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Abstract

ABSTRACT

In addition to its various military applicationshaped charges have been used in oil
industry as an oil well perforator (OWP) to connedtand gas to their reservoirs. The
collapse of the liner material under the explosoaa produces a hypervelocity jet capable
of achieving a deep penetration tunnel into thé& fecmation. The achieved penetration
depends on the OWP design, which includes the gegnamd the material of the
explosive and the liner as well as the initiatioad® and the casing of the shaped charge.
The main purpose of this research is to assespdHermance of OWP with different
design aspects in terms of its penetration depgthdancrete material.

This research employed the Autodyn finite differeraode to model the behaviour of
OWPs in the stages of liner collapse, jet formatand jet penetration. The design
parameters of OWPs were studied quantitativelydémiify the effect of each individual
parameter on the jet characteristics and the jeetpation depth into concrete material
according to the API-RP43 standard test configanatin order to validate the Autodyn
jetting analysis, this research compared the gesimulation results of copper OWP liners
with those obtained from flash x-ray measuremethtisevthe numerical jet penetration into
the laminated concrete target was validated expmarially by the static firing of OWPs.
Above-mentioned experiments were designed and ipeeid in this project.

The validated hydrocode was implemented in thigaesh to study the effects of the
concrete target strength, the liner material amdlitrer shape on the jet penetration depth
into concrete targets.

For the target strength, the traditional virtuagor (VO) penetration model was modified
to include a strength reduction term based on dwlimslamage number and the effect of
the underground confinement pressure using Druekager model. The VO analytical
model is also implemented in the liner materialdgtuo account for the jet density
reduction phenomena and its induced reduction bfpgnetration capabilitythe jets
obtained from machined copper and zirconium lireamd from copper-tungsten powder
liner all exhibited the density reduction phenomértage modified VO model considers the
non-uniform distribution of jet density based oe {bt profile analysis using Autodyn and
the experimental soft recovery for some testeddin€he results lead to a modified VO
penetration model including the non-uniform jet signeffect.

For zirconium liner material, numerical and analgtistudies were conducted for different
flow velocities and different collapse angles id@rto determine the boundaries between
the jetting and non-jetting phases and whetherheremt or a non-coherent jet will form.
This study indicated that the suggested four difiediner shapes (i.e. the conical, the
biconical, the hemispherical and the bell) will guoe coherent jet when the zirconium is
used as OWP liner.

The validated Autodyn hydrocode is also used is thiesis to calculate the velocity
difference between two neighbouring zirconium jetgfnents. The velocity difference is
related directly to the breakup time of an OWP geil thus, it is calculated for a range of
zirconium liners with different liner wall thickness. The calculated values of velocity
difference gave a clear insight for the breakupetfilormulae for zirconium jet in terms of
the liner thickness and the charge diameter.
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Chapter 1: Introduction

CHAPTER.1 INTRODUCTION

1.1 Research Background

In addition to its military applications such agigank munitions and missile warhead,
shaped charge has been used in civilian applicatibor example, oil well perforator
(OWP) based on shaped charge technology is usednteect the wellbore to the oil and
gas reservoir by creating deep holes. When a shelpadje is detonated, it produces a
hypervelocity jet with a tip velocity around 10knasd a slug velocity around 2km/s. Due
to the velocity gradient between its tip and sltitg jet stretches until its breakup. The
hypervelocity stretching jet can produce a deepefration into the target in front of the
shaped charge jet. For the OWP application, thpeshaharge jet penetrates multi-layered

laminated targets.

The performance of the OWP in terms of its peniematlepth for a given target depends
mainly on the type and the amount of the explosised, the liner geometry and liner
material. Other parameters such as the chargeneonéint and the mode of initiation also
have evident effects on the jet characteristicsitngenetration capability. The penetration
performance of an OWP is characterised by thecsfatng of the OWP against the
standard laminated targets representing the geabgiedium, the gun carrier, the well
steel wall and the wellbore fluid. The standardifeated target is steel/water/steel/concrete
with respective thicknesses of 3.2/17.2/9.5/1000awcording to the American Petroleum
Institute test section (API-RP43).

This thesis is aimed to identify the dominant pagters that influence the OWP jet
formation and its penetration capability into caater target with the assistance of the
Autodyn hydrocode package. This hydrocode is vidididy the experimental static firing
of OWP against the standard test configurationd$ield tests and by measuring some
designed liner aspects (e.g. velocity and breakme)tusing flash x-ray facility. The
suitability of Autodyn hydrocode for the simulati@i shaped charge jet formation and

penetration has also been demonstrated by manijopsworks.

Small diameter OWP (i.e. 36mm) is selected as alinasin this study, while the design
improvements include the liner material and itspghalrhe design of the liner material

based on a range of new material candidates, ssichireonium and copper-tungsten
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powder mixtures in addition to the traditional cepprhe liner geometries include conical,
hemispherical, bell and bi-conical shapes.

1.2 Originality of Research

The wide usages of shaped charges in the militadycavilian sectors have demonstrated
that the increase of penetration depth is one efntlain objectives of the shaped charge
designers. Thus, the penetration enhancement igfotine key issues to be resolved, and

therefore, is the focus of this research.

The majority of existing research work on shapedrgl penetration employed the
assumption that the jet has a uniform density Withsame value as that of the solid liner
material, where the effects of the jet heating, prssibility and metallurgical changes are
usually ignored. Zernow [1] is one of the few resbars who discussed the unexplained
jet density reduction and density deficit phenomédna he did not discuss the effect of
density reduction on the penetration depth. Thhs, \tirtual origin penetration model
introduced initially by Allison and Vitalli [2], wire constant jet density was assumed, was
modified in this research to account for the peai@n decrease due to the density
reduction phenomena. The influences of concretength and its underground
confinement pressure on the penetration depth lacestudied in this research where a
modified Allison-Vitalli equation is proposed tocinde a target strength correction term.
On the other hand, Cowan and Holtzman [3] calcdlfitav velocities of jet elements and
the corresponding collapse angles for some comnmar Materials except zirconium.
These parameters are important because they gwedifferent regions defined by
jetting/non-jetting and coherent/non-coherent bauied for a given shaped charge liner
material. These regions were determined by analyamd numerical studies for the
zirconium liner material in this study. The numafienodeling of the jet formation was
presented to understand the features of jet foomai different regions for four zirconium
liners of different shapes. The bell, hemisphericanical and bi-conical liners were
successfully designed and tested based on thebgi@alaand numerical results.

Hirsh [4-5] suggested a unique way to determine jdtebreakup time based on the
maximum plastic particle velocity (or the velocit§fference between neighbouring jet
fragments) for shaped charge copper jet, which isritical parameter to distinguish
continuous and particulated jets that have sigmifigdnfluence on the jet penetration. This
research calculated the plastic particle velo@tyshaped charge jet of zirconium liners of
different wall thicknesses. A simple analyticalatedn between the ratio of liner thickness
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to charge diameter and the plastic particle vejositintroduced and used directly for the
calculation of the breakup time of the zirconiury jghich demands huge computing cost
if numerical approach is employed to obtain thesttaparticle velocity over the entire

range of liner thicknesses.
1.3 Objectives and methodology of research

The objectives of this study are

- To develop a modified virtual origin model withet considerations of the jet density
reduction and the target strength enhancementaltieetconfinement pressure effect in
order to improve the prediction of the jet penératiepth.

- To test the penetration performance of OWP udiffgrent liner materials.

- To investigate the conditions of jet formatiordats coherency for different zirconium

liner shapes.

- To present an independent formula for zirconiweh py which the plastic particle

velocity can be easily estimated and used to prédeakup time directly.
1.4 Thesis structure

Chapter 2 introduces shaped charge, the general paramétecsireg its performance, the

different liner materials and their manufacturieghniques.

Chapter 3 describes the shaped charge jet formation protesget breakup models and
jet penetration models.

Chapter 4 introduces Autodyn hydrocode, equation of state SE@nd material

constitutive/strength models.

Chapter 5 presents a general parametric study including#hdation and the verification

of the codes used in this project.

Chapter 6 discusses the effects of concrete strength opehetration reduction, in which

four concrete targets with different strengthstasted for the identical OWP design.

Chapter 7 studies the liner shape effect on shaped charg@gdormance for four

different shapes of zirconium liners, i.e. the cahi bell, hemispherical and bi-conical
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liner shapes. The theoretical calculations in dfapter include the jet formation and jet
cohesion conditions for the zirconium liner materiche performances of the OWP with

these zirconium liner shapes are verified againstiete targets.

Chapter 8 studies the liner material effect, including copparconium and copper-
tungsten un-sintered powder mixture liners. Theeatffof the jet density reduction
phenomena on its penetration capability is disaissewhich the traditional virtual origin
model was modified to account for the reduced patieth depth due to the jet density

reduction.

Chapter 9 calculates the velocity difference between neighing zirconium jet
fragments. Parameters of the Johnson-Cook cormgtitatjuation are obtained for a range
of strain, strain-rate and temperature, which aentused to calculate the characteristic

plastic particle velocity and jet breakup time Zoconium jet.

The thesis is concluded @hapter 10 where the main findings from this research are

presented together with recommendations for thedustudy in this field.
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CHAPTER.2 LITERATURE REVIEW

2.1 Overview

2.1.1 Shaped charge phenomenology

The hollow charge is a cylinder of explosive withhallow cavity in one end and a
detonator at the opposite end. The hollow cavitysea the gaseous products formed from
the detonation of explosive at the end of the c@mto focus the energy of the detonation
products. The focusing of the detonation productgtes an intensive and localized force
when it is directed against a target. This conegatr force is capable of creating a deeper
cavity than a cylinder of explosive without a hallgavity; even though more explosive is
available in the latter case. This phenomenon @vmnin USA as Munroe effect, and in

Europe as the Vonfoester or Neumann effect [6i]Justrated in Figure 2-1.
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Figure 2-1 A schematic drawing of a shaped chaogdiguration.

If the hollow cavity is lined with a thin layer diuctile metal, glass, ceramic, or any solid,

the liner may form a jet when the explosive chasggetonated.

After the detonation of a shaped charge, a spHenase propagates outward from the
point of initiation. The extremely high pressureukting from the explosive detonation
pushes out the liner material causing it to colkdéh other collapsed liner elements and
form a hyper velocity jet with high strain-ratetb liner in the range of 1@ 10s™ [7].

Under this extremely high pressure, the succeestediil move with a tip velocity around
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9 km/s, while the tail of the jet called a slug maswvith a velocity around 2km/s as
illustrated in Figure 2-2.

The slug

Figure 2-2 Collapse of the liner and the formatibthe jet [6].

When this extremely energetic jet strikes a medafjdt at a distance from the shaped
charge (i.e. stand-off distance), a deep cavifgrismed, exceeding that caused by a hollow

charge without liner [6], as illustrated in Figl€.

Shaped charge
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)

Fe

hetallictarget

!
|
@) ) ©

Figure 2-3 Different effects of shaped charge oge (a) unlined cavity effect, (b) lined
cavity effect, and (c) lined cavity with stand-adfttance.

The cavity produced in the metal plate due to #idgrget interaction is not due to the
thermal effect but due to the hydrodynamic flowtafget material by extremely high

pressure.
2.1.2 Shaped charge applications

2.1.2.1Development of the shaped charge and its wide usagemilitary applications

Shaped charges are extremely useful for penetratingurs or piercing barriers in the

field of military applications. It can be used apat of torpedoes, missiles or particularly
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as an anti-tank ammunition. Its military applicatistarted from World War Il when the
so-called hollow charge projectiles were proposed.

The effect of shaped charge with unlined cavitynoetallic target was firstly recognized
by Max Forester in 1883. This effect was also disced by Charles Munroe in 1888 and
by Neumann in 1910. The effect of shaped chargé witlined cavity was called the
Munroe effect in the USA and UK and the Neumaneafin Germany [6]. Munroe used
this device to print symbols on metal plates. Moep he disceered that placing the

hollow charge at a distance from the target surfaméd increase the depth of crater in
target [6].

The US army used the lined shaped charge inventeddhaupt [6] to produce the first
shaped charge grenades. Moreover, Mohaupt usedveistion to produce rifle grenades
and mortar bombs up to a calibre of 100 mm. Afterénd of World War 1, UK started a
development program of lined shaped charge, whdo&¥s produced the 2.26 in. high
explosive anti-tank (HEAT) machine gun grenade #v 75 mm and 105 mm HEAT
projectiles. Later, the machine gun round was niedlifo include a rocket motor and a
shoulder launcher, which was named Bazooka. In 18wl Bazooka was firstly used by
UK in North Africa.

During the 1950's, tremendous efforts were doneatdwthe understanding of the
phenomenon associated with the shaped charge na@afion. Analytical models were

developed to calculate the liner collapse charesties and the penetration depth.

In 1973, when Manfred Held invented the explosigactive armour, which can easily

defeat the shaped charge jet, tandem warheadsdegestoped to defeat modern armour.
Each warhead consists of two shaped charges, pteeedfter the other. The idea was that
the first jet would make the penetration easierttfi@ second charge by initiating the high
explosive or the reactive materials in the reacawaours or explosive reactive armour
module (ERA) [8].

In 1990, new developments of shaped charges weferped regarding the type and the
shape of liner material leading to the developn@&nadvanced warheads such as EFP
(explosive formed projectiles) installed in rocketrhead TOW (Tube Launched Optically
Tracked Wire Guided) missile.

Currently, shaped charge research continues inr dadeountermeasure the advanced

armours. Studies that originated in the nineteestiitury and developed in the twentieth
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century still continue, notably, torpedo applicasoof shaped charge rounds, multi-staged
or tandem warheads, long stand-off rounds, noneab@nd non-copper liners, etc. Also,
metallurgical and chemical aspects of the lineremakt as well as methods of liner

fabrication remain important [6].

2.1.2.2 Civil applications of shaped charge
In addition to its wide usage in military field$yaped charges can also be used in different

civil fields such as:
- Oilindustry as oil well perforator
- Explosive ordnance disposal
- Cautious blasting and demolishing works
- Break, crack or form holes in rocks
- Earthmover in large constructions (e.g. tunnels)
- Cutting of steel tubes and railways with largentiger and wall thickness [9]
- Explosive welding
- Generation of transient antennas to countermeaisenese of electromagnetic

pulse (EMP) weapons [10].
2.1.3 Application of shaped charge in the oil field

2.1.3.1 Introduction

Oil well completion involves the drilling of a holeith the designated surface depth using
pit cutting element, which crushes the rock effitig as it rotates and initiatékiid out to
loosen and carry out debris to the surface. Wherhthe reaches the designated depth, the
logging information enables the oil company to deiae if the well is a producer or not.

If the well is characterized as a producer, a spge is inserted back into the hole to
ensure that it is still intact and circulate murbtigh it to test the casing. If everything tests
positively, the pipe will be removed and the lassing pipe is inserted into the hole and

cemented.

The perforating gun is lowered into the hole to gmeduction depth using a thin metal
cable called wireline and an electrical signaleéatsdown the wireline to fire the gun and
ignite the explosive charges. These charges ctedés through the cement, casing and
formation connecting the well bore to the reservba stimulate the flow of hydrocarbons,
sometimes it is necessary to pump air, sand andsflunder high pressure through the

perforations to increase the cracks in the fornmati@he remaining particles will hold the
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cracks opened releasing the oil or gas. Once thespre is released, the hydrocarbons are

allowed to escape and flow into the well hore

2.1.3.2 Description of the shaped charge used as perforator

In addition to its wide usage in anti-tank warheadd explosive disposal devices, shaped
charge as oil well perforator (OWP), has been esxtety used and developed in the field
of oil extraction. In 1946, Mclemore [11] firstlysad the shaped charge in the field of oil
industry. According to Ref. [12], Rinehart et avealed a design of shaped charge capable
of perforating oil well casing, well bore fluid amwabing.

As the shaped charge detonates, the detonatiogyelieerated from the explosive charge
detonation will collapse the metallic liner towaiitis axis to form a jet and a slug. The jet
which represents about 20 % of the liner mass isimgoin the front with a velocity
ranging from 5000 to 10000 m/s, while the heaviregresenting about 80% of liner mass
called the slug is moving with a velocity aroundd@0m/s. Due to this velocity gradient
between the jet tip and its slug, the jet lengtiteases and its diameter decreases with both
time and travelling distance. The jet under extignmegh pressure behaves much like a
fluid although it is still in its solid state. Theroduced jet is acting as a fluid due to severe
plastic deformation by intensive shock loads frotplesive detonation, rather than due to
thermal melting although the temperature of explosnay exceeds 3000 or 46Q0[13],
[14].

The elongated jet has a very high kinetic energy laass the ability to create deep holes
into different hard target materials. The shapeargh used in the oil completion referred
to as OWP should perforate steel casing, wellbturiel fand cement to achieve a deep

penetration depth into rock formation to connettad gas reservoirs to the wellbore.

Figure 2-4 presents a schematic drawing illustgatire fitting of the OWP inside the gun
carrier, all centralized in the pipe tubing instte rock formation.

The common features of the oil well perforators are

- The stand-off distance is limited but a concave gjaguld be maintained in order to
reduce the clogging with the wall of the casing][11
- The shaped charge designed for rock penetrationaltause both large penetration

depth and large diameter hole.
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- The OWP should be designed to withstand deep wedisores exceeding 150MPa
[12]. The housing or casing of the shaped chargmasle of pulverable material
(Alumina Ceramic) having a very high compressiverggth in order to resist the
high pressure in the very deep wells for oil exicacand to create small fragments
upon detonation of the OWP. Also, the charge casiegign should consider the
interference between the charge case fragmentghendther perforators to avoid
premature explosion.

- The selection of high explosive in the design of B¥hould consider not only the
explosive performance but also its sensitivity lbseathe temperature of the
downhole can be greater than 28(Q11], which is close to the ignition temperatures
of some high explosives.

- The main problem for the use of shaped charge a® @What the resultant useless
slug can clog the aperture in the borehole; theeefthe oil productivity can be
affected by this clog. To overcome this problensesrch on powder metallurgy or
powder pressing technique has been conducted ier aodcreate a jet with high
percentage of mass and low density porous slug fhenpressed powder liner [15].
It has been shown that 30% of the clogged geolbdicaeholes in the well
production were caused by the heavy massive slubggh is the main factor to

affect the well productivity [15].

The most common type of gun perforator is the gagim, in which all the perforators are
fixed on a wireline and conveyed by steel tubingjolv protects perforators from impact
and isolating them from the well fluids [16]. FiguR-4 illustrates the plan view of an
OWP fitted inside the gun with the main elementguri carrier.

Explosive charge

Detonating cord

n Wellbore fluid

Liner material

Charge casing

Casing and Gun carrier

Ground rock

Cement laver

Figure 2-4 OWP fitted inside the gun carrier facing cement and concrete materials.
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Figure 2-5 represents a side view of down-hole gerforator (i.e. the steel carrying the
perforators), other elements and the detonatind mquired for instantaneous detonation,
as well as the well and the surroundings. The patdos are fixed inside the gun at
constant angles in a top-view plane (Phasing). & pesforators are held in a hollow steel
carrier to protect them during operation. The thess of the steel carrier is sufficient to
protect the perforators from the downhole condgiah heat and pressure even at a thin
scalloped area, through which the perforator edfifl7]. The cement layer is pumped into
the annulus between the tube casing and the beadkgn order to prevent contamination
of the water around the well casing by the produmiefll7]. After the well is completed,
the oil and the gas are allowed to travel up tostiméace, stored and refined.

