fragmentation than warheads with conventional staging.

In FY 2016, USAF started manufacturing of prototypeU-134/B Improved
Lethality Warhead (ILW) using cast ductile ironasasing material for the bomb body.
Cast ductile iron was finalized as casing materrabasis of its excellent fragmentation
characteristics observed during the testing phB8sside better fragmentation, cast
ductile iron has excellent physical propertiesglitensile strength, impact resistance,
shock absorption, weldability, corrosion resistanoé abrasion resistance etc.), and it
can handle extreme environments conditions (likbrations, maneuvering loads,
extreme temperatures, etc.) during flight and degguence from fighter aircratft.
Subsequent to its aerial trials and arena testesglts, same will be subjected to serial

production.
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Conclusion

The comparative analysis of blast parameters abwarfragmented warheads
(with different casing material) has been demonstiraising Autodyn (SPH solver). A
thick-walled cylindrical warhead was chosen fronaitable literature and subjected to
fragmentation analysis using Autodyn. Blast paramselike shock wave pressure, initial
fragments velocities, number/size of fragments pced, mass/spatial distribution of
fragments etc. were predicted by installing gauges observation points) on warhead
casing. The simulation results were validated bympgaring it with the
experimental/simulation data available in literaturSubsequently, thick-walled
cylindrical warhead was modelled in Autodyn usiriffedent casing materials and a set

of simulations were performed to evaluate the parémce of each casing material.

Comparative analysis revealed that cast ductile itasing’s provides better
fragmentation characteristics as compared to otioer alloys. Warhead with casing
material ASTM A536 Grade 60-42-10 Cast Ductile Imoduced maximum number of

fragments and maximum fragments velocities.

In addition, cast ductile iron has high performafeatures like improved cast-
ability, increased strength, superior shock absmmpand excellent corrosion/abrasion
resistance. Furthermore, cast ductile iron has dogt as compared to cast steel as it

requires limited material resources and less eneggurces (i.e., heat treatment).

The comparative analysis result also got validdtedhe findings of Improved
Lethality Warhead (ILW) program, initiated by USAepartment of Defense (DoD),

which also recommends used of cast ductile iroa @ssing material for its GP Bombs.

It has also been concluded that Autodyn (SPH sphgea better technique to
simulate fragmentation process of cased munitidbhsnot only provide better
understanding of fragmentation process but canadsist to determine blast parameters,
which are otherwise difficult to measure in fielkperiments. Furthermore, it analyzes

each and every fragment produced during the fratatien process and provides
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detailed information of each fragment like masseahsions, average speed, momentum

and kinetic energy etc.

Last but not the least, the improvement in perforceaof PK-82 GP Bomb will
be benefitting for Research and Development (R&Blug of Pakistan Ordinance
Factories (POF), Wah Cantt and PAF Munitions RjlliFactory, Malir Cantt, Karachi.
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Recommendations

The above mentioned fragmentation analysis teclenisjspecifically applicable
to cylindrical warheads but can also be generalipedny type of cased munitions. To
get more accuracy and reliability in predictionbdfist parameters, it is suggested that
MK-82GP Bombs may be modelled in Autodyn as penaticale down dimensions.

In this research, due to paucity of time, onlygd@des of cast ductile iron were
considered for fragmentation analysis. Remainingdgs may also be considered in
future work to establish a better casing mateaakchsed munitions.

In addition, concept employed in pre-frag bombs, imarking a pre-scored
seams along length/ width on inner side of bombybarhn also be modelled in
Autodyn, to further improve the fragmentation cluéeastics.
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