Well Fluid
Casing :
Detonating Cord
Cement |
\ Perforator
Hollow Steel
Hydrocarbon- Carrier
Bearing Rock
J//Scallop
I

Figure 2-5 Schematic drawing of the location of ddwle gun perforators, steel carrier,

well fluid, well casing, cement layer, and hydrdmzar rock [17].

2.2 Factors affecting the shaped charge used as oil weaberforators
(OWP)

The shaped charge geometry design and the linekniss are the most effective
parameters governing the performance of an OWP]. Agdart from its cone diameter;
conical shaped charge (CSC) liner performance rimgeof its breakup time is governed

and controlled by the following factors [18]:

- The production method of the liner material,

- Quality of both the inner and outer surfaces ofdbeper liner,

- Purity and quality of the copper material,

- The adhesive material between copper and high sixglonaterials,

- The type of the high explosive, and
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- The presence of air cavities in the liner matddil.
2.2.1 Stand-off distance

The shaped charge jet does not become fully formméitlit has travelled a certain distance
from the target. This distance is called the staffidtistance, which is proportional to the

cone diameter. In general the optimum stand-offadise is between two and eight times
that of the cone diameter depending on the cammeter and the geometry [16]. A proper
stand-off distance can increase the penetratiothdep 50 % in comparison with zero

stand-off distance [16]. Figure 2-6 illustrates th&ation between the depth of penetration
and the stand-off distance. If this stand-off dis&is too large, the coherent unidirectional

jet does not exist. Instead, tumbled, deflected@articulated columns of jet are observed.

Stand-off distance (cm)
0 15 30 60 120 240 280
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70

Figure 2-6 Depth of penetration versus stand-dif.[2

Since the penetration depth depends on the lenigtheopenetrator, the design of the
shaped charges used in the oil industry shouldidenthe limited clearance between the
liner base of the shaped charge perforator andakieg wall. These perforators need to be
fitted inside the casing of the gun leaving limifege space to allow the jet to stretch [11].
Thus, the achieved penetration depth may be lolamn that of the shaped charges with
suitable stand-off distances [16]. In a practiggblecation, the stand-off distance between
the liner base and the gun wall is about 1cm wthidiewell bore fluid gap between the gun

and the casing walls is about 2-2.5cm [11].
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2.2.2 High explosive

Theoretically, more energetic explosive producestefajet, greater jet kinetic energy and
deeper penetration [6]. The energy obtained froehiigh explosive during its detonation
is related to Gurney velocity of this explosive,igrhis the energy liberated from the high
explosive and transformed into mechanical work irgghto the liner element. Gurney
velocity increases with the detonation velocity /andthe detonation pressure of the
explosive which leads to the increase of the jetvielocity. As a result, the jet kinetic

energy and its penetration potential into targéditlve enhanced.

Table 2-1 illustrates the explosive propertiesame high explosives. It is expected that
shaped charges filled with HMX, which has the hggh&urney velocity, will produce
higher penetration depth, as shown by Tamer afdl]i

Table 2-1 Explosive properties for some high expks

Parameter | Density | Detonation| Gurney | Explosion| Detonation| Ignition
\ p velocity | velocity heat pressure | temp.
H.E. (glcnt) (m/s) (m/s) | (kJ/kg) (GPa) (°C)
HMX 1.891 9100 2960 5553 420 280
LX-14
(HMX/Estane) 1.835 8800 2800 5559 370 NA
95/4.5 %
RDX 1.730 8489 2870 4118 330 210
Cyclotol
(RDX/TNT) 75/2¢ 1.754 8250 2790 5245 320 NA
PETN 1.720 8142 2920 5770 220 202
TNT 1.600 6913 2390 3681 210 227

The Gurney velocity for Cyclotol was obtained fr¢22], while the ignition temperature
was obtained from [23].

It is also known that the penetration depth ofghaped charge jet into concrete material
increases with the increase in the amount of higilosive used in the shaped charge,
which also causes the increase of the damage afrtisbed region around the penetration
path [24].

The selection of high explosive in the design ofi geerforator is very important for both
its performance and sensitivity issues. The tentperaof the down-hole can be greater
than 260C [11], which should be considered because it isseclto the ignition
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temperatures of some high explosives. Therefore, slaould be taken in the design of the

main explosive charge and the degree of casingreament.

Another important issue related to the high expisiiling of the OWP is the
manufacturing technique. The explosive density, ghesence of air bubbles and cracks
inside the explosive also affect the performanc®WfP. The explosive should be pressed
under vacuum to remove air bubbles and to incrgasensity, as shown by Renfre et al.
[12]. Moreover, shaped charges used in militaryppees should be checked by flash x-ray
for air voids and cracks. Other parameters sucgram size and homogeneity of high
explosives should also be considered [6]. Moreokédras been claimed that the shaped
charge warhead may be expected to perform much efteetively and efficiently when

the filling explosive has a particle size less tR@Oum [25].
2.2.3 Liner geometry

Liner is considered as the most critical elemefactihg the dynamic characteristics of the
shaped charge jet and its penetration capability tawrget materials. There are many liner
shapes, which could produce different jet charsties. These shapes include conical,

hemispherical, Tulip, trumpet (or bell shape) anddmical liners [6].

The liner shape determines the characteristic®fptioduced jet. For example, the conical
liner produces deeper penetration with small hotandter. On the other hand, the bell
shape liners produce shallow depth penetration grigélater hole diameter [11]. In general,
the geometry of the cone is determined by the eqex angle. If this angle is small, the jet
is long, thin and more penetrative. As the coneleamgdens, the jet becomes shorter,

thicker, and less penetrative [1a§ illustrated in Figure 2-7 and Figure 2-8.

Since the OWP performance is represented not onyé penetration depth but also the
crater diameter, a balance must be establishedebatwthe small cone angles which
produce large penetration depth and the wide comges which produce large crater
diameter. Figure 2-9 illustrates the relation kesw jet and slug velocities and liner cone
angle.

Various improvements of the liner elements havenbdene in the past thirty years. In
1998, Davinson and Pratt [17] proved that modifythg liner shape design of shaped
charge can increase the jet kinetic energy by 16@échence can improve the penetration
depth by 28%. The newly improved design includesrdplacement of old conical liner of

tapered (linearly increasing) thickness with a resli-shaped one of variable thickness
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maintaining the same explosive mass (39g) conskgtre 2-10 illustrates the original
and modified liner. The diameter of the baselinediwas 4.06 cm while the modified bell
liner was 4.39 cm. The improvement of the linerigless attributed to the greater surface
area of the improved bell shape which increasesatiserption of the detonation energy,
and in turn, increases the collapse velocity ofliter elements leading to the increase of
the jet velocity. However, the increase in the ajodle velocity attributes not only to the
greater surface area in the bell shaped lineralsatto the greater space allowing the liner
elements to accelerate than that of the conicadlim&sliner, as illustrated in Figure 2-10
[17].

In 2001, Lee [11] suggested a varied thicknessr lioe a hemisphere shape. The
thicknesses were 1.41mm at the liner base andrrb2at the apex section, which has a
hole of 9.27mm diameter. The purpose of this desigs to generate a double velocity
gradient jet with a bulged section capable of angagdmall diameter hole in the well casing
and big hole in the rock formation with maximum pgation depth in the rock layer.

.
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Figure 2-7 Penetration versus liner cone angle. [26]
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Figure 2-8 Shaped charge jet profile at differemtecangle [6].
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Figure 2-9 Jet and tail velocities as a functiocaie angle [26].
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Figure 2-10 The original and modified liner shaf#ey.

The optimum thickness of a liner has been showremx@ntally to be about 2% of the
cone diameter [26], [27]. In addition, divergentofie of varied thickness liner was
designed according to desired jet characteristkemfre et al. [12] had performed an
experimental testing of shaped charge of variegf lihickness, in which the liner thickness
at the apex is 10-40% greater than that at the base. The thickness of the liner between
the apex and the liner base is tapered smooffiis shaped charge was tested against
concrete target according to Standard API-RP43i¢sed), where the resultant achieved

penetration depth was 12 inches (4.5 times thegehdiameter) and one inch in diameter.
2.2.4 Detonating wave form

The velocity, the length and the cohesion of thedgpend on the manner, in which the

liner collapse, which is strongly influenced by thleape of the detonation wave (DW)
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when it meets the liner. The DW travels inside éRplosive in the form of hemispheres.
The angle between the tangent to these hemisphrtethe liner defines the value of the
deflection angle, which has a great effect on ¢heupd the slug masses and velocities [28].
Moreover, it will determine the magnitude of thellgpse angle, which is the key
parameter to determine the jet formation. In gdneranore cohesive jet is formed if a
smaller angle is induced. This improvement candbgexed using a spacer (inert or active)
in the explosive. This spacer is a barrier embedddtie explosive charge between the
cavity and the rear initiation point in order tdalethe DW. Such spacer has been referred

by various researchers as wave-shaper, wave-fanexplosive lense [26].

Figure 2-11 shows the plots of detonation wavewd tonical shaped charges (CSC)
indicating the shape of the DW as it meets therlifike left shaped charge is without
wave shaper, while the right one has a wave stafespherical shape. Smaller incidence
inclination angle is preferred for a shaped chatgsign improvement as it will increase
the real collapse velocity of liner elements aneréfore the jet element velocities will be
increased. Further analysis of shaped charge jetafiion will be discussed in detail in

Chapter 3.

lgnition Point
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S Angle
Ignition Point
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: : o
Detonation Gas . ¢ \ N,
Products Unreacted Detonation Gas Wave-Shaper Unreactad
Products
Explosive Explosive

Figure 2-11 The shape of the DW travelling insid&3Cexplosive charges with and

without wave shaper.
2.2.5 Symmetry

Any change in the shaped charge symmetry will pcedaweak jet, in which curved path
and radial velocity components are observed leathnthe decrease of the penetration
depth [29], [30].
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2.2.6 Liner materials

2.2.6.1 Introduction

Recently, researchers have shown an increase@shterthe different liner materials and
their manufacturing techniques. Held [31] show#fkent materials that could be used as
liners and their ranking according to the predicpeshetration performance in terms of
liner density and jet velocity, as illustrated iable 2-2.In general, the characteristics of a

good candidate material for shaped charge lindudtec[6]:

- High density

- High melt temperature

- High bulk speed of sound

- Fine grain and proper grain orientation
- Availability and cost

- Easiness of fabrication

- High dynamic strength and ductility

Table 2-2 Penetration potential ranking of theed#ht liner materials [31].

Liner Material Al Ni | Cu| Mo| Ta| U W
Density (g/cr) 27 | 88| 89| 10.016.6|18.5|/19.4
Bulk sound speed (km/s) 54 44 43 49 24 PR5 |40
Vijo,max (KM/S) 12.3] 10.1 98 | 11.3[ 54 | 57| 9.2

Jet performance
v, \/pT s 20.2 | 30.0] 29.2| 35.7| 22.0| 22.0| 40.5

max (kg/m)™s
Ranking 7 3 4 2 6 5 1

Because tungsten has great density exceeding ¥, gfigh melting point of 3416C,
high sound speed and great ductility, it has beiglelw used in anti-armour technology as
a shaped charge liner material [32]. However, tlestneommonly used liner material is
copper. It flows easily to produce a coherent jeew it is deformed by the detonation
wave. This copper material should be oxygen-fre Wigh conductivity and low impurity
according to ASTM standard C10100 LAW F68-77 temp&Dd [12]. Gold is denser and
has greater dynamic ductility than copper. In thedrshould achieve better penetration
performance than other materials [26].

In 2001, Bourne et al. [13] used zirconium, silM@gnium and depleted uranium to study

their shaped charge jet characteristics when samae masses were used to compare the
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cumulative jet length produced from these metatrbn They designed a hemispherical
liner to test the liner material performance. Tisign produced a jet containing 80% of
the full liner mass. The characteristics of thgees for different liner materials including

copper are listed in Table 2-3 [13].

Table 2-3 The produced jet characteristics usiffgréint liner materials [13].

Jetlength | Vyp Vil Breakup Matgr_lal
Metal mm) | (kmis)| (kms) | time @s) | ductlty
factor (Q)

Silver (Ag) 14560 | 6.48| 301| 4196 181.90
Zirconium (Zr) | 2058.9 | 6.75| 2.34|  603.8 246.10
Titanium (Ti) | 1327.4 | 6.34] 2.99|  396.2 175.74
Urgﬁiﬂ';tt(egu) 17000 | 6.40| 3.30| 5484 217.67
Copper (Cu) | 11305 | 590| 256| 3385 161.53

It was concluded that silver, zirconium and depmlaeteanium liner materials can produce
more ductile jets than copper with larger breakopes and effective jet lengths than those
of the copper liner material. However, toxicity tbke depleted uranium prevents its usage

in liner manufacturing [13].

Bimetallic liners or multi-materiahlloys have been fabricated and successfully tdsyed
many researchers. In 1996, Wang and Zhu [33] stdtad the liner alloys could be
manufactured from Copper (Cu), Tungsten (W), Nicdl) and Tellurium (Te). They
showed that the penetration capability of a consfaped charge in Figure 2-12 was
increased by 30% of copper by using copper tungaliey liners due to the increase in
both the breakup time and the jet material den3itye alloy was produced by infiltrating
technology using W-Cu alloy 80-20% weight ratiogharaces of Nickel material (about
0.5%). The produced alloy liner has a density a2¢&nT and a hardness HB number of
182. The main difference between a copper-tungstegind a copper jet is that the copper
tungsten jet produces fragmentation or disinteggasipray particles rather than segmented
jets in the case of copper liner. It has been shthaih the copper-tungsten jet produced
larger penetration depth than copper jet especadliyre short stand-off distances of 3CD,
where CD is the shaped charge calibre) under tme sxperimental conditions. However,
the copper-tungsten jet exhibited an anomalous\whetiaat large stand-off distance3
CD) as shown in Figure 2-13, due to the incoheraidiie jet tip and the radial movement

of the fragmented elements near the particulatetipjeas illustrated in Figure 2-14.
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In 1998, Davinson and Pratt [17] modified the destd well perforator to increase its
penetration depth into concrete target from 105tecm26 cm. The improved bell shape
liner was manufactured by low cost powder pressaofinique using copper and tungsten

powders with average density of 11.4 g/ccm.

In 2001, Lee [11] used a bronze (90% of copper Hdtb Sn) in the lower portion of the
liner near the apex of 1 cm hole diameter; while dther part of the hemispherical liner
was made of copper. This configuration demonstratecefficient design to generate a

bulged jet with large crater diameter into the V@dgtgranite.

In 2001, Glenn et al. [16] used tungsten alloy rite study the effect of surrounding
medium on the jet characteristics and the peneirgtiotential of such perforators. The
surrounding media was pressurized by inert gasdsobgn and helium. The compacted
powder liner consists of 45.2% tungsten (by weigh1).05% tin, 43.19% copper, 0.53%
graphite and 0.03% lubricating oil. The producedsity of the liner was 11.19 g/&nit

was found that the increase of the surrounding ofes pressure increases the coherency of

the jet and hence increases the penetration depth.

In 2008, Bogdan and Zenon [18§ed electrolytic copper (ECu) and tungsten (W) gens

to produce some liners of (ECu/W) by the matrixsprenoulding method. The final
dimensions of the liner were achieved by furthescpssing, such as low temperature
sintering and machining of the pressed metal poviders. It has been found that the
liners made from (ECu/W) exhibited a lower jetugdocity than that of the monolithic Cu.
However it exhibited a higher depth of penetratibre to its high density (12.5 g/ém
[15]. Figure 2-15 illustrates the coherent jet peofproduced from ECu/W alloy at

rE-- Detonator
2.57 7T

i Explosive

i

| 0.9

l_._.ED —

different times.

45

Figure 2-12 The shaped charge in Wang and Zhu. [33]
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Figure 2-13 Anomalous behavior of Cu-W jet at lastgnd-off distance [33].
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Figure 2-14 Variation of penetration depth withnstaff distance for Cu-W and Cu jets
[33].

Figure 2-15 The radiographs of the jet formed by/&T powder after 50 and 9& from
initiation. Lengths of jets: 292 and 572 mm coragting to instantaneous jet velocity of
7.25 and 7.0 km/s, respectively [15].

2.2.6.2 Liner material grain size

The jet cohesion, breakup time and effective jegle are the predominant governing
parameters affecting the penetration depth of peshaharge into target material, which
depend on the grain size and crystal shape ofitlee imaterial [34]. Many papers have
been published to discuss the effect of grain sizdiner material on its mechanical
properties and the validity of Hall-Petch relatmrer wide range of copper grain size from
nano meter to hundred micrometres. For exampleis@an et al. [35] measured the yield
strength of copper with different grain size paesicand compared the measured yield
strength with that obtained by the Hall-Petch refat

o,=0,+kd™ 2-1
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where oy is the yield stressgl is the average grain sizg,and k are material constants and
a=0.5[35].

The apparatus used to determine the yield stresswirdaturized disk bend test (MDBT).

The copper sample with micrometer grain size waslyced from copper rod of diameter
2mm and 4N purity (99.99). The produced sample amm thickness and annealed at
300-600°C for 30 minutes to produce different grain siZEse nano copper was produced
by the evaporation of pure copper from tungstert boder 1kPa pressure of helium and

then compacted under vacuum to produce a pell@Bofim thickness [35].

It was found that the yield stress of the coarsengsize could be approximated by Eq.
(2-1), wheres, =92(+12) MPak=399(+61) MPaim®°and a=0.5.

However, the classic Hall-Petch relation could het applied to nano-crystal copper
because of the lattice dislocation that can movesacthe crystallite of a polycrystalline. It
was difficult to deduce global equation governihg tlependence of yield strength on the
entire grain size range of the copper material., But empirical relation based on

experimental test was suggested by Gertsman [@54l.:

oy = 104.9+111.8¢"%%454.9 713504235 6 9019 2-2

whereoy is in MPa and d ipm.

Another study of the relationship between averagegsize and mechanical properties of
copper used as shaped charge liner was investiggtbteyers et al. [36]. They performed
an experimental investigation on pure copper OFKBIE |purity) in order to correlate the
relation between the average grain size of coppdrthe resulted mechanical strength
under severe plastic deformation [36]. The expentaework was performed by a flyer
plate of 4.7mm thickness stainless steel accetbiayePBX 9501 explosive to an impact
velocity of 2.2 km/s. The purpose of this experiinégn to create exactly the same
conditions of the high pressure and strain-ratehase during the shaped charge liner
collapse mechanism. The impact pressure of the fifete was approximately 50 GPa,
while the pulse time duration was onlys2[36]. It has been shown that the Hall-Petch

relation is not applicable in the Nano-scale gsine [36].

In 1995, Fujiwara and Abiko [37] tested the mechahproperties of three copper samples

of 3N, 6N and 8N with average grain size of 8@, 50 um and 100um, respectively,
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under strain-rate of 440° s*. It was found that both yield and maximum stresse3N
sample were higher than those of both 6N and 8Nokesrexcept that the ductility of 3N
(82%) is lower than that of the others (91% an®36r 6N and 8N respectively) due to

the effect of grain size on the ductility as shawirigure 2-16.

200

100

Stresss (MPa)

0 20 40 60
Strain (%)

Figure 2-16 Stress-strain curves of 3N, 6N and 8pper samples at strain-rate of19°
s1[37].

In 1993,Bourne et al. [34] used copper liner manufacturediear forming in order to
investigate the effect of both grain size and textseverity on the jet length and its
breakup time. They used both Defence Research Ag&RRA) analytical model JETPEN
and flash x-ray to determine the fragmentationhafped charge jet and particulation time
as well as effective jet length. In 1996, Renfrealet[12] confirmed that the spinning or
flow turn machining of the copper material affents only the liner performance during

detonation, but also the grain shape orientatidnighivhas a direct relation to breakup time.

In Table 2-4, nine copper liner samples were usecktord both effective jet length and
breakup time of the jet. The used shaped chargeahadibre of 102mm and height of
151mm. The cone apex angle is°@Md the liner wall thickness is 2mm. The 3mm

thickness casing is made of aluminium material .[34]
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Table 2-4 Breakup time and effective jet lengthrfore different copper samples.

Liner code| Average grain | Breakup time | Effective jet
diameter um) (us) length (mm)
ME1A 1C 19k 145(-150(
IE2C 15 172 130(-125(
IE2B 20 172 1270-128(
IE1B 22 174 124¢&-133(
IE1A 26 182 140(-133(
E175A 42 161 117¢
IE1C 43 172 119(-135(
IE2D 43 14¢ 100(-114(
I[EE1A 48 12¢€ 87(-88C

In addition to the well-known Hall-Petch relatioettveen average grain size and liner
mechanical properties, Zerilli-Armstrong model [38% discussed by Bourne et al. [13],

describes the relation among the deviatoric floresstes ), plastic straing), strain-rate
(€), temperature (T) and grain size (d).

The general form of Zerilli-Armstrong modsl[38]:

o= Clgne(—C2T+C3Tlné) + C4 + CSd_O'S + CGEm 2-3

where parameters;CC,, Cs, C4, G5, Gs, m and n are constants given in Table 2-5, das th

average grain size in (mm) agds the strain-rate in (3.

The first term represents the effect of the therawivation on the motion of dislocations.

The second and the third terms represent the addltstress due to the grain size effect
(i.e. Hall-Petch effect), while the last term reg@pts the strain hardening. This equation
describes the stress-strain behaviour of the body(lzentred cubic), fcc (face centred

cubic) and hcp (hexagonal close packed) materials.

Table 2-5 The constants of the Zerilli-Armstrongdaiq13].

Cy Co Cs Cs4 Cs Ce
Metall mpay| kY | kY | (Pa)| (MPammd) | (mpay| | ™
Cu | 98C | 0.002¢ | 0.00011!| 46.F 5 0 |0E| O
Ta | 112 | 0.0053!] 0.00032°| 0 19 31C | 0 | 0.4
W | 1650(| 0.591 | 0.0027¢| 0 25.¢ 86C | 0 | 0.44
Mo | 937 | 0.0036] 0.000107 0 22.65 647| 0| 0.40L
Zr | 60C | 0.002< | 0.00013;| 21 7.8 76 | 0 | 051
Ti | 110C | 0.0022¢(| 0.0001° | 54 14.8¢ 30C | 0| O
Fe | 1037 | 0.0069¢] 0.00041!| 0 22 266 | 0 | 0.28¢
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As a direct measure of the jet efficiency and @épe&hdence on stress, strain and strain-rate,
the breakup time model developed by DERA [39] is:

T, _i 2.4

t, = "
PTAV,, &,

where § is the radius of the jet ard}, is the strain-rate of the jet materidAVp,is the

maximum plastic wave velocity in the metallic linge. the velocity difference between
two neighbouring jet fragments), which is defined a

AVPL = id_o- 2-5
\/ p, de

wherep,is the original density of the liner.

Both the breakup time of the jet and the cumulajigtdength (breakup time multiplied by

jet tip velocity) are inverse functions of the piasvave velocity [13].

In a separate study, Tian et al. [40] found thaingfes of the liner microstructure and grain
size influence the dynamic behaviour of liner mateHence, it affects the penetration
depth into target materials.

2.2.6.3 Liner crystal shape

For the fine crystal structure, it is expected tpatticulation time is longer and the
transverse movement of the particulated jet elesnesm be avoided [31]. It was found that
the sharpness or severity texture of the liner natbas less influence than the grain size
effect on the jet breakup time and effective jegth [34].

It was also found that the crystal shape and iterdetion due to manufacturing process
affect the particulation behaviour in the latengi when the jet is fully stretched causing
transverse movement of the particulated elemenéven jet tumbling [31]. Held verified
that the shaped charge jet is very sensitive tosthall deviations of the liner structure,
which can be amplified in the stage of jet collapsel formation [31]. As a result, a
tumbling and spinning particulated jet elementsuatbthe jet axis can decrease the jet
coherency, and therefore, decrease the penetqa¢éidarmance of the shaped charge jet.
Moreover, the shaped charge jet undergoes a dynaecigytallization due to large

deformation and dislocation movement of the graej.[
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2.2.6.4 Liner impurities

Recently, researchers have shown increased interetie effect of copper material
impurities on the ductility of the copper used haped charge liners. In 2003, Schwartz et
al. [7] described the dependence of cooper dyctdih the total type and number of
impurity atoms. The copper used was 4N (99.99%ifypand this liner was manufactured
by cold forging technique to extrude it to a holl@ene shape. After the cold forging
process, the produced liners are annealed &C3fti one hour or 40C for 10 minutes to
stabilize the microstructure of sulphur doping. [€al2-6 illustrates the impurities
percentage in the tested sample in ppm, while Tableindicates the effect of sulphur
content on the breakup time of the shaped chatgsd mnstant grain size of g [7]. It
has been shown that the total number of impuriiesreases the ductility of the copper

due to the segregation of the impurities at thengsaundaries [7].

In 1995, Fujiwara and Abiko [37] performed experitgeon the ultra high purity copper in
order to investigate the effect of impurity preserand operating temperatures on the
copper ductility. In this study, the ultra high pyrcopper was produced by electronic
beam refining and vacuum melting technique. Thsikertest was performed on the ultra
high purity copper 6N, 8N and compared with comnatnourity copper rod 3N (99.9%)
under high vacuum of<.0* Pa at a strain-rate of 420° s*. The average grain size for
the three copper specimens was 30, 50 anduf®@or 3N, 6N and 8N, respectively [37].
This implies that the copper impurities have a ificgnt effect on its mechanical

properties and performance as a shaped charge liner

Table 2-6 The impurity presence of the tested sasi@hd its concentration in ppm
measured by chemical analysis [7].

_ Concentration . Concentration

Impurity Impurity
(ppm) (ppm)
H 0.€ Ni 1
C 5 As 0.4
N <0.] Se 0.8
@) Ag 6.4
Si 0.2 Sk 0.2
P 0.4 Pk 0.z
S 4 Bi 0.z
Fe 2
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Table 2-7 The dependence of the jet breakup timéhe sulphur content [7].

Sulphur concentration (ppm) Breakup tim@s)(

3 18¢
4 18¢
7 147

2.2.6.5 Strain-rate

It has been demonstrated by Lu et al. [41] thafrideture strain of nano-crystalline copper
increases with increasing strain-rate froml®° to 1.8<10°s. This may be attributed to

the creep rate and super-plasticity that have bmemd in the nano scale metals and alloys
at much lower temperatures. The governing defoonathechanism of the nano-scale
copper at low temperatures is the grain boundamghar@sm rather than lattice dislocation

mechanism.

In Ref. [41], nano copper was produced by electapedition technique using electro-
discharge machining, where the produced copperahaaverage grain size of 20nm, a
purity of 99.993% and oxygen content of 24ppm. Tawgy bone samples of the nano
copper in Figure 2-17 were prepared for the teriet¢ at both low and high strain-rates.
The low strain-rate test atx60° to 6x10’s' were conducted using standard uniaxial
tensile Shimadzu servo-hydraulic test machine (L RiKe high strain-rate test at £.80°

s was conducted using rotating disk-bar tensile chpaparatus [41]

Figure 2-17 Dogbone samples of the nano copper [41]

It was found from the experiments that the fracgirain increases from 15% to 39% when
the strain-rate increases from1®° to 6x10's* and increased to 55% at the high strain-
rate of 1.&10°s™. This is different from the behaviour of cg (coagmin) copper, in

which the fracture strain decreases slightly ahéigstrain-rates [41].
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The general relation between material stress aathstate:

g o M 2-6

where m is the strain-rate coefficient. For nanpper, m= 0.036 within the strain-rate
range of &10° to 1.8<10°s™. For cg copper, this coefficient was 0.011 in $hene strain-

rate range [41].

The nano grain copper exhibits much sensitivityt®inechanical properties to the strain-
rate because of lattice dislocation activities,jrgtaoundary effects and high resistance to

crack nucleation [41].
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Figure 2-18 The stress-strain curve at differemdistrates [41].
2.2.7 Liner manufacturing

There are many methods that can be used to mauatgabe shaped charge liner element.
The manufacturing technique is determined accordinthe applications of the shaped
charge. For military warhead applications, highcmien and accuracy liners are required,
therefore high cost precision forging and flow tteohniques are normally applied. In the
oil industry, the low cost manufacturing is thegominant feature of liner production, and
thus most liners are made by powder metal techgadog low precision forging technique

[16]. These methods are briefly introduced in t& of this section.
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2.2.7.1 Flow turning (spinning or shear forming)

The liner plate is deformed by the turning rollgaest a core as shown in Figure 2-19.
The produced liners are fully annealed at°@5Q.e. for copper) for one hour to reduce

strain hardening, hence improving its ductility 34

Deformation with Shear - Forming

Axial Tangential

A [ /_\
S
S [] N 4
g ey i k

Figure 2-19 Flow turning technique [31].
Advantages:

- The production is completed in one-step,

- Both internal and external surfaces are smooth,

- Small grain size texture is produced,

- There is lower symmetrical deformation around liaeis.

Disadvantages
A rotational component is observed due to sheacga® involved in this manufacturing

process, which may result in the spinning of theljging formation.

2.2.7.2 Deep drawing
This is a cheap method for producing small linartarge numbers. The process is shown

in Figure 2-20. It has following disadvantages:
- Different crystal structure along the liner heighte to the existence of different
drawing ring zones,
- Intermediate annealing steps are required for laogess to reduce strain hardening,

which is a high cost technique.
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— i

Figure 2-20 Deep drawing technique [31].

2.2.7.3 Cold forging
Cold forging can produce very fine crystal struetulhe final liner wall thickness is

produced by machining. The process is shown inrgige21.

- \/
! Copper rod 4. Centring
1. Pressing step .
5-8. Pressing steps

2. Pressing step \ /9. Pressing step
3. Annealing 10. Annealing
1 11. Quter contour matching

Figure 2-21 Cold forging technique.

2.2.7.4 Warm forging

This technique is characterized by the use of lostep distance than those used in cold
forging technique. It can produce very fine cryst@licture without spin effect when the

temperature is controlled below the re-crystalimattemperature of the liner material.

This technique, illustrated in Figure 2-22, islstitesearch topic [31].
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Figure 2-22 Warm forging technique [31].

2.2.7.5 Hot forging

One step liner is produced by the forging of thatbeé material up to 860. The oxidized
layer can be removed by machining; hence, it isicimmed a cheap technique. However,
forging above crystallization temperature will puoe coarse crystal structure of the
product, and therefore, this process could no Iohgeused for the high precision shaped
charge liners.

2.2.7.6 High energy rate fabrication (HERF)

A special impact machine is used, in which therlioel is pressed at a velocity of around
20m/s, where a very fine crystal structure is pomdl

2.2.7.7 Electroforming copper

The very fine grain liner is produced by the anetdxtron deposition of pure copper on a
polished mandrel, i.e. the electroforming technjqure which the electrolytic solution
CuSQ.7H,0 (300g/l) was used. The anode material is 4N popper; while the cathode
is titanium bar. The substrate, on which the copmes will be deposited is a stainless steel
conical shape molud. The surface of this substigt@echanically polished in order to
allow the separation of the copper liner from theTproduced grains, which are columnar
shape parallel to the direction of the growth, dobé finer and more equi-axial if the
substrate has a high rotational velocity. The ayergrain size of the copper material
produced by this technique is 1181 [40]. Advantages of this technique are the preduc
small grain size and rotational symmetric structiit@s technique could also be applied to
produce other liner materials such as Nickel andaltanaterials. However, this method
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has some disadvantages, such as early jet bremke@nd brittle jet is produced if smooth

surface inhibitors are used. It is a very expenteénique and is time consuming.

2.2.7.8 Infiltrating technology

In 1996, Wang and Zhu [33] manufactured shapedgehaonical liner by infiltrating
technology using W-Cu alloy of 80:20% mass ratithwiraces of Nickel material (about
0.5%). First, the Tungsten powder with averagei@arsize of @m and Nickel powder of
5um average particle size were mixed together witmesoubber and copper (3%) in a
mixer. The homogeneously mixed powders are pregaddr high pressure (200MPa) to
form a cylinder of diameter 35mm. The pre-sintecgtinder at 1208C will be infiltrated

by copper powder at 11%D under protective atmosphere to form the blankickvh
eventually can be machined to the required lineretisions. The produced alloy liner has
a density of 15.2g/cfrand a hardness of HB number of 182. The wholeuymiich steps
are illustrated in a schematic drawing of Figura32-

Average particle size 6 an S
Copper Tungslen Nickel
powder 3% nowder(70%—80%) 0.5%

t }
O
[E]E@ inlilteating 1150 C

copper 17—~27%

1500-2000kp/cm 2

skeleton pressin

1200 %_1 presintering

Figure 2-23 Sketch diagram of infiltrating techrgpid33].

This technique exhibits better coherent jet at tsh@nd-off distances and longer breakup
times, hence the penetration capability of the pced shaped charge liner by Wang and
Zhu was increased by 30%, especially in the shandsoff distances (3 times calibre) due
to the increase in both the breakup time and thengterial density [33]. But, at long

stand-off distances, the penetrability dramaticallgcreases due to the anomalous
behaviour of the jet tip incoherency and the radiavement of the fragmented elements

near the particulated jet tip.
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2.2.7.9 Press moulding or powder metallurgy technique

The metal powder technology is extensively used atays to manufacture the liner
material of the OWP in order to overcome the problef the traditional solid liners

formed by cold working, whose slug is a carrot-lidich clogs the hole and prevents the
hydrocarbon from reaching the well bore [42]. Besidt is a very low cost manufacture in

comparison with the traditional manufacturing taqges [24].

In 2010, Liu and Shen [43] used a Copper-Tungstevder liner against a steel target. The
used shaped charge had a calibre of 36mm and #mel-eff distance was 30mm. It
exhibited an improved penetration depth at sh@mdoff distances in comparison with

the traditional copper liner.

The powder metallurgy technique was also used bydBo and Zenon [15] to produce
liners using electrolytic copper (ECu) and tungsféf) powders. The final dimension of
the liner was achieved by further processing, sashlow temperature sintering and
machining of the pressed metal powder liners. Mezage grain sizes were léh for the
electrolytic copper and 3m for the tungsten powders, respectively, and gezldiner has
base diameter 33.3 mm and a cone angle afegfsee. It has been found that the liners
made from (ECu/W) exhibited a lower jet tip velgcthan that of the monolithic Cu.
However, it exhibited a higher depth of penetratiture to its high density (12.5 g/&m
[15].

In 2001, Halliburton energy services located inakbhdo, TX, USA used this technique to
produce OMNI perforator charge liner with matedamposition shown inTable 2-8.

Table 2-8 The mass percentages of the OMNI powassspd liner composition [44].

Materia Coppe Tungstel Tin Graphite
Mass ratio 9 43 45 11 1
Functior Bindel Main powde | Binder coatini | Lubrican

The maximum penetration was obtained when a 3Cixsté distance was applied where

the total penetration was 203mm (ie: 6 CD into &MHomogeneous Armor (RHA)).

Advantages of powder metal liners are [44]
- Optimum performance at short stand-off distance
- Short charge length and short head height

- Low charge cost
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Disadvantages of powder metallurgy include
- The material creeping, which is the slight expamsib the powder pressed liner,

after assembly and storage [42].
2.2.8 Applied pressure on perforators

The penetration of oil well perforators can be exea by at least 25% by applying high
pressure light gas atmosphere (hydrogen or helidotjng the detonation of shaped
charge. This may be attributed to the gas thaticesfthe shaped charge jet before
breakup. As a result, the breakup time increasdscansequently, the effective jet length
increases [16]. Similarly, the well bore fluid psese also influences the jet penetration.
The well bore fluid pressure mainly depends onvilé drilling techniques, which can be

described as under-balnce and over-balance teamiqu

2.2.8.1 Under-balance technique

The detonation of the perforators produces a caughenage zone of low permeability and
porosity due to the production of fine particlesl atetonation residual debris. For many
years, much extensive work has been done in oaderitimize the damaged zone area,
hence to improve the well productivity. The undatamced pressure technique is widely
used and offers optimizing approach in the oil wdlhis technique involves the
implementation of static wellbore pressure lowanthihe corresponding rock formation
pressure. In the conventional overbalance drillthg, hydrostatic drilling fluid pressure is
designed to exceed the pressure of the hydrocdhlids in the rock so that fluids and fine
particles are lost to the formation [45]. Theseséss cause damage near wellbore area
resulting in severe reduction in the productivitytbe well. In under-balncing drilling
operations, the hydrostatic drilling fluid pressisedesigned to be less than the reservoir
hydrocarbon fluids pressure. Thus, there is a nantis flow of hydrocarbon fluid into the
well during the drilling process and no near walkd damage occurs, which results in
ultimate production. The difference between baldnaad unbalanced perforation hole
profiles is illustrated in Figure 2-24.
The advantages of under-balance drilling technigokide:
a- The prevention of damage by:

- Increasing well productivity

- Decreasing clean-up time [45].
b- The reduction of drilling problems by:

- Eliminating differential sticking
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- Increasing the rate of penetration
c- The increase reservoir knowledge by:

- Well testing while drilling

- Identifying prolific zones

- Production steering.

d- The continuation of well production.

Moreover, the under-balance techniqgue known as FPWR (Perforating for Ultimate
Reservoir Exploitation) not only cleans the perfiora tunnel; but also produces wellbore
pressure fluctuations that can causes the effecte@nup due to the surge flow of the
liquids. Under-balanced drilling uses a varietyddfling fluids to control the bottom hole

pressure, such as water and dizel aerated withdghnitrogen or natural gas.

Core fluid efficiency (CFE) is defined as the ratib the steady state flow through a

perforated core to theoretical flow through a ddllhole with the same dimensions as that
of the perforation [45]. For example, applying untlalance pressure of 16.5MPa for

Berea sandstone core is capable of completely idgahe tunnel resulting in CFE up to

0.92 [45]. The under-balance pressure of 27.6 M#Paproduces a clean tunnel with zero
perforation skin and permeability from 0.01 to 16M (milli Darcy) in the Nugget

sandstone rock [45].

The most important factor in the PURE techniquehis sharp drop of the wellbore
pressure, which results in a few hundreds osailtatia second. These oscillations produces

an instantaneous surge flow of the fluids [45].

Balanced Perforating 3000-psi Underbalanced Perforating

Casing Undamaged formation Casing Undamaged formation
Perforation debris Cement
: Low-permeability zone and
Formation Crushed and compacted Formation i )
—_— low- damage perforation debris ;xpellgd
formge i pemeshlty one g by surge of formation fhuid

Figure 2-24 The penetration hole; the damaged lmmdrushed area profiles for both the
balanced (left) and the 300-psi under-balancedpatibn (right).
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Moreover, the difference between the fluid pressun@ the rock confining pressure has a
significant effect on the penetration depth (ibe éffective stresses) as discussed by Grove
et al. [46].

2.2.8.2 Overbalance (traditional) drilling technique

In 2001, Glenn [16] found that imploding the liner of the perfayatinto a pressurized
(from 1500 to 5000 psi) light inert gas such asrbgdn or helium can improve the
penetration potential of the perforator into theerwoir rock by 40% compared with the
air medium. It was found that the pressurized |gge does not influence the liner collapse
but helps the jet to be confined especially in ldteer stages of jet formation; hence the

total depth of penetration is increased [16].

The well completion can be accomplished by presgufiuid into the perforated hole in
the rock reservoir to expand the cracks. In thig,whe hydrocarbons can be easily

pumped to the surface and the well productivity &l increased [16].

The stand-off distance of well gun perforator mited because of the limited space inside
the tube casing. Thus, the decrease in the peioetrdtie to the inadequate stand-off
distance can be compensated by the technique b Glenn [16] when high pressure
light gas (hydrogen or helium) was applied to conga¢e the reduction of the stand-off
distance. The light gas applied to the perforatursed the jet to be confined to its axis,

especially in the latter stages of jet instabildymprove the total penetration [16].
2.3 Oil well perforator testing according to API-RP43

The recently revised APl (American Petroleum lastif Recommended Procedures for
Evaluating Shaped-Charge Perforators (RP43edition), which includes procedures for
testing the penetration of gun perforating systemno iconcrete and measuring well
productivity through core fluid efficiency [11]. T$hedition contains two tests to evaluate
the OWP. The first one is the Quality Control (Q©@)crete target, while the second is the
API target. The test setup according to prelimin@fy testing is illustrated in Figure 2-25,
while Figure 2-26 illustrates the orientation anchehsion of the concrete material to be
tested according to API target. A complete desioripabout the mechanical properties of

the layers of steel, water and API-concrete isitiated in Table 2-9.
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QC Target

)

ASTM C33-67 Concrete

AL \\é\_

0.318 em (0.125 in) A-36 Steel /* 4 953 cm (0.375 in) A-36 Steel
1.717 ¢m (0.680 in) Water

Perforator

Figure 2-25 Test setup of the perforating gun [17].

Casing
s / Cylindrical
T N Steel Form

~

152 em Concrete

(80 in]

Figure 2-26 A schematic diagram indicating the cetecAPI testing configuration [17].

Table 2-9 The testing configuration according td-RP43-API target [17].

Layer Material Density (g/cth | Strength (kbar) | Thickness (cm
Gap Air 0.0013 - 1.575
Scallop 4140 Steel 7.86 10.3 0.318
Fluid Water 1 - 1.727
Casing L80 Steel 7.86 6.2 1.151
Concreteg ASTM C33-67 2.2 0.37 140

2.4 Rock material properties

2.4.1 Introduction

When the OWP is detonated in front of rock targéggrms a metallic jet together with the
explosive detonation products create a region afhvaeically deformed rock with lower
permeability and porosity around the tunnel bofd&}. As the jet stretches and penetrates
the rock, it loses its kinetic energy in the las¢éages, and therefore, the rock damage
decreases with the distance from the entrance [#fi¢ reservoir rock has different
characteristics that affect its resistance to tbeepration by OWP. These characteristics

are the material strength related to the confimngssure, the volume fraction of void

68



Chapter 2: Literature Review

filled with pore fluid in the well termed as portysiand the permeability which is the

ability of the pore fluid to flow through the poteacks network [47].

To study the jet penetration in sandstone satudayegas and liquid, Karacan et al. [47]
used a gun perforator containing 6 g of HMX explego face a Berea sandstone core of
10.2cm in diameter and 18.5 cm in length with aopity around 20% and permeability
ranging from 100 to 600 md. They used liquid taiss#te the sandstone was a mixture of
heavy silicone oil and 1-iododo-decane, which isduas a tracer in the tomography. On
the other hand the nitrogen gas was used in the ehgas saturated cores. An under-
balance condition of 5.2 MPa was applied duringgbgoration flow tests, in which the
porosity and permeability tests were performed abog to API-RP43 standard
procedures in order to obtain the core fluid ey via the measurement of perforation

tunnel dimensions [47].

It was found that both the total penetration depttl average tunnel diameter are higher in
case of liquid saturated Berea sandstone compardtht of gas saturated on&so, the

core fluid efficiency for the liquid saturated Baresandstone showed better flow
performance of the core, which is five times bettean that of gas saturated one when
applying 750 psi under-balance as illustrated ibl@&-10. This good enhancement for the

liquid saturated cores may be attributed to thiewahg factors, i.e.:

- The gas saturated cores have a lower cleaningpgbday of fine fragments in the
perforated tunnel, thus a lower permeability cavésbe obtained,

- The drag force that can cause cleaning-up to theagad regions is much greater in
case of liquid than that of gas because of its kigbosity,

- The liquid has lower compressibility compared ts.géherefore, the core damage is
much lower than the gas case. As a result, the gedheock and perforation debris
are excluded on small area of the core boundanys thore severe permeability

damage in case of gas saturated cores is obtained.

Table 2-10 Tunnel characteristics in both liquid gas saturated Berea sandstones.

Total Core fluid
Average tunnel . o
Test layer . penetration efficiency
diameter (cm)
depth (cm) (CFE)
Berea (liquid saturated) 1.2-1.4 16 0.45
Berea (gas saturated) 0.5-0.7 14 0.11
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2.4.2 Rock stresses and penetration of jet into its mateal

Grove et al. [46] performed some experimental hgstin the stressed rocks to investigate
the effects of the confining stress and pore fluidssure on the performance of OWP in
terms of the penetration depth into the stressekl. Both the radiald) and the axialdy)
stresses were considered to study the penetratiOd into both stressed and unstressed
Berea sandstone cordde applied pressure value was 69 MPa on the Benedstone of
fine to medium grain with ultimate compression sgyd of 55MPa, a porosity of 20% and
a permeability of 200 md. The standard saturatigmid was a brine solution containing
3% potassium chloride. The purpose of this work t@aseate exactly the same conditions
in down-hole rock at depth of 3km below ground leve

Following assumptions were made in test:

- The pressure in the front of the jet is composedwaf components, i.e. dynamic
component, which is related to the kinetic energynsity of the jet and the static
component due to the geologic stresses.

- The penetration of the perforator jet into geoladlicstressed rock is related to shear
strength, which depends on the confining pressutlkd rock.

- The principle stresses that characterize the roektlae vertical and the horizontal
stresses. Generally the vertical component is ngueater than those of the horizontal
components. This may be attributed to the greadpthdof the rocks near the well
pore. At this depth, the confining pressure andrtuk overburden make the rocks

much stronger than the rocks near the surface [46].
The effect of the well-bore fluid pressure on tffecive stress was described by
Gef‘fz Pc' aR:) 2-7

wherecerr IS the effective stress or the general measureebfstresses, s the rock
confining pressureP; is the pore fluid pressure, a = 0.5 is a constans noted as the
Biot's poro-elastic constant, pore pressure mudtigdr ballistic pore pressure coefficient
for high pore pressure. This constant is an incipsoperty of the rock material and varies
from 0 to 1 depending on both permeability and pityoof the rock material. For rocks
with high porosity and permeability, the paramégrtends to be one. Eq.(2-7) reprenents
more general situations than Hallec Equation that special case of Eq.(2-7) when a=1.
The former gives better prediction of penetrati@ptt than the latter [46]. Grove et al.
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[46] suggested a model that governs the relatidwden the penetration depth into Berea
sandstone and the effective stress for a wide rahgere pressure, i.e.

P = G 6%t +Cz0eir + Cs 2-8

where P is the normalized penetration dept),&z, Cz are constants calculated from the

P-cesr curve fitting.

In addition to the perforation tunnel caused by jiéte the local damage termed as the
cumulative energy effect of the shaped charge limex rock, is called “Mohaupt effect”.
This cumulative damage results from the gaseousugte evolved from the shaped charge
detonation; these gaseous products, which exhifigta pressure and temperature together
with the resultant metallic jet will cause the d&®do extend behind the initial guide
fracture; thus forming wedging action. These craoks rock can propagate if the tension

stresses intensity exceeds the fracture toughimei$48].
2.5 Summary

This chapter summarized the different applicatiohshe shaped charge devices in both
civil and military fields. The application of shapeharge OWP in the oil industry to
complete the well was introduced. The different afaoturing techniques for both the
solid- and the powder-based liners were reviewddoreover, the main parameters

governing the performance of the shaped chargeegwere discussed.
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CHAPTER.3 SHAPED CHARGE JET
FORMATION AND PENETRATION MODELS

3.1 Introduction

Upon the detonation of a shaped charge, threerdiftgphases are observed. These phases
are jet formation, jet breakup and jet interactigth a target. For the first phase, Birkhoff
et al. [49] proposed the steady state theory, whviak developed into the well known PER
(Pugh, Eichelberger and Rostoker) theory, the mmostmonly used unsteady state model
[50]. Also, Godunov et al. in 1975 [51] modified the steadytestheory to include the
strain-rate effect, which was further developedsiters [52].

In this chapter, a detailed discussion about tkebéshed theories of the jet formation will
be performed. The Gurney velocity approximationnfrohe simplest explosive-metal
configuration, which may be applied to the conic@r shaped charge, will be discussed.
Since the efficiency of the shaped charge is chamaed by its breakup time and its
penetration capability, a survey about the differempirical formulae of the breakup
models and hydrodynamic penetration models willirhestigated and discussed in this

chapter.
3.1.1 Steady state Birkhoff theory for jet formation

The steady state theory for the shaped chargeretation was established by Birkhoff et
al. [49], which had the following assumptions:
- The liner elements are accelerated instantanedodlye final collapse velocity at
the liner axis with the same valug,V
- A constant jet length equal to the slant cone haggassumed,
- Moreover, the pressure applied to the liner walassumed to be equal and the
collapse angle[Ris greater than the original cone apex angle 2
- Both the velocities and the cross-sectional arégst and slug are constants.

Figure 3-1 presents a schematic drawing of thedgtstate jet collapse process, in whiich
represents the collapse angle and the half cone angle..\s the collapse velocity, Ms
the velocity of the moving coordinates (or stagmatvelocity of point A), ¥ is the flow

velocity, W is the detonation wave speed of the explosive.
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The slug s mape The jet

Figure 3-1 The collapse process according to tdgt state theory [49].

From the trigonometric relations, the angles iartgle PAB can be calculated as a function

of B anda as follow:

Z(PBA) = g - @ 3-1
/(BPA) = 0 = g+ @ 3-2

An observer at point A will feel point P approaclns by a velocity ¥, while point A
itself moves towards right by a velocity;,\therefore the velocities of both the jet and the

slug can be calculated from

Vjet:V1+V2 3-3
Vsug=Vi-Vo 3-4

where  and \, are the stagnation and the flow velocities, respely. They can be

estimated according to the sin rule from:

Vo Vi V2

sinfp ) sin (g + —(a 2_ B)) sin (g - —(a ; 3)> 3-5

Thus, i and \4can be expressed as

_ Vocos [(B-a)/2]
V1 o sinf 3-6
—a)/2 -
v, =V, (COS [(tinﬁa)/ Lt sin (ﬁ > a)) 3-7
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in which the collapse angpecan be calculated from

U= VoCO_S (B —o)/2] 3.8
sin(ff — a)

where U is the deonation wave velocity along me and can be calculated by=

Up/ cos a, where U, is the detonation velocity of the used explosive.

Thus, the jet and slug velocities can be calculatefbllow:

V= Yo sin(8 — a)[cscB +ctnf + tan('g _ a)] 3-9
cosa 2

g = Yo sin(ﬂ—a)[cscﬁ—ctnﬂ—tanﬁ)] 3-10
cosa 2

The masses of the jeinj and the slugn() can be calculated using the mass and the
momentum conservation equations for the jet andsthg. Thus, their masses can be

estimated according to the following equations:

1
m, = Em(l— cosp) 3-11
m, = m(L+cosp) 3.12
where m is the original mass of the liner.

This model over-predicts the jet tip velocity. Tteculated jet length is greater than the
slant height of the cone (original length of theel), which contradicts the initial

assumption that the jet length is the same as |t bight of the cone. Moreover, the
steady state model does not consider the velocigignt, which is the main reason for the

jet breakup phenomenon [49].
3.1.2 Unsteady state PER theory

The basic principle of this theory is the samehas of the steady state theory except that
the collapse velocity of a liner element is diffeirédrom other elements depending on its
original position on the liner material [50]. Thellapse velocity has its maximum value at
the apex but decreases gradually toward the badbeotone. It is assumed that the
collapse angle increases towards the liner basegftire, the jet velocity decreases when
the new liner elements are added into the jet. RBBRel is illustrated in Figure 3-2 based

on an assumption of constant thickness and conée aigthe liner material [50]. In
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addition, the strength of the liner material maynleglected because of the extremely high
pressures on liner during the collapse processebar, the formed jet has a velocity
gradient, in which the tip travels much faster thhe tail leading jet elongation and

eventually breakup.

Figure 3-2 A schematic drawing of non steady g&ttiormation according to PER theory
[50].

The element P’ would have reached N when elemeeaéhed J if their collapse velocities
were identical, and therefore, QNJ remains a ditdige. However, in PER model, P’ has
a slower collapse velocity than P, the collapsingrlhas a curved contour QMJ as shown
in Figure 3-2. As a result, the unsteady stateapsk angl@ is greater than the steady state
collapse anglg’. This assumption is based on the assumption #et Bner element is
thin and will not be affected by its neighbours.eThner element is not moving
perpendicular to its original surface but has als(iaylor) deflection angled) with the
normal to the liner surface as shown in Figure 8iRef.[6] Richter proposed a formula
to determine the Taylor deflection ang# (

1 1 TLKpp
26 @ T,

3-13

wherep, and T are the density and the thickness of the linef,waspectively. K and,
are constants that are determined from the typthefused explosive and the angle of
incidence, which the detonation wave makes with lther. T is the thickness of the

explosive that drives the liner.

The geometry that shows different angles accortlinthe unsteady state PER theory is

illustrated in Figure 3-3.
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fe——Up ——
Q

Figure 3-3 Geometry showing parameters in unstetatg theory [50].
§ = sin*(V, /2U) 3-14
where \4 is the collapse velocity of the liner element istationary reference system and
U=Up/cosa. 3-15

The relation among the collapse velocity, the stéign velocity and the flow velocity is

illustrated in Figure 3-4, where;\and \4 can be calculated using,¥om the sin rule as

follow:
Vo _ Vi _ V2 316
sinf - sin(z-(6-a=8) sin(3-(a+0)
Thus,
_V,cosB-a-9) 3-17
V, = _
sing
_V,cos@ +9) 3-18
V,=—"———
sing

where V, is the velocity of the moving reference (stagmatelocity), \4 is the element
flow velocity in the moving reference and, 6 the collapse velocity of liner elements in

the stationary reference.
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Figure 3-4 Relation among collapse, flow and stiagnavelocities.

The collapse anglp for the unsteady state theory, can be calculaedording to Hirsh
[53] and Liu [54] by

B=p"+4B 3-19

where B" is the collapse angle for the steady state thadngref” is given by
Bt =a+25, 3-20

—(xsina) v,
o Yo 3-21
AB = tan (cos(a + 6)cosd \V,

where X is the distance along the liner axis fromdpex and prime denotes differentiation

with respect to x.
Thus,the jet and the slug velocities can be calculated b

Vi =V, cscg cos@+o —g) 3-22

V

Sug

=V, secgsin(a+5—§) 3-23

These equations are valid in both steady stateig\constant) and unsteady state, (V

varies) theories.

The masses of the jet and slug satisfy:

M _ 28 3-24
dm 2
am, _ co§ﬁ 3-25
dm 2

77



Chapter 3: Shaped Charge Jet Formation and PenatMtdels

3.1.3 Modifications to PER theory

Allison and Vitalli [55] obtained good agreementveen their experimental results and
the PER theory predictions. However, Eichelberge6] [found some discrepancies
between the experimental results and predictioosr fPER model because PER model
assumed that the acceleration to the liner axisstantaneous (i.e. infinite acceleration), as
shown in Figure 3-5 (a). Eichelberger [56] suggddteat the acceleration of the liner
collapse is a constant, which could be calculateddy. (3-26) and Figure 3-5 (b). This

assumption was used by Carleone et al. [57], wiher@acceleration is given by
P
a=c-L 3-26
where R; is the Chapman-Jouguet pressure of the used explo§ andp, are the

thickness and density of the liner, respectivety @ais an empirical constant.

The more realistic equation describing the linecesgration was recommended by
Randers-Pehrson [58], as illustrated by Eq. (3a2id) Figure 3-5 (c).

t-t,

V)=V, [l-e *

D] 3-27

wherert is the time constant and could be calculated filearfollowing equation:

T=QMV°+C 3-28
P ? )

cJ

wher M is the original mass per unit area of theriand ¢and ¢ are empirical constants.

Theoretically, the apex portion of the liner shobklve its maximum velocity because it
has the maximum explosive-liner mass ratio. Howetlgs is not the case because the
liner material near the apex does not have suffidiene to reach its theoretical collapse
velocity, and therefore, the first collapsed eletaado not posses the maximum velocity.
Instead, the elements that collapse after the agements will have the maximum

velocity. This piling up of the velocity will causephenomenon called the inverse velocity

gradient as illustrated in Figure 3-6.
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Figure 3-5 The acceleration of the liner elemeiti whe time, (a) infinite acceleration, (b)

linear, (c) exponential.

Figure 3-6 The inverse velocity gradient [6].

Many authors have attempted to account for theriece of jet velocity on the shape of
the detonation wave when it meets the metallicrliBehrmann and Birnbaum [59] and
Carleone [60] modified the PER jet formation model consider the effect of the

detonation wave on the jet formation.

The detonation velocity of the detonated explosilang the liner surface (U) is replaced

by U/ cos {(x) where | is the detonation velocity of the used explosind &Xx) is the

79



Chapter 3: Shaped Charge Jet Formation and PenatMtdels

angle between the normal to the detonation wavd fod the liner surface. Therefore, the
Taylor deflection angle, Eq.(3-14) is generalizedbé:

V, cos¢

D

sind = 3-29

3.1.4 Jet elongation behaviour

Since there is a velocity gradient between thetipetand its tail, the jet elongates (or
stretches) during its flight. To study the jet s&théng behaviour, the position of each jet
element at any time is expressed in terms of itmirposition (x) and time. The element

jet position at certain time (t) can be estimated b
Z(%,t) = z,(X) + (t —t, )V, (X) 3-30

where z is the coordinate measured along the aleatis of the shaped charge with an
origin of user’s choice. (i.e. the Lagrangian limégment position).tis time when the jet
element just reaches the jet axis. When thén z=z. Using the above expression and

assuming the jet incompressibility, time depengietength can be determined [6].
3.2 The Gurney velocity approximation
3.2.1 Introduction to Gurney formulae

The model of an explosively-driven metal is usegtedict the fragmentation velocities,
the flyer plate motions and the collapse velocitidsthe shaped charge liners. Many
authors have attempted to deduce simple relatieverging the driven metal velocity
under the effect of detonation gaseous productméy[61], Thomas [62] and Sterne [63]
tried to identify the chemical energy liberatednfrehe detonation of high explosive that
could be imparted to the metal in contact with éxelosive, causing its acceleration and
attaining terminal velocity [6]. This energy is lea@ Gurney energy (E) and is considered
as an intrinsic property for each explosive. It wlafined as the part of the total chemical
energy of explosive that are released during détmmand converted to the kinetic energy
of the metal.The final kinetic energy from the detonation of kgive was partitioned
between the kinetic energy of the driven metal #re@gaseous product by an estimated
linear velocity profile. To simplify the calculahs of the terminal velocity of the metal,
following assumptions were normally made:

- The detonation products are assumed to expandroniyfovith constant density;
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- Rarefaction and shock wave effect within the safietals due to shock waves are
neglected;
- The total Gurney energy is divided into the kinetieergy of the gas expansion and

the kinetic energy of the driven elements in cantéth the explosive.

The Gurney model was essentially based on the iplasc of momentum and energy
conservations. It could be applied to any one-dsi@ral explosive-metal interaction
system. The Gurney approximation exhibits high eamcy for the prediction of the final
metal velocity over the range of mass ratio betwaetal (M) and explosive (C) from 0.1
to 10 [6].

Many investigators introduced their analytical fotee used to determine the Gurney
velocity [64]. Kennedy [65] and Jones et al. [66padissed the most well-known
configurations of metal and explosive. But for tbemmon shaped charges, the liner
collapse velocity was determined using the formdkeved by Chou and Flis [67], Duvall
et al. [68] and Shushko et al. [69]. Hirsch [70texded the Gurney model to small shaped
charges, whereas he also deduced another formuisidesing the effect of the

confinement of the charge on the collapse veldéidy 71].

These studies show that the terminal velocity efrtitetal depends on the configurations of
the metal-explosive interactions, the explosiver@yrenergy and the mass ratio M/C.

3.2.2 Determination of Gurney energy and Gurney velocity

Kennedy [65] provided an easy approximation teedeine the Gurney energy for some
explosives. This approximation is:

E=07Q 3-31
where Q is the heat of explosion of the explosive. However,most commonly used

explosives, E varies between 0.61apd 0.7Q.

In 2006, Keshavarz and Abolfazl [22] extended thedinition to include the detonation
gaseous and solid products and their heat of foomafhe proposed new relationship
between E and Qv is similar to those calculatethleyexisting approximations for a range

of different exolosives. In 2002, Koch et al. [1&ed the law of energy conservation to

get a relation between the explosive detonationoigi and its Gurney velocity\f2E )
They applied the law of energy conservation toedéht explosive metal configuration,

symmetrical plates, cylinder filled with explosigere and hollow metallic sphere filled
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with a solid explosive. For common explosives, @swfound that the Gurney velocity

V2E = Up/3.08, where Y is the detonation velocity of the explosive, whigénerally
agrees with existing estimations [72]. Furthermoi@urney velocity has been
experimentally determined for certain explosivedjiol are listed in Table 3-1. The
average value calculated for these explosives 18 @ith a standard deviation of 0.2,
which means that this formula presents a reliad tio estimate the Gurney velocity for

certain explosives based on their detonation viloci

Table 3-1 Explosive characteristics and Gurneyaigtidor some common explosives

[72].
Explosive | Density (g/cd) | Up (km/s) | (2E}?(km/s) | Up/(2E)?
Comp B. 1.717 7.89 2.35 3.36
HMX 1.89 9.11 2.97 3.07
LX-14 1.835 8.83 2.80 3.15
PETN 1.76 8.26 2.93 2.82
RDX 1.59 8.25 2.45 3.37
TNT 1.63 6.73 2.04 3.32
Tetryl 1.63 7.50 2.27 3.30

3.2.3 Formulae for different configurations

Many authors investigated the terminal velocityddferent configuration models in order
to deduce a relation connecting the metal velaasty function of the Gurney velocity and
the mass ratio between explosive and metal. In , 1848ney [61] deduced the well-known
formulae for the cylindrical and spherical configtions. In 1967 Henry [73] made a
complete review of Gurney approximations. In 19R8nnedy [65] independently got the
same formulae. The different formulae for the opaced sandwich, the symmetrical
sandwich the cylindrical and spherical shells @td below with the schematic diagram

for each configuration.

3.2.3.1 Open faced sandwich

Figure 3-7 The open faced sandwich configuratign [6
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3-32
Figure 3-8 The symmetrical configuration.
A
M 1]|:2
V,, =+J2E|2—+= 3-33
=72
3.2.3.3 Asymmetrical sandwich [74]
c S
Figure 3-9 The asymmetric configuration.
3-34
3-35

Figure 3-10 The Infinitely tamped sandwich configion.
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Kl
V. = 4/2_E[M+l} 2 3-36

3.2.3.5 Cylinderical shell

Figure 3-11 The cylindrical configuration [6].
1
M 1]z
V. =+J2E| —+= 3-37
e

3.2.3.6 Spherical shell

3.2.3.7 Formulae for the Gurney approximation in the shapedcharge

As the detonation wave passes the liner, it fotkediner material to collapse towards the
axisymmetrical axis of the liner, after which theetching of the collapsed elements of the
liner start to form jet and slug. The collapseoedl is so important that it can be used

directly to predict the jet and slug velocities.

The Gurney equations mentioned previously are nsirdplified and cannot be applied to
conical and other liner geometries. Therefore, @v&urney velocity approximations
have been derived for shaped charge analysis assdisd in details by Walters and Zukas
[6]. One of these approximations was developed lhguGand Flis in 1986 [67], where they
summarized the different models used to calculagetérminal collapse velocity starting

from the general form of:
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V, =2Ef (1) 3-39

wherep is the M/C ratio and f() is a function ofu depending on the metal and explosive
configuration geometry. They showed that the cskapelocity \§ of the shaped charge
liner can be estimated by the approximation usezhkoulate a single flat plate backed by a

slab of explosive:

05
V, =+2 [ +5u+1] : 3-40

For the same flat plate, Duvall et al. [68] usedirogynamic theory to get a formula
provided that the detonation wave propagation ia glirection tangent to the liner. They
obtained the following equation by hydrodynamicaitye

v, =U, [1 + 2K (1 - \/1 + (32/(27#)))] . 3-41

In 1972, Deribas [75] concluded a similar equation:

V. =

1+32/27u) -1
e 242

| 1+32/(27u) +1

Kleinhanss [76] presented an empirical equationi¢ciythowever, does not account for the

curvature in geometry such as shaped charge lieer,
V, = 0.36U, tan‘l(i) . 3-43

Kleinhanss [76] also showed experimentally thatliher collapse velocity depends upon

the radius of the cylinder explosive charges, i.e.

r; —&e2r;—¢) 1
T € [Co + &f (B)]

Vv, =Up 3-44
wheree is the metal liner thickness, k=t is the explosive thickness, and r are the outer
and inner explosive radii, repectively, &df(b) are empirical parameters that depend on

the used explosive and metal liner.

Chou and Flis [67] reused Gurney model to analyzeliner element velocity under the
detonation of explosive cylinder. They included tlmpulse generated from the explosive

into the velocity equation, i.e.
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R,

VO:f(.u:R_pI) 3-45
I

where | is the specific impulse, which could beanféd from 2-D hydrocode,,Fand R
are the outer and inner radius of the explosivapeetively, as illustrated in Figure 3-13.

Unreacted explosive

D .
Detonation wave Unreacted lner
&
“ =

Reacted explosive

Ro

Normal to
Original position
A of the liner

Original position of the liner

Figure 3-13 A schematic diagram of the collapsingriunder explosive load [67].
3.3 Visco-plastic model and jet coherency

The visco plastic model according to Godunov e{&l] assumes that the jet flow is an
incompressible flow and its stress is dependentnupee strain-rate and viscosity

coefficient i.e.
0 =0y + UE 3-46

wherec is the stresspy is the yield stressé is the strain-rate angd is the dynamic
viscosity coefficient. Many experiments have beenducted in USSR [77], [78] and USA
[52], [79] in order to determine the valuesigfwhich depends on temperature, pressure
and strain-rate. It was found that the dynamicosity coefficient ranges from i@o 1¢

poise (i. e. g/cm.s).

Godunov et al. in 1975 [51] calculated the straites for certain shaped charge liners and
found that they are in the range of4d However, Bauer and Bless [80] showed that the
strain-rate in shaped charge jet is in the ordet@fs* based on the measurements of

copper cylinder deformed at extreme loading dueexplosion. In addition, Chou and
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Carleone [81] calculated the strain-rate for a 8lweahbre shaped charge, which was
found to be 10s* for copper liner.

The visco-plasticity is an important model to déserthe jet coherency. The coherent jet
should have no radial velocity component. Othernadeer certain travelling distance of jet
tip, some patrticles start to deviate from its tieads, decreasing the effect of jet on the
target. This incoherent jet is called overdrivendorerging jet and could happen when
Reynold’s number is greater than 2 according tofélewing equation based on a visco-

plastic model proposed in USSR [6]:

Fa2
o= VoS 3-47
v(1 —sinp)
_H
V = —
0 3-48

where T is the liner wall thickness, is the kinematic viscosity, is the jet viscocity,p is
the collapse angle and,\fs the inviscid flow velocity. This equation coule used to
determine the critical flow velocity of the jet.

The stagnation velocity Ms given by:

v, =y, I~ ;iiiz,(ﬁ —a= 0 3-49

where \ is detonation wave speedjs the half of the conical liner apex angle, @&
the plate bending angle. The flow velocityi¥ given by:
sin(a + @) — sina

Vo =Up sin B . 3-50

The jet and slug velocities can be obtained acogréigns.(3-3) and (3-4), respectively.

The visco-plastic model predicts a lower jet velpthan that calculated by PER theory,
however, its slug velocity is higher than that &RPtheory [6].

To characterize the cohesion of the jet, WalsH.dB83a] concluded that, the jetting occurs
only when the fluid is incompressible or if theviloelocity is subsonic [6]. Besides, Chou

et al. [83] presented the criteria conditions fetting formation and jet cohesion i.e.,

a. The flow velocity is subsonic, then a solid cohéjehcan always be formed,
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b. In the supersonic regimes, the jetting occurs drdgllapse anglep is greater than
the critical collapse angl@: and incoherent jet is produced.

c. In the supersonic collisions wheris lower tharp,, the jet will not be formed.

As a general rule, for shaped charge with a cofwper, the produced jet will be coherent
if the flow velocity of the liner is below criticdlach number 1.2 for the copper material
[83].

3.4 Breakup time models

Since shaped charge jet elements have a veloatiegit from its tip to its tail or slug, the
shaped charge jet breaksup into small elementsge travelling distances. In the breakup
stage, the penetration efficiency of the shapedgehatarts to decrease steadily due to the
decrease of the effective jet length prior to impaw the presence of the air gaps between
the jet segments or particles. Therefore, the wtdeding of the jet breakup phenomenon
and the methods of delaying the onset of jet breaie the major interests of the shaped
charge designer. Recently, many investigatorsexuithis phenomenon, e.g. Cowan [84],
Hirsch [4], and Hennequin [85]. They used empirfcaimulae, hydrocode simulations and

one-dimensional analytical models to determingehéreakup time.
3.4.1 Empirical formulae

A few empirical formulae are presented herein. ¢firpl] suggested a phenomenological
formula for the jet breakup time. This formula cdétes the breakup timg)as

_ %jo

t, 3-51

VpL '

where ¢ is the initial diameter of jet element when thengjation starts andgy is the

characteristic plastic velocity or the velocityfdience between successive fragments.

Hirsch’s formula for breakup time based on Eq. {3-&nd the liner geometry is

1 (B
tp =7 8RT} sin 5 3-52

PL

where T is the original liner thicknes$, is the collapse angle and R is the radius of each

element from the liner axis.

Hirsch [5] further used SCAN code and a set of expents with charges of varying liner

thicknesses to study the breakup time, in whigh Was found to be a function of liner
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thickness and charge diameter. 4/Was named as specific breakup time of the liner an
was given by:

= 13;886—101.49;-—L 3-53

D

1
VPL
where G is the charge diameter and i§ the liner element thickness.

Eq. (3-53) predicts reasonable jet breakup timesdatain shaped charges. However, its
application is limited because it is independentha stretching rate of the formed jet
[86].

Pfeffer [87] deduced an empirical equation to daiee the jet breakup time using the
results of a two-dimensional hydrocode simulatibjebstability, i.e.

t, = % + 485 Z—" 3-54

o

where€ is the initial strain-rate of the jet material,is the initial jet radius, and.Gs the

sound speed in the jet material. This model is lsited because it is independent of the

jet strength [6].
Haugstad [86] presented an empirical formula baseé&q. (3-46). For the case where

tends to zero, the breakup time equation can ligbee by

ad,

1
t, = - =, -
NGO 359

where o iIs an empirical constanp is the liner material density and & the initial
diameter of jet.

Foru >>0, the empirical equation has the following form

1
%=ﬁ£—g 3-56
y

wherep is an empirical constant.

Haugstad [86] pointed out that the exact deterrunaif the jet breakup time might not be
obtained by this formula since it does not accdontmaterial microstructure. Haugstad
[86] also concluded that the increase in the breakup tifna shaped charge jet could

correlate to the decreasedpand the increase jn
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Chou and Carleone [88] deduced a formula predidtiegbreakup time. The formula had

good agreements with the experimental measureraadtbas the following expression:

Or]O CO

o nOrO

3-57

=—[375—0125

whereC, = W, oy is the yield strengthy, is the initial deformation rate of the jet
material, which equals topV/ljo, where |, is the initial length of the jet material ang Vis
the velocity difference between neighbouring jeigments and,lis the initial jet radius
when the jet elongation starts. Table 3-2 lists sa@lues of jet yield strength for some

common liner materials.

Table 3-2 The yield strength of some liner matsrjé].

Liner material Jet yield strengtby (MPa)
Copper ETP 200

Copper OFHC 270
Aluminum 100

Hennequin [85] developed a new formula providinigetter estimation of the jet breakup
time and the accumulated length of the jet. Tordatee the timed only one parameter is

needed, which is the fragment shape indexthat can be calculated by the initial jet
length and the final length of the fragment. Theésgmeter characterizes the type of jet
material in terms of ductility or brittleness. Itass taken to be 1.46 in Hennequin

experiments [85]. The equation has the form:

27"0 1 VpL

2 |l + (Irg = 1) - 3-58
AL

The comparison among the above mentioned equattmmss that the breakup time of jet

predicted by Eq.(3-58) is similar to that predictlsdEq.(3-57), but the former gave a more

accurate results than the latter [88].

Held [18] defined the average breakup time of sav&naped charges using flash x-ray to
calculate the fragments length. He defined thekuedéime by

_ l
=l T 3-59
— Vj,cut
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where ) [ is the summation of broken-up jet elements, and \care the velocities of
the jet tip (Mo) and the cut off element (i.e. the velocity oftla@@netrating element),
respectively.

Held also described the quality of the copper limaterial by the scaled breakup time,
which is defined by

Fpe = 2 3-60
bs — Cp -
wheret, is the scaled breakup time ang 8 the charge calibre or liner diameter at the

base.
3.4.2 Hydrocode Simulations

Using the Lagrangian code HEMP, Chou and Carle88¢ pnd Karpp and Simone [90]
determined the jet breakup time by following thegeofile changes with time. Karpp and
Simone [90] demonstrated that a jet with a unifomiial radius under continuous
stretching eventually developed necking, which delgeon the wavelength of the initial
surface perturbation. They also estimated the gtineof copper under dynamic conditions,
which was found to be 0.1 GPa. This is neededhemtrediction of the jet breakup time.
Chou and Carleone [89] used the same code to prtbaieffects of the yield strength, jet
density, the initial disturbance wavelength andaitsplitude on jet breakup time. They
showed that the perturbation in jet strength oroeiy causes plastic instability. The
critical wavelength seems independent of the pleetiphysical quantity that initiates the
instability. Figure 3-14 shows a comparison of thsidrocode simulation with the flash
radiograph of a typical jet.

In 1981, Miller [91] used the two-dimensional hydode named PISCES in order to
predict the breakup time of copper jet. Miller ustedinberg-Guinan constitutive equation
in the hydrocode in order to account for the sti@@mdening and thermal softening by
considering the effect of temperature, pressurelargke plastic strain. Miller [91] used
unconfined BRL-105mm diametdf® conical shaped charge to compare the experimental
results with the numerical results. It was foundttthe predicted breakup time for the
subsequent elements is longer than that calcutatetie hydrocode. Later in 1982, Miller
[92] concluded that the difference between the tyde simulation and the experimental

test was attributed to the random necking of theye to imperfect formation of the jet.
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Code Simulation

——

Initial Configuration

After 18 s

After 36 s

Radiograph —

After approximately 39 us

Figure 3-14 Comparison between hydrocode simulaifgat necking due to instability

and flash radiograph of a jet at approximatelysame time [89].

Osborn used the two-dimensional code named TOODudy the jet breakup problem

while Pfeffer simulated the jet breakup using tH&RESS-2 to study the same phenomena

[6].
3.4.3 Analytical Models

In 1976, Chou and Carleone [89] studied the jetakuwp phenomenon using a one-
dimensional model. They focused on the influendggtomaterial strength and its inertia
force and showed that the ratio of jet flow streesigs material density controls the growth
of the instability. They predicted that the breakimpe increases with the decrease of this

ratio.

The one-dimensional model was extended by CarlaadeChou in 1977 [93] in order to
include the stress concentration at the jet netks. solution of their theory showed that
the critical wavelength was independent of thesjettching rate, where it had a value of
2.22 in terms of the jet diameter at the beginrahghe jet instability. However, a two-
dimensional hydrocode simulation by Carleone anduCl®3] predicted that the critical
wavelength was a function of the jet-stretchingerathe correct number of jet segments
was also determined from the two-dimensional sofuti

In 1982, Miller [92] also developed a one-dimensiomodel to study the jet necking

problem. The model was based on the separationadgBbles and Fourier integral
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technique. Miller [92] assumed that a long and Iyeeylindrical jet with a small neck at
the centre of the jet has a linear velocity gratiénperfectly plastic constitutive equation
was used. Although the predicted results were iodgagreement with experiments, the
initial material conditions such as temperature #od stress had to be assumed. The
results obtained by the one-dimensional model #] [&ing perfectly plastic constitutive
equation were similar to that obtained using SteighGuinan constitutive equation [6].

Walsh [94] developed an analytical model to perfametailed analysis of the effects of
surface roughness, the non-uniform initial velogtyadients and the non-uniform yield
strength on jet breakup. The predicted results wemdar to those of Carleone and Chou
[93]. The model predicted that the breakup time was onliigly dependent on the

amplitude of the initial disturbance. Walsh [94$@lconcluded that the jet breakup time
could be delayed by reducing the shaped chargécéion tolerances or increasing the

homogeneity of the shaped charge elements.

In 1993, Backofen [95] used an analytical modetaéculate the different parameters of
the produced jet. These parameters include theavidrigin, the breakup time and jet
penetration capability into different target madési It was found that the used analytical
model gives reasonable results to the breakup é¢istienated by using flash x-ray during
the detonation of the shaped charge.

3.5 Shaped charge jet penetration models

Shaped charge penetration models were initiallppsed based upon Bernoulli equation,
which was subsequentially modified to account &irgarticulation, compressibility and
strength effect. This section will discuss the @ixand variable velocity jets and the effects

of stand-off distance, target material strength laredkup time on jet penetration.
3.5.1 Uniform velocity jet

As the first approximation, the Bernoulli equatiassumes that the jet is an inviscid and
incompressible fluid. The pressure generated duhiegmpact of jet on the target is much
higher than the yield strength of many materialse penetration process is also assumed
to be a steady state process and the length ofethis assumed to be constant [6].
Diagrammatic schemes of the initial length of jJ¢tpfior to impact and the jet penetration

into target are shown in Figure 3-15.
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Figure 3-15 Hydrodynamic penetration of jet intayt [6].

The hydrodynamic model assumes that pressure dm sides of the interface is in
equilibrium, i. e.
1 1 .
5oV = U)? = 5 prU2. 3-61

The consumption of the je(c_d—‘il) can be linked to the penetrator velocity and the

penetration velocity U, i.e.

dl
V—-U=——. 3-62
dt
The relation between penetration depth (P) andtpetien velocity is
d
u=%< 3-63
dt
Therefore,Z—'Z = — % .z—i , which can be integrated from the start of imp@aet |=L at
T

t=0) to the moment when the jet is completely comsd (i.el=0 at t=t),

, 0 .
P=—p—].f dai=1 2L 3-64
Pr Jg Pr

Eq.(3-64) gives a first order approximation of #i@ped charge jet penetration. However,
the hydrodynamic model neglects several importactofrs, which may influence jet

penetration. These factors include [6]:

- Strength of both jet and target materials, whiclcobee important when the jet
velocity is low.

- Secondary penetration due to the crater inertex #fe jet is completely consumed,
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- Velocity gradient in the jet, which requires suleaktand-off distance to maximize
the jet penetration,

- The jet tip velocity affects the penetration degiial

- Other factors such as jet-target interactions, gkgnment, jet compressibility,

aerodynamic drag and variable-area of jets.

3.5.1.1 Jet breakup effect

To account for the jet breakup effect, Evans in0L§&| developed the hydrodynamic
theory by applying the dynamic pressure producegebparticles, which is the jet force
(rate of the change of jet momentum with time) diéd by the total cross sectional area of
the jet. This term equals to the pressure generatethe target during the impact.

Therefore,

A5;(V = U)? = ppU? 3-65

where p; is the average jet density including gaps betwten particles and, is a

constant, which equals one for a continuous jet taradfor a particulated jet. Thus, the

Bernoulli’'s equation primary penetration is given b
— _0.5
pi [ﬂ 3-66
Pt

This model also neglected those factors ignorethé hydrodynamic model for fixed

velocity.

3.5.1.2 Stand—off distance effect

Another model had been suggested by Birkhoff 48l in order to account for the stand-
off distance effect on the penetration depth. Tiggested semi-empirical formula for the

continuous jet is:

P = P, @+aS)

BTy o7

where S is the stand-off distance,ifthepenetration at zero stand-off (i.e. S=@)is a
constant depending on the jet velocity gradient gnd a constant representing the jet
spreading. Constangsandp can be determined from curve fitting of the pegiin-stand-

off curve.
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For the broken-up jet, the penetration formula is:

_p V20+ys)*

P=P, 3-68
1+ /S

where P; is the penetration depth from the previous equation (P)te continuous jet
andy is a constant depending on the velocity gradient.
3.5.1.3 Target material effect

Many investigators attempted to improve the acouadcthe simplified theory. Pack and
Evan [96] considered the importance of the stremdttarget material on jet penetration.

They modified Eq.(3-64) by multiplying it with a wection term as follows:

- Y
p=r (1% 3-69
Pr p;V?

wherea is a constant and Y is the yield strength of Hrgdt material. They showed that

for steel, the correction termY /p;V? is 0.3, which means that the penetration is redluce

by 30% due to the effect of the target strength.

Eichelberger [97] made extensive measurementst giejeetration histories. It was shown
that the hydrodynamic formulae Eq. (3-64) could bet used in the later stages of
penetration as the jet velocity decreases. The lstage penetration mechanism is
somehow different from the earlier stage penetnatieechanism, during which both the
target and the jet behave hydrodynamically. It va#s0 found that when the jet was
brokenup,A in Eq. (3-66) would be less than unitypif was taken as the same as the
original density of the liner material. Thus, Eeldberger [97] proposed a formula that
includes the strengths of jet and target materials,

1 1
EAPJ(V—U)Z :EPTUZ-FO' 3_70
with G =0T - O 3-71

where ot ando; are the resistances to plastic deformation fogetaand jet materials,
respectively. Each resistance term was taken admtf@ee times the value of its static
uniaxial yield stress [97]. The importance of thresgth term effect on the penetration was
demonstrated by Pugh [98] and Klamer [99] when tfaynd that the penetration into
armoured steel is 15% ~ 20% less than that intd stéel.
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3.5.2 Variable velocity jet

The jet has non-uniform velocity distribution and iength is increasing with time,
therefore, the fixed length jet should be modifigkhrahamson and Goodier [100]
extended the hydrodynamic penetration model toudel non-uniform jet velocity
distribution and stand-off distance. This modeat&d from an arbitrarily selected initial
time and required the initial jet length at thisment to be given, which makes this model
difficult in practical use. Allison and Vitali [2dlevelopped a penetration model based on
following assumptions:

a. Existence of a virtual origin, from which each gement is emitted at its own
velocity that remains constant during its travejlinetween the virtual origin and
target.

b. Negligible strength of the jet and target materidls ensure the validity of this
assumption, a minimum jet velocity for penetratidfyin, must be defined to
represent the termination of penetration by slowingpjet elements.

c. Negligible compressibility of the jet and targetteréals,

d. Simultaneous breakup of the entire jet, and

e. That each broken jet segment penetrates as a goofinet.

Allison and Vitali [2] derived the following penetiion equation for the continuous jet:

A
P(t) :Vot(%) otV 372

wheret, is the time at which the jet moving with a tidaaty V, arrives the target and

is the square root of the density ratio, i.e .

y= & 3-73
\ 2

Eq.(3-72) is only valid before the jet breakshgrause the penetration depth predicted by
Eq.(3-72) is independent of stand-off distancerdality, penetration decreases with the

increase of stand-off distance after the jet ikéno

Allison and Vitali [2] model is still a useful mobi®r the study of jet penetration. Dipersio
et al. [101] and Schwartz [102] presented explmitnulae based on Allison and Vitali [6]
model, for the following three cases:

a) Penetration before jet breakup<(g)

b) Jet breakup during penetratiog<{t<T)
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c) Jet breakup before reaching the target£&T),
where T is the total time at the end of penetratigis the jet break-up time anglis the

time when the tip reaches the target.

For case (a), the total penetration depth P is:

1
V. V¥
P= o | -1 -
[V j 3-74

min

where S is the distance from the virtual origintlie target and M, is the minimum jet
velocity for penetration.

For case (b), the depth of penetration is

1 v
p = Y DWWV = Vinnty, 3-75
v

Finally, for case (c), the depth of penetration is

P= (Vo _Vmin )tb
4

Egns. (3-74 to 3-76) are called DSM (Dipersio, Sinamd Merendino) model, which can

3-76

also be used to obtain the exit velocity ® a continuous jet after perforating a finite
thickness () [103] i.e.

=1, {21 3-77

S+T;

It was found that at larger stand-off distanceséhtormula, give larger penetrations than
the measured values due to the occurrence of asyiowavering of the jet, which is not
considered in the model [103]. This over-predictay also be caused by the occurrence

of the tumbling or the deceleration due to airtioie [103].
3.5.3 Particulated jet

For the particulated jet, the gaps between thdteskjet elements decrease the penetration
capability of the jet. The penetration depth ofaatipulated jet, P’, can be calculated using

a formula developed by Carleone et al. [6]:

P = P(l-&J 3-78
g,
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where @ is the gap distance between two subsequent braBenet elements
nondimensionalized with respect to the incrementhef jet length, gis an empirical
constant equals 6.5 for precision shaped charg&giyely large calibre) and 4~6 for small
charges (non-precised). An average value of thedigipnce g, may be used to replace
g in Eq. (3-78);

k

) glgi 3-79

gave - K

where K is the number of broken-up elements.

Hence, to calculate the jet penetration at a gistmd-off distance, it is necessary to
consider the jet traveling time and to check if the jet is continuous or broken-up. If the
jet reaches the target after it has been brokeitsipgnetration is first calculated using the
same procedures for continuous jet and then triiected using the Eqg. (3-78).

3.5.4 Target strength

Various penetration models have considered theetaigength effect on the penetration
depth. The most frequently used model for the sthaparge jet penetration was suggested
by Alekseevskii [104] and Sanasaryan [105] basethermodified Bernoulli equation [6]:

HD +k.p,U? =0y +k;p, (V -U)? 3-80
where HD is the dynamic hardness of the target mai@/ickers hardness),rkand kare
the body shape factors of the target and jet réispdc Alekseevskii [104] takes both of
them as 0.5 andsp is the dynamic yield stress of the jet material.

The cutoff velocity was calculated from Eq. (3-8@)en U=0, therefore,

HD -0
Vmin = k—SD . 3-81
\  Kip

Christman and Gehring [106] developed a model with consideration of four different
penetration phases according to the generatedupegs<s. the transient, the primary, the
secondary, and the recovery phases. This modehpgiged to long rod penetrator in the

velocity range of 2-6.7km/s, i.e.,

0.5 2/3 2\ 1/3
- (D e @0 ()
L L Pt L Pt Bmax

where Bnhax is the Brinell hardness of the target materiale Tinst term represents the

hydrodynamic penetration in the primary phase, evtiile secondary penetration phase is
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represented by the second empirical term. This mmedes modified by Doyle and
Buchholz [107] to predict the penetration of EFgBsively formed projectiles). The

modified formula is:

0.5 1/3 1/3
=000 TR0 G 362
L L/ \pr L \LJ\pr Bnax

where P is the target penetration depth, L is tlugeptile length, D is the diameter of

projectile.ppandpr are the densities of the penetrator and targetrrabterespectively. £
is the energy in last part of projectile (Jouleldl &8y« is the Brinell hardness of the target

(kg/mn).

Semi-hydrodynamic model with the consideratiom@dterial strength was presented by
Alekseevskii in 1966 [104], and Tate in 1967 [108].

The dynamic equation of the projectile is

pL—=0 3-84

and the geometrical relationship is
dl
—U=—-—— 3-85
r-v dt’

where L is the current length of the rod. The etpBolution of this model was suggested
by Tate [109], where the values foy andor are taken to be the Hugoniot elastic limit of
the penetrator and 3.5 times that of the targeenadt respectively. However, Walters et
al. [103] suggested different value tor to be 2.5 times the Hugoniot elastic limit angl

to be the uniaxial yield strength of the penetratanich led to a good agreement with

their experimental work.
Tate 1986 [110] has provided methods to estimatarid Y, based on dynamic yield
strength [111].

1 1

EpP(V_U)Z-l-YP =§pTU2+Rt 3‘86

where Y, and Rare the projectile and target strength factorsareddefined by Tate [112]

to be:

Y, =Q1+A)a,, 3-87
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2 2E, »
=0, (=+In(—)4-e -
R=0.(3 (0_yI X ) 3-88
wherel is a constant independent of the jet velocitydtato be 0.7 for steel materialy,p

is the dynamic yield strength of the jet materrad & is the its Young’s modulus.

In 1982, Matuska [113] presented the steady sthtegnetration using the HULL software
to empirically determine the modified Bernoulli edjon parameters, i.e.

0] 1
;pj(V—U)Z + Bo; ZEPTUZ‘*‘aUt- 3-89
It was found that=1, p=0.3 and
0 = 0.47 + 0.028p, + 0.00086p;> + 0.072InV 3-90

wherep; is in g/cm, V in km/s and? is the deviation parameter which accounts for the

decrease from unity due to the resistance of tigetanaterial to the radial flow.
3.6 Crater growth process

Like penetration formulae discussed previously, ynamdels have been proposed to
describe the radius of a crater created by shapaye penetration [114]. One of these
models was proposed by Held and Kozhushko [11Mrevhhe hydrodynamic equation
was used to calculate the maximum crater radigg (n aluminium and glass fibre
reinforced plastic targets by shaped charge je¢. @xperimental crater radius had a good

agreement with model prediction according to tHefang equation:

TJVL/pT/ZRt
r'em = >—— —_
<1+ ’pT/p]-> 3-91

wherer; is the jet radius,pr is the target density and iR the target resistance to radial
crater growth, which is different from the targesistance term used in the penetration
depth formulas. Rcan be determined by the simultaneous measurenfighe g@rojectile
and the penetration velocities. It was found thatresistance of target to radial cratering is

lower than to the axial penetration.
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3.7 Summary

Models of shaped charge jet formation were presemtethis chapter. The steady state
Birkhoff model assumes constant collapse velocignh@ the liner surface, while the
collapse velocity in the unsteady state PER modeks along the liner. The analytical,
numerical and semi-epempirical breakup models ehaped charge jet were presented.
Finally, jet penetration models with the consideratof the breakup time, the stand-off

distance, the jet and target material strengthslaaget velocity gradient were described.

102



Chapter 4: Hydrocode Simulation

CHAPTER.4 HYDROCODE SIMULATION

4.1 Introduction

The numerical simulation is performed using AUTODY#hich can be used to solve non
linear problems related to impact, penetrationfgeation and explosion and has built-in
mathematical models such as shaped charge jettialgsss [115]. Autodyn hydrocode is

based on mass, momentum and energy conservatiatiawg) where the materials can be
defined by its equation of state and its strengtideh [116]. This hydrocode is capable of
performing the shaped charge jetting analysisfoghation and penetration into concrete

materials, which are briefly described below.

The jetting analysis is based on both the numerical finite differermehhique to calculate
the collapse velocities and the analytical unstd@liR theory [50] to calculate the jet and
the slug velocities and masses as well as thepsalland the deflection angles of the liner
elements. In this algorithm, the liner is descrilasda thin shell composed of a series of
nodes having the real thickness of the liner, whideapex point should be fixed by a
boundary condition to prevent its motion [115]. Atteraction between the Lagrangian
shell liner and the Euler explosive and chargencps defined by Euler-Lagrange polygon
surface. The jetting points are defined for all kher nodes except the first one fixed by
the boundary condition. Once the jetting is congglethe jetting summary including the
concerned angles, velocities and masses of afl éileenents will be obtained.

The jet formation is simulated using Euler method based on continu@chanics to
obtain the jet profiles at different time stages.this scheme, the explosive, the charge
casing and the liner materials are filled into gh&bal Euler multi-material part [116]. This
processor is suitable in the early jet formatioages, where large distortions will be
caused by extremely high strain-rate in the ordet4™ [7, 31]. These distortions will
cause the solver to stop working if a Lagrange esoly selected for the jet formation. The
Euler multi-material processor describes the detonavave propagation inside the charge
and shows the jet profile as it elongates with tiriée jet is allowed to move on the Euler
grids up to the moment when it just impacts thgdarAt this moment, the formed jet will
be remapped as a Lagrangian mass having non-unifelaity distribution. The output of

this scheme will be used as the input of next sehem
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The jet interaction (penetration) with the laminated target layers is simulated using
Lagrange method. In this scheme, the jet obtainaeh the jet formation Euler solver is
remapped to Lagrange moving grids and impacts thiélayered target. To overcome the
mesh distortion problem in Lagrange solver, a ndisbard option or “erosion strain” is
applied to the jet and the target materials. Tlsien strain does not represent a physical

phenomenon, but a numerical algorithm to prevesmntlesh distortions [117].

The input, the solver type and the output data fiika jetting analysis and the two

different modeling schemes (solvers) are illusttatethe flow chart in Figure 4-1.

I : I : I 1

Mate;i al_ § &1- Shaped charge Detogation Bouqc!ary
| i\gfgpgﬁlizz .| geometry input | point | conditions

[ Solver type ]

{ Euler Jet formation }.4. v =! Jetting Algorithm ]

¥

{ Output jet imported } l
—E =

Jetremapping to

Lagrangian solver l

¥
( C ing th
onstructing the
steel/water/steel/Concrete /Jening output Data: \
Lagrange layers to face the jet - Jetand slug mass,K.E. and
momentum
- Velocities (collapse, flow,
[ Output J stagnation. jet velocity),
v - Collapse and deflection angles,

‘ Penetration and Damage | \ axial positions /

Figure 4-1 The flow chart of the different stagad aput and output results from the
jetting analysis and the two solvers (Euler andraage) of the Autodyn hydrocode.

4.2 Studied parameters

- High explosive type: six different explosives wersed to study the effect of
detonation characteristics of explosive on the #net characteristics and its
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effects on the penetration capability. These expésswere TNT, RDX, Cyclotol,
HMX, LX-14 and PETN.

- Cone apex angle: the used design cone apex angles2d, 32, 4, 46°, 56,
60° and 70 with the same explosive charge RDX. The linerkha&ss was also
changed with different cone apex angles in orden@mntain the same explosive
to metal mass ratios. Hence, the jet charactesistie presented as a dependence
of the cone apex angle. Furthermore, numerical lsitions were conducted for
constant liner thickness of 1.77mm with four diéfiet cone apex angles.

- Liner thickness: the liner thickness is varied fioe same explosive, RDX. The
varied liner thickness was 0.8, 1, 1.2, 1.4, 1.8, 2Zmm and 3mm with constant
cone apex angle of 40

- Liner material: the selected materials for theriwere OFHC solid copper, solid
pure zirconium and copper-tungsten powder.

- Degree of confinement: 1, 2, 4, 6 and 8mm steahgatickness were used for
RDX OWP of 1.4mm liner wall thickness with cone apagle of 46.

- Detonation point: the behavior of the detonatiovevianside the explosive charge
was studied by selecting two different initiatioretimods, i.e. a central point on
the charge axis and a point on the side of charge.

- Target material effect: four different target matks were selected to investigate
the effect of target material strength on the perien depth of perforators. These
were concrete targets with compression strengt6,040, 47 and 55 MPa.

- Water stand-off distance: the performance of an Og/Eested for penetration
after its jet penetrated through 0.5, 1.7, 2, 4@ard of water layers.

4.3 Autodyn jetting analysis description

Autodyn-2D and 3D finite difference codes have altin jetting routine, which is
included in the code, where PER theory calculati@explained in chapter 3) is performed
to estimate the jetting parameters for every lelement [115]. In the jetting analysis, the
explosive and the casing parts can be modeledLag@ngian or Eulerian grid, but the
liner must be modeled as a shell, in which spetifieass points are defined as “jetting”
points. The boundary condition applied to the liseFix’ because The first node is on the
axis of symmetry and is therefore not able toljedtead, the boundary condition fixes this
node in its starting position and prevents its owt[115]. After the shaped charge is
detonated and the jet is formed, the followingdjeta will be obtained:
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- Initial X coordinate

- Initial Y coordinate

- Initial liner mass

- Time of jet formation

- X coordinate of jet formation

- X component of collapse velocity at jet formation
- 'Y component of collapse velocity at jet formation
- Liner collapse angleB] at jet formation

- Deflection angleq) in the jetting equations

- Collapse speed at jet formation.fV

- Jet velocity (V)

- Velocity of the stagnation point ¢y

- Velocity of jet relative to stagnation point{V

- Jet and slug masses

- Cumulative jet mass and its kinetic energy.

Figure 4-2 illustrates the OWP assembly includihg tagrangan casing, the Eulerian
explosive and the Shell liner with fixed apex n@dea complete representation of jetting
model.

| copPer

AR

STEEL
LEAD

THT
RO
C4

Figure 4-2 The jetting model of OWP with cone apegle 60 and liner thickness

1.74mm under fixed apex node boundary condition.
4.4 Autodyn jet formation model description

The jet formation model was established in ordeolitain the jet profile, the contours of
different jet parameters and the jet breakup phemamwhich were needed to test the

performance of the perforator. The model uses Eatdver with outflow boundary
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condition, which allows the detonation gaseous petgland the casing material to expand
smoothly towards the Euler part boundary and prsvirem from returning back to avoid
their effect on the jet and the slug formation la@vwn in Figure 4-3. The large deformation
occurs inside the liner, and a continuous jet ismd while the fixed meshes allow the jet
to moving over it without being stopped becauseesh distortion. The code output from
the Euler solver will create jet and slug profiescording to the Conical Shaped Charge
(CSC) perforator design. This jet (Figure 4-4) ol remapped to a new Lagrange model,
which is suitable for simulating the jet penetratimto laminated configuration of the

target layers, as shown in Figure 4-5. The phygeahmeters of the jet, such as its kinetic

energy will be almost unchanged during the remappimd exporting process.

Detonation point -
: ) i Outflow boundary condition

Figure 4-3 The Euler part in 2-D Visualizer showthg geometry and the boundaries of

the jet formation model.

DUDe+05

5.000e+04
; 0.000e+00
jetform
Cyele 2200
Time 2 520E-002 ms
Units mm, mg, ms
Auxial gymmetry Oil Well Perforator 46deg. 1.4mm thick

Figure 4-4 The produced jet obtained from Eulevesohnd remapped to Lagrange
processor for penetration analysis.
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Copper
Steel A-36

Conc-35MPa
Water

Figure 4-5 The produced jet impacting on steel casing, water wellbore fluid, steel

casing and concrete material.
4.5 Material modeling description

4.5.1 Description of the used explosives

The explosive required for shaped charges must hiNevelocity of detonation and high
density to provide a high detonation pressure, whgsults in fast jet tip velocity and
larger depth of penetration [6]. The explosive mate used for filling CSC perforators
were TNT, HMX, PETN, Cyclotol, RDX and LX-14. Thej@ation of state for the used
explosives is “Jones-Wilkins-Lee” (JWL) equationhieh is a simple pressure, volume,
energy (PVE) relation that has been developed soridee the adiabatic expansion of the

detonation products of explosives [118].

w w wE
p=A<1——)e‘r1V+B<1——)e"r2"+— 4-1
v I,V \

where p is the pressure, is the relative volume (3), A, B, nr, r;, C andw are constants
[119]. The values of the experimental constantstone explosives have been determined
from sideways plate push dynamic test experimel2][ These values were determined
experimentally by the cylinder expansion test. thar listed explosives, the values of the
above mentioned constants are available in therrablibrary of Autodyn. The input data
to Autodyn hydrocode for the explosive materiaks lested in Table 4-1.

4.5.2 Explosive initiation and wave propagation

The detonation wave is assumed to travel at thecpleed detonation velocitydJand its
path from the predefined initiation point can betedmined. The detonation wave

propagates in the spherical direction to engulfwhle un-burnt explosive meshes. The
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use of JWL constitutive model assumes that the nd¢iion wave is strong enough
to completely detonate the explosive and an ingtedus transition to the CJ state is
achieved. At this state, the full reaction of tlkplesive is completed and the full energy of
the explosive is liberated, after which the detmmagaseous products will start to expand.
The different stages of a CSC detonation are ittistl in Figure 4-6, where the

propagation direction of the contours shape spngafiftom the initiation point source can
be observed.

Table 4-1 Input data to the code for the used esxypdomaterials.

Explosive Type
Parameter P yp
TNT HMX Cyclotol LX-17 PETN RDX
Density 1.630 1.891 1.754 1.900 1.500 1.60(
(g/cnt)
Parggg;e”\ 3.74010° | 7.78%10° | 6.0341C° | 4.46x10° | 6.25%1C° | 6.53%1C°
Par(";‘(rgz;erB 3.74%10° | 7.07x10° | 9.92%10° | 1.33%10° | 2.329x10 | 7.293%10’
Parameteryr | 4.15 4.2 43 3.85 5.25 4.83
Parameter,r 0.9 1 1.1 1.03 1.6 2.24
C-J detonation) o5 9100 8250 7600 7450 8100
velocity (m/s)
C-J energy
per unit R 7 o o e o
e 6.00<1 1.05¢10° | 9.2x1 6.9x1 8.56¢1 5.62¢1
(kJ/nT)
C'J(EILZ‘;'S”@ 21x10° | 42210 | 3210 | 3.0x100 | 2.2x10 | 2.ex107
Parameteron 0.3 0.3 0.35 0.46 0.28 0.3
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Figure 4-6 The different stages of detonation waeerical propagation through the

explosive charge inside CSC.

4.5.3 Description of the liner materials

The materials that have been used for liner elemese solid copper-OFHC, solid
zirconium, and copper-tungsten powder mixture. €hgeations of state (EOS) of these
materials were shock, while their strength modetsenneglected because shock pressure
is much higher than material strength [116]. Th33Es suitable for both monolithic liner
material manufactured by spinning or drawing anaiger mixture liner manufactured by
powder metallurgy technique. In 2010, Liu and Shet8] used Autodyn hydrocode to
model the Copper-Tungsten liner manufactured bydasswpressinglLiu and Shen used

shock equation of state to model the solid linde Tixture theory was used to determine
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the parameters of the shock EOS, in which eachnpetea was calculated according to the
mass fraction of its material in the mixture. Gamgteement between the numerical and

the experimental results were obtained.

It has been shown experimentally that, for mosidscand liquids that do not undergo a
phase change, the shock Hugoniot values of shobdcitye (U) and material velocity
behind the shock gucan be adequately fitted to a straight line UFeg4-7).

A

U, -

Low shock
compression

/

T

U, =¢, +su,

- High shock

«— U=¢+su .
‘ ? compression

VB VE

v

u P

Figure 4-7 The shock velocity against particle e#jofor the EOS of the liner material
[116].

U=C,+su,. 4-2

This is valid up to shock velocities around twite tinitial sound speedyGnd shock
pressures in the order of 100 GPa. For materialsrevia linear fit is not adequate, a
quadratic relation between U ang bas been used. Generally, piecewise linear or

piecewise quadratic relations (L) @an be applied [116].

The Mie-Gruneisen EOS based on the shock Hugam®tpressed as:
p =Py +Tple — ex) 4-3

where I is the Gruneisen Gamma coefficient and etuaB, /(1+ 1) where B is a

constant, 'p = y,p, =constant is assumeg;is the density. pand ey are the Hugoniot

pressure and energy, respectively, given by
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_ PCH A+ 1) )
Ph T - (s- Dl -
_1P [ u i
and %20, (1+ﬂj i

where u=(p/po)-1 is the compressibility, £is the sound speed in the material and s is a
constant giving the slope of shock velocity-paetigklocity relationship. The mechanical
properties of these materials are illustrated iblda4-2, where the constants in the
previous equations were taken from the materighitip

Table 4-2 The mechanical properties of liner matefji116].

Parameter OFHC Coppar Tungsten Allpy  Zirconipm
Equation of state Shock Shock Shock
Reference density (g/cin 8.90 17.00 6.51
Gruneisen Coefficient 2.02 1.54 1.09
Parameter C (m/s) 3940 4029 3757
Parameter s (non) 1.489 1.237 1.018
Ref. temperature (K) 300 300 300
Strength None None None

4.5.4 Description of the charge case

Unlike shaped charge, oil well perforator has @klgonfinement in order to afford the
high pressure in the well bore of about 68 MPaegitld of 3km below ground level and
also the elevated temperature of ¥DCat this depth, which is close to the ignition
temperature of some high explosives [11]. The camfient degree does not affect the jet
velocity of the liner elements near the charge.a&t@wvever, collapse velocities associated
with the liner elements near the charge edgeskase of the conical liner) are strongly
affected by the degree of confinement. The matersa&ld for the charge case was steel
4340. The equation of state for the steel is sl which has been described previously
for the liner material, while its strength modelsadohnson-Cook. This constitutive model
aims to model the strength behavior of materiatgesaied to large strains, high strain-rates
and high temperatures [116]. The model defineslytmamic yield stress Y [121] as:

o= (A+Be™)(1+ Clné*)(1 - T 4-6
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wherego is the dynamic flow stress,is the effective plastic strain, A is the yieldesigth,

B is the hardening constant, n is the hardeningeapt, C is the strain-rate constant and
m is the thermal exponent constasit.is the normalized effective plastic strain-rate.(i.
the applied true strain-rate divided by the refeeestrain-rate). I is the homologous

temperature that can be calculated by:

room

Toae — T,

room

S e P

4-7

The five material constants are A, B, C, n and hre &xpression in the first set of brackets
gives the stress as a function of strain wheequal to1.0 se¢ and T, = O for laboratory
experiments at room temperature. The expressiotieisecond and third sets of brackets
represent the effects of strain-rate and tempexatnaspectively. In particular, the third
term represents the thermal softening so that idble gtress drops to zero at the melting
temperature Je. The constants in these expressions determineddays of material tests
over a range of temperatures and strain-rafée. input data to Autodyn for the case

material are listed in Table 4-3.

Table 4-3 Input data to the code for the chargengasaterial [116].

Reference density (g/chn 7.83
Tensile strength (MPa) 744
A (MPa) 792
B (MPa) 510
n (non) 0.26
C (non) 0.014
m (non) 1.03
Gruneisen coefficient 1.93
Parameter C1 (m/s) 4569
Parameter S1 (non) 1.4
Ref. temperature (K) 300

4.5.5 Description of the concrete material

455.1 General

The concrete material is modeled by =OS, which was presented by Herrmgh22].
This model provides a good description of matrdiahavior at high stresses and a
reasonable description of the compaction procedsvatstress levels. This model was
validated by Heider and Hiermaigi23]. The strength model used wikha was the RHT

(Riedel-Hiermaier-Thoma) brittle material consiiet model [124]. This model describes
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the dynamic resistance of concrete and other dntthterial such as rock and ceramics by
the combined plasticity and shear damage, in wtihiendeviatoric stress in the material is
limited by the generalised failure surface. Furtthetails of RHT model can be found from
reference [125]. The R-porous model and the RHT brittle material modetemealidated

by Berg and Preece [117] and Leppanen [126], wiglamented a bi-linear softening law
that modifies the strain-rate dependency in tendience improves the spalling, cracking
and scabbing of concrete impacted by a K.E. pritgect fragments. Hayhurst et al. [127]
validated these models using SPH, Lagrange andr Bdlers for hard penetrator
impacting on ceramic armour. The difference betwéem measured and calculated
Lagrange penetration depths was small (6.7%).

4.5.5.2 Equation of state of the concrete material

According to API-RP43, the concrete material usedédsting oil well perforator is ASTM
C33-67 concrete. This concrete contains agglonweragand conditioned to simulate the

down-hole hardness, porosity and compressive dtrarighe rock formation [128].

The EOS used to simulate the concrete materiatddd? the porous material, while the
fully compacted one will be modeled by polynomi&@& [122], which will be described
below. The complete parameters of both the two &@& are illustrated in Table 4-4,

while the general behavior of the concrete matéidlustrated in Figure 4-8.

P
Pg|------"-7 i
i Plastic
E Elastic
Pe ; \ \/ '

Figure 4-8 The pressure-porosity curve for the oetecnaterial [116].

The porosityu is given by:

4-8

s
S
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where, V=1$ and \i=1/ps are the specific densities of the porous and solaterials,
respectively.

The Pa relation for the porous materials was suggesteddaymann [122].

4-9

PS—P]”

a=1+(ap—1)[P_P
S e

where n is the pressure exponent (n=3 is normakdu Rand R are the elastic pressure
and the fully compaction pressure, respectivehis the material porosity at the beginning

of the plastic deformation.

The pressure exponent in this model was modifiedmiayy authors in order to fit the

experimental date to this model.

The general formula of the polynomial EOS for tbenpacted material is:

P=Ap+ A+ Ayr + (B, +Bup.e 4-10

where A, Az, As, Bo and B are constantsy is the compressibility; e is the specific internal
energy per unit mass. The parameters of this emuaire listed in Table 4-4 for the
concrete materials.

Table 4-4 The input parameters fonRnd the polynomial EOS for the concrete targets

[116].
26MPa| 35MP4 40MPa 47MPa 55MPa
Porous EOS fe-
Reference density (g/chn 2.75 2.75 2.75 2.75 2.75
Porous sound speed (m/s) 2892 2920 2935 2957 2081
Initial compaction pressure (MPa) P 17.3 23.3 26.6 31.3 36.6
Solid compaction pressure (GPa) P 6 6 6 6 6
Compaction exponent n 3 3 3 3 3
Solid EOS Polynomial
Bulk modulus A (GPa) 35.27| 35.27 35.27Y 35.2F 35.27
Parameter A(GPa) 39.58| 39.58 39.58 39.58 39.58
Parameter A(GPa) 9.04 9.04 9.04 9.04 9.04
Parameter B(none) 1.22 1.22 1.22 1.22 1.22
Parameter B(none) 1.22 1.22 1.22 1.22 1.22
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4.5.5.3 Strength model for concrete

Over the past decades, extensive number of papeeslieen published on experimental,
analytical and computational methods to study patieh mechanics of hypervelocity
projectiles into concrete and rock materials [12%]el [130] used AUTODYN 3-D in
order to select the optimum strength model andifaikriteria related to limestone and
concrete targets penetrated by kinetic energy pmioetmoving with a velocity up to
1500m/s. The strength models that have been tested RHT- brittle material model
[131], Von Mises model and Druker-Prager modelw#s found that the RHT brittle
material constitutive model can be used efficiently characterizing the non-linear
behaviour of the rock during penetration especialhen RHT failure damage model is
taken into consideration. It demonstrated a compégsical mechanism for the penetration
process proved by crater profile and a good agreebmtween the experimental and the
calculated penetration depths.

The RHT brittle material constitutive model is ativanced plastic model proposed by
Riedel, Hiermaier and Thoma at the Ernst Mach tusti(EMI). This model describes the
dynamic resistance of concrete and other brittléerral such as rock and ceramic by the
combined plasticity and shear damage in which theadoric stress in the material is
limited by the generalised failure surface. Gerngrdie RHT model could be divided into

five parts, which are [125]:
4.5.5.3.1 The failure surface:

The failure surface, fj, is defined as a function of hydrostatic presgie lode angletl)

and strain-rates|).
Yeqit (P, 0, €) = Yrxc(P) X R3(6) X Frarg (€) 4-11
where Yrxc is the compressive meridian and is given by:
Yrxe = fC[A(P* - Ps*pallFRATE)N] 4-12

wheref. is the unconfined uniaxial compressive strengtig the failure surface constant,

N is the failure surface exponentj$the pressure normalized hy spant = fe/fe s fris

the uniaxial tensile strength andare is the dynamic increase factor aisddefined by
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)
Frate = [i] for P> {/3 (compression) 4-13

~1a
Frare = [i] for P< /3 (tension) 4-14

where D and a are the compressive and tensile st factor exponents, respectively.

R3(0) defines the third invariant dependency of the ehdldrough the tension/compression

meridian ratio.
4.5.5.3.2 Elastic limit surface:

The elastic limit surface is scaled from the faglsurface using:
Yelastic = Yfail X Felastic X FICAP(P) 4-15

where FasiciS the ratio of elastic strength to failure surfateength based on the tensile
elastic strengthff and compressive elastic strengtf) §hown in Figure 4-9. dapp)is a
function that limits the deviatoric elastic stressunder hydrostatic compression. The
model provides an option to close the elastic Isnitface towards high pressures to ensure

the consistency between the deviatoric and inelastumetric stresses.

Ceq A Uniaxial Compression

Uniaxial _Tension Failue Surface

Elastic Limit surface
/':i;' .
o/ .

7#~ Compressive

" Elastic strength

Tensile Elastic
Strength

.

2
Figure 4-9 Stress loading curve for the RHT stremgaterial model [116].
4.5.5.3.3 Strain hardening

Linear hardening is used in RHT model prior to fhemk load. During hardening, the

current yield surface, Yis scaled between the elastic limit surface &edhailure surface.
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=Y.

* £
Y = Ygasic * —pl(Y asic) 4-16

fail
pl ( pre-softening)

The values o, andepipre-softening) are shown in Figure 4-10.

r
Yf&'!] .............. Y SO

Y

elastic|reeess

v

Figure 4-10 The concrete strain hardening curveraaeg to RHT model.
4.5.5.3.4 Residual failure surface

The residual frictional failure surface is definad

Yyosia = BP™M 4-17

resid —
where B is the residual failure surface constard ®his the residual failure surface

exponent.
4.55.3.5 Damage

The plastic straining of the material leads to awglated damage and strength reduction

i.e.,

A 4-18
D= >
ngajlure
p
failure _ * * D i 4-19
£ = D, (P = P ) 2 7"

where Q and D) are the damage constants afltf is the minimum strain to failure (input
parameter). The post-damaged failure surfaceespotated by:

*

Yfractured = (1_ D)Yf*ailure + DYr*aiduaI ' 4'20
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The post-damaged shear modulus is interpolated by:

Gfractured = (1_ D)G + DGresiduaJ ' 4‘21

where GesigqualiS the residual shear modulus fraction (input peat@r). The strength model

parameters are listed in Table 4-5 for concreteeras.

Table 4-5 The input parameters for the RHT stremagith failure model for concrete

materials [116].

Concrete strength (MPa) units | 26 | 35 | 40 | 47 | 55
Equation of State P-a
Porous density glen? | 2.30 2.31 232 | 234 | 235
Porous sound speed m/s 2892 | 2920 2935 | 2957 | 2981
Initial compaction pressure MPa 17.3 23.3 266 | 31.3 | 36.6
Solid compaction pressure GPa 6 6 6 6 6
Compaction exponent - 3 3 3 3 3
Strength RHT Concrete

Shear Modulus GPa | 16.2 16.7 17.0 17.3 17.7
Compressive Strength (fc) MPa 26 35 40 47 55
Tensile Strength (ft/fc) - 0.1 0.1 0.1 0.1 0.1
Shear Strength (fs/fc) - 0.18 0.18 0.18 0.18 0.18
Intact Failure Surface Constant A] - 1.6 1.6 1.6 1.6 1.6
Intact Failure Surface Exponent N - 0.61 0.61 0.61 0.61 0.61
Tens./Comp. Meridian Ratio (Q) - 0.68 0.68 0.68 0.68 0.68
Brittle to Ductile Transition - 0.01 0.01 0.01 0.01 0.01
Elastic Strength / ft - 0.70 0.70 0.70 0.70 0.7(
Elastic Strength / fc - 0.53 0.53 0.53 0.53 0.53
Fractured Strength Constant B - 1.60 1.60 1.60 1.60 1.6(
Fractured Strength Exponent M - 0.61 0.61 0.61 0.61 0.61
Compressive Strain-rate Exp. - 0.034 | 0.032| 0.031 0.029 0.028
Tensile Strain-rate Exjp. - 0.038 | 0.036| 0.035 0.0383 0.032

4.5.6 Description of the layer of the steel gun carrier ad the wellbore casing

The selected material for both gun carrier andbee# casing is Steel A-36 according to
the previously mentioned API standard. The equatiostate for the steel is shock model
while the selected strength model is Johnson-Coo#tein The input parameters for the A-

36 steel material are listed in Table 4-6.
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4.5.7 Description of the water layer

Water is the standard wellbore fluid used to thstdil well perforator performance. The
selected equation of state of the water layenisali with no strength model. The reference
density of water is 1 g/cand its bulk modulus is 2.23 GPa [116] with refee
temperature of 300 K.

Table 4-6 The input parameters for the A-36 stestienial [116].

Parameter Steel A-36
Reference density (g/chn 7.85

A (MPa) 250

B (MPa) A77

n (non) 0.18
C (non) 0.012
m (non) 1
Gruneisen coefficient 2.17
Parameter C (m/s) 4569
Parameter S (non) 1.49
Ref. temperature (K) 300

4.6 Solution stability

Since the numerical algorithm used in Autodyn iseaplicit scheme, there is an optimum
time step of integration, which must be determiteedbtain a reasonable representation of
solution. The local time step ensuring stabilitycelculated for each mesh point. The
minimum value of all these local values multipliegla safety factor (a default value of 2/3
is built into the code) is chosen as the time $beghe next update. In Lagrangian mesh,

the time step must satisfy the Courant conditidr6][1i.e.,
At<d/c 4-22

where d is the typical length of a mesh (definedhesarea of the mesh divided by its
longer diagonal) and c is the local sound speeds &hsures that a disturbance does not
propagate across a mesh in a single time step.

The minimum value of At” must be found for all zones and this value w#l used for all

meshes for the next time step of integration.
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4.7 Output of numerical modeling

In the following, the predicted parameters assediatith the different simulation studies
herein are listed. The histories of these parametaring their simulation processes will
also be presented in the next chapter. The hestoof the following parameters are
predicted from the jetting analysis solver in Aytod

- Jetting points parameters (collapse velocity, pskaangles, elemental velocity
history, jet tip velocity, jet momentum and kinegigergy, jet and liner masses)
- Cumulative jet mass and length.

- The time at which each liner node point will begdton the jet axis
Output of jet formation model (Euler)

The histories of the following parameters from jegteformation model are predicted:

- Jet profile at different times

- Jet breakup phenomena

- Different jet contours (pressure, temperature, d@peed, velocity, etc.)

- Energy history plots (momentum, kinetic and intéergergies).
In addition to the selected gauge point historietha specified spatial locations and the
Lagrangian jet that could be obtained from the igoimag model, outputs of jet penetration
into laminated layers configuration (all Lagrangegdrs) include:

- Jet penetration into concrete at different times,

- Crater profile along the penetration path,

- The damage contours accompanied with the penetrataress, and

- The history plot of gauge points at different times
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CHAPTER.5 PARAMETRIC ANALYSIS
RESULTS

5.1 Introduction

This chapter presents parametric analyses foruheerical algorithms and models used in
this project. The Autodyn hydro-code package igiuseperform the shaped charge jetting
analysis, the jet formation modelling and the modgbf the formed jet interaction with

A-36 steel, water and A-36 steel layers backed bycrete targets, according to the
standard API-RP 43 (quality control target). Gelerahis chapter presents the obtained

parametric analysis results on the following masues

- General features of the shaped charge jetting sisalthe jet formation and jet
penetration models,

- The mesh sensitivity study for the jetting analysisl the jet penetration,

- The verification and validation of the hydro-coadtware,

- The effect of the surrounding medium (air or vad)the jet velocity,

- The parametric analysis of the OWP including theerj the explosive and the
charge design as well as the detonation point ffec

- The liner portioning into jet and slug portionsdan

- The Gurney velocity approximation.

5.2 The main features of the jetting analysis and thegt formation and

penetration solvers

5.2.1 Standard shaped charge jetting analysis model

A series of the standard jetting analysis at déifértimes is shown in Figure 5-1 for the
OWP of 1.74mm liner wall thickness and°66one apex angle. The model stopped at
19.6us from the moment of detonation. The time represém total time, at which the

entire liner elements arrive at its axis and tade im the jet and slug portions.
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“Capper

20us

Figure 5-1 The different stages of the jetting gsial of the OWP 60cone apex angle and

liner wall thickness of 1.74mm.

The standard jetting analysis output is a HTML &led contains the jetting data of all the
liner elements. The data may be used for furthécutations such as in virtual origin
model and in the determination of the breakup tiffigey also can be used directly to
predict the jet characteristics such as its kinetiergy and its momentum. The jetting

solution summary is listed in Table 5-1. The ddtadives a range of jetting parameters of
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jet elements with respect to their original disesmfrom the liner apex, as shown in Figure
5-2, as an example.

Table 5-1 The jetting summary of OWP°&@ith liner wall thickness of 1.74mm

liner mass (g) 28.3 Jet mass (Q) 5.35
Liner momentum (kg.m/s) 24.3 Jet momentum (kg.m/s) 16.7
Liner kinetic energy (kJ) 31.9 Jet kinetic enerky)( 30.2

Lin. Jet

Xo Yo mass | X-jet | T-jet Vo Angle V4 Vs, Viet mass

J [ (mm) | (mm) | (9) (mm) | (ps) | (m/s) p (m/s) | (m/s) | (m/s) (9)
2 | 272 | 366| 0355 | 349 | 230| 576.00 32.2 1080;2 941/9 2022.1 0.0R73
3| 358| 4.47| 0403 | 359 | 296| 7619 34.7 1337/6 1146.0 2483.6 0.0358
4 | 444 | 467| 0452 | 370 | 350| 883.1] 354 1515/1 12849 2800.0 0.0422
5| 530| 5.17| 0501 | 380 | 4.01| 9851 36.2 1664/5 1404.4 3068.9 0.0483
6 | 616 | 5.67| 0549 | 309.1 | 4.49| 1077.0 36.7 17993 15124 3311.6 0.0544
7| 7.02| 6.17| 0598 | 40.2 | 4.94| 11725 37.0 194514 16316 3577.0 0.0601
8| 788 | 6.67| 0646 | 413 | 5.38| 1256.0 37.5 2057/3 1718.1 37754 0.0668
9| 874| 7.17| 0695 | 424 | 5582 | 1331.9 38.3 21428 1781.6 39245 0.0748
10| 9.60| 7.67| 0.743 | 435 | 6.21| 1429.1 38.1 23103 1917.5 4227.8 0.0792
11| 1046| 8.18| 0.792 | 446 | 6.59| 15159 38.0 24598 2035.8 4495.5 0.0837
12| 11.32| 8.68| 0.840 | 457 | 6.97| 15728 38.3 25309 2087.1 4618.1 0.0906
13| 12.18| 9.18| 0889 | 46.8 | 7.31| 1611.6 38.0 26154 2156.5 4771.9 0.0940
14| 13.04| 9.68| 0937 | 479 | 7.66| 1643.5 37.4 26775 2207.1 4884.6 0.0983
15| 13.90| 10.18 0.986 | 49.0 | 8.02| 1664.5 37.71 2714/8 2236.9 4951.8 0.1032
16| 14.76| 10.68 1.035 | 50.1 | 8.37| 1680.1 38.1 2717 2237.0 4954.1 0.1103
17| 15.62| 11.18 1083 | 51.2 | 8.73| 1681.9 38.4 26921 2213.9 4906.1 0.1181
18| 16.48| 11.68 1.132 | 523 | 9.09| 1681.1 385 26963 2219.5 4915.8 0.1229
19| 17.34| 12.19 1.180 | 535 | 9.48| 1679.6 39.4 2626(1 2160.2 4786.3 0.1354
20| 18.20| 12.69 1.229 | 546 | 9.87| 1664.9 40.7 25399 2090.0 4629.9 0.1487
21| 19.06| 13.19 1277 | 558 | 10.27| 1648.1 41.5 24718 2038.3 4510.1 0.1602
22| 19.92| 13.69 1.326 | 56.9 | 10.73| 1627.7 43.1 23584 1950.5 4308.9 0.1789
23| 20.78| 14.19 1374 | 58.1 | 11.24] 1601.9 457 22019 18315 4038.3 0.2069
24| 21.64| 1469 1423 | 50.3 | 11.82| 1571.3 49.0 20241 17015 37255 0.2443
25| 22.50| 15.19 1472 | 60.6 | 12.51| 1535.2 52.8 1838.8 1572.0 3410.8 0.2909
26| 23.36] 15.69 1.520 | 62.0 | 13.41| 1493.1 58.4 1617.8 1424.2 3042.0 0.3615
27| 24.22| 16.20 1.569 | 63.7 | 14.72| 1451.2 64.5 14206 1292.9 27185 0.4462
28| 25.08| 16.70 1617 | 66.6 | 17.33| 1413.1 87.7 949[1 1085.1 2034.2 0.7767
29| 25.94| 17.20 1.666 | 68.8 | 20.56] 1240.3 108.1 526.06 9716 149Y.6 1.0917

In Table 5-1, X, Y, are the initial position of the liner element; &-jis the element jet
position, T-jet is the time to jet formationy,W> are the stagnation and flow velocities,

respectively; ¥ is the collapse velocity arfis the collapse angle.
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Figure 5-2 The stagnation, the flow and the jebeities of the OWP calculated using

jetting analysis.

5.2.2 Shaped charge jet formation and penetration

In the following part, the jet profile for each ¢oal shaped charge (CSC) OWP after
detonation is obtained as illustrated in Figure &A8l Figure 5-4. Figure 5-3 shows the
sequence of events from detonation to the breakulpeoformed jetThe jet tip velocity,
cut-off velocity (velocity of the last penetratimement), jet breakup time (the time after
which the jet elements starts to particulate anmceeats penetration capability decreases
dramatically) and the penetration depth into cotectarget were obtained and analyzed.
Figure 5-dillustrates the jet, slug and cut-off elements;leviiigure 5-5 illustrates the grid
plot of the same jet remapped from the jet fornmatieing Euler solver and imported to the
Lagrange solver. This jet will hit a laminated &irgsteel/water/steel) layers backed by the

tested concrete as illustrated in Figure 5-6.
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Cycle D
Time 0.000E 4000 ms
Units mm, mg, ms

jetform
Cycle 1200

Time 1131E.00 ms . : : 11_31 ps - - . : .Io -
Urits mrm, g, ms

jetform
Cycle 2400
Time 2 488E-002 ms

Linits mm _mo_me

jetform
Cycle 5000
Time 5 431E-002 ms

. 5491ps

Figure 5-3 The different stages of the detonatio@®C at different times indicating the
start of the jet breakup at 54.84.
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SY.
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Figure 5-4 Velocity vectors of the shaped chargengicating the velocity gradient.

Figure 5-5 Grid plot of the shaped charge jet rgmedpnto Lagrange processor.

Material Location

Conc. 35MPa

Copper

Water

Steel

Cycle:50,000
Time : 54 1S

Figure 5-6 OWP remapped jet penetrating the guh water wellbore fluid, steel tube

casing and concrete (35MPa).
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5.3 Mesh sensitivity study
5.3.1 Mesh sensitivity for the jetting analysis

It is well known that the shape and the densityhef mesh affect the simulation results.
Generally, simulation with fine meshes producesaaaurate solution; but it consumes
longer time than that needed for coarse meshinglatmans. The mesh sensitivity study
for the jetting analysis is performed on a coniCaVP of apex angle of 46 degree and
copper liner with tapered profile. The Euler gradsitaining the explosive charge had four
uniform square cells with different sizes of 0.3%,dL..4 and 2mm. The four jetting models
with different mesh sizes were allowed to run uthid jetting analysis is completed for the
entire liner elements. Table 5-2 lists some of jgting summary output data obtained
from the four models. Little change can be obselvethe jet mass for the four models,
but significant difference was shown for the jeteékic energy. The difference in the jet
masses is explained by variation of the jet cobbagsgle3 for the four models as shown in
Figure 5-7. The collapse angle has a direct efiadche mass ratio of the liner that flows to
form the jet and the slug [50]. The variation amdimg four models in their kinetic energy
Is mainly caused by the different velocities ofeetments for the four meshes as indicated
in Figure 5-8. The jet elemental velocities at theer apex and its base are almost
independant of the mesh size, but the velocityediffice for different mesh sizes become
obvious at certain middle part of the liner, at @hmost of the jet will be formed. Thus,
the velocity drift in this area is the main readon different kinetic energies. The jet
velocity curves seem to be convergent to the cofv@.3mm mesh model curve, which
means that this mesh size is expected to be aabe tasymptote limit. On the other hand,
the computational time for the model using the gtnmesh size of 0.3mm is only 25%
longer than that needed for the coarse mesh of Aomnto the semi-analytical nature of
the jetting analysis. Therefore, the mesh size .8k@.3mm was used for the rest of

parametric studies of jetting models.

Table 5-2 The jet mass and its kinetic energy fffeidnt mesh sizes.

Mesh size(mm) | 0.3x0.3| 0.6x0.6 | 1.4x1.4 | 2x2
Jet mass (Q) 6.02 6.14 6.29 6.6
Jet K.E. (kJ) 49.30| 47.40 43.20  41.20
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Figure 5-7 The collapse angle at different distarfoem the liner apex using different

meshes.
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Figure 5-8 The elemental jet velocities at différéistances using different mesh sizes.
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5.3.2 Mesh sensitivity for the jet penetration

Mesh sensitivity is also an important issue ingenetration. In order to find how the
penetration depth into the concrete material iateel to the mesh size, five different
uniform square mesh sizes of 0.5, 1, 2, 3 and 4nene wsed for the laminated target i.e.
the steel, the water and the concrete targets,ewthié copper jet mesh density of
0.5x0.5mm remains unchanged for the five models. Theefpation depth into the

concrete using different mesh sizes is depictedrigure 5-9. This figure shows a
convergent penetration depth to the value of 6&3corresponding to the mesh size of
0.5mm; however, the time consumption for this meigle is eight times more than that
needed with the mesh size of 4mm. On the other Hamgenetration depth using mesh
size of 1mm has only 0.3% (i.e. 0.2cm) differenceaomparison with the result obtained
for finest mesh size of 0.5mm, but its time constiompis less than half the time needed

for the 0.5mm mesh size. Thus the mesh size of 1hnmx is used for the rest of

simulations.
6.0 180
' The final penetration depth
€~ e e e ———————— - 160
65.0 -
—#—Penetration - 140 —
— 3
— . 3
g 64.0 - ===Time consumption L 120 _:E_
< c
£ L 100 -2
Y o
o 63.0 - £
c 5
o 80 g
ﬁ 62.0 - 60 S
= -
: :
o =
61.0 -
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ED-D L] L] L] L] D
0 1 2 3 4 5
Mesh size (mm)

Figure 5-9 The penetration depths into the conarsieg different mesh sizes and the

relevant time consumption.
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5.4 The verification and Validation (V&V) of the hydro-code results

Autodyn hydro-code has been verified by the codesld@er during their development
process and by numerous applications of the collas,Tonly validation issue will be
addressed in this section.

5.4.1 The jetting analysis and the jet formation Validaton

The numerical Autodyn jetting analysis algorithmswaealidated by Century Dynamics for
a shaped charge of 90mm liner diameter and a cogke &f 18. The results of the
Autodyn numerical jetting analysis agreed with theerimental results for this shaped
charge and other analytical models (i.e. HEMP a&CES) [115]. In the present research,
the flash x-ray is used to measure the jet tipaigi@and to depict the jet profile at different
times to compare with the numerical results in thigdy. The flash x-ray trial was
performed in COTEC (Cranfield Ordnance Test andldateon Center) field. Two heads
were used to capture photos of the jet profileir@nt times. The aluminium foil layers
were used to trigger the time when the jet tip paes through them. Figure 5-10 shows
the setup of the x-ray trial field test, while Figub-11 shows the jet shapes from x-ray
photos and the numerical jet formations gis3dnd 12gs, respectively. A curved shape is
observed for the real x-ray jet, which may be cdusigher by some asymmetries in the
liner positioning during the manual filling of theharge or due to the non-uniform
explosive mass distribution inside the charge gavihe main reason for these possible
defects is due to the COTEC safety regulation reguents, which demand the charge
filling at the test location. Nevertheless, the gyah aspects of the jet shapes are similar.
Besides, the jet tip velocities were found to b&d@t/s and 6182m/s from the x-ray
measurements and the numerical simulation, resfedgtias shown in Figure 5-12. This
means that the error percent is only 1.34% in tesfst tip velocity, which implies that
the numerical hydro-code can be used effectivelyodel and calculate the shaped charge

jet characteristics.

131



Chapter 5: Parametric Analysis Results

- ay screen

Experiment

S R e St e i T .

HDPE(15mm) protection

1L

X1t300 X-Ray heads

1)

Figure 5-10 The flash x-ray trial setup, 1: thegd<OWP, 2: the aluminium folil layers, 3:

the x-ray heads.
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Figure 5-11 The real x-ray jet and the numericdeEjet at 34is and 12gs from the

moment of detonation.

132



Chapter 5: Parametric Analysis Results

8000

o Autodyn Jetting
7000 -

< @ Exp.

6000 {€ —— - ——— = — - —
5000 A
4000 -

3000 4

Jet velocity (m/s)

2000 -

1000 A

0 10 20 30 40 50 60 70 80 90 100

Liner position from the apex (%)

Figure 5-12 The numerical jet velocity at differeiigtances from the liner apex and the

real tip velocity estimated experimentally.
5.4.2 The validation of the hydro-code penetration modetig

The Autodyn simulations for penetration into comerenaterials using Lagrange solver
have been validated experimentally by many autfpbi3, 124, 130, 132-133]. In this
research, the validity of the numerical hydro-cpeeetration model will be demonstrated
by several penetration tests of OWP into API-RPdi¥igurations. A sample of these tests
for a copper liner OWP is shown in Figure 5-13 witle crater profile obtained by the
Autodyn penetration modeling. The experimental #mel numerical penetration depths
were 64cm and 65cmrespectively. The penetration craters are almoshtidal in
experiment and simulation. Thus, the Lagrange nioalemodel can be used effectively to
predict the penetration depth into concrete tawgé sufficient accuracy (i.e. a small
difference of 1.6% was observed between experirhanthnumerical results).
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Figure 5-13 The experimental (upper) and the nurakfiower) penetration depths into

40MPa concrete.
5.5 Effect of the surrounding medium on the jet characeristics

The medium surrounding the jet during its flighstedirect effect on the jet velocity as it
travels through this medium [134]. To study thiseef numerically, two identical shaped
charge OWP were fired in air and void mediums, &liile jet tip velocities in both media
were tracked using the fixed gauge point faciliijhe gauge points were located at a
distance of 1 CD (i.e. charge calibre of 36mm) freath other. A sketch of the gauge
points and their locations is shown in Figure 5-1Bigure 5-15shows the measured
maximum jet tip velocities for the three gaugedath media. This figure indicates that
the jet tip velocity slightly decreases as it tlavghort distances (i.e. 3CD). The rates of
velocity decrease are 50m/s and 53m/s per 1CDhijfdt tip travelling through air and
void materials, respectively. Generally, the diéfece in the jet tip velocity in both cases at
short stand-off distance is negligible, which me#&mst the void medium can be used
instead of air because it has some advantagesrdelyyareduce the calculation time.
Besides, most of the modelled OWPs have to bedegainst the laminated target at short
stand-off distance (i.e. 1CD), which means thas tmedium can be used effectively
without major changes in the velocity of the jetreénts. On the other hand, the jet tip
velocity measured in air medium is higher than timta void medium. This can be
explained by the jet velocity-time histories in lbahediums as shown in Figure 5-16 for
the three gauges. Both the histories are similaegixfor their peak values that have very
small difference between them. Such difference beagttributed to the air motion in front
of the jet that can cause little increase in tlewmed peak velocity values, but the overall

velocity shapes and their arrival times are alnaettical in both media.
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Figure 5-14 The located fixed gauge points usquédict the surrounding medium effect

on the tip velocity.
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Figure 5-15 The jet tip velocities at different gas for the air and void media.
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Figure 5-16 The velocity-time histories for theg@ijets stretching through air and void

mediums.
5.6 Shaped charge parametric study results

5.6.1 High explosive effect on jet performance

Gurney energy or Gurney velocity is a measure piastve power or its efficiency. The
higher the Gurney energy, the higher the veloditthe produced jet, and hence the higher
the penetration capability of the shaped chaFggure 5-17 shows the dependence of the
jet tip velocity and the Gurney velocity on the kpgion heat (Qv) of the used explosive
charge The details of the used explosives and the prodyetedharacteristics obtained
from standard jetting analysis are listedTiable 5-3. The relation between the jet tip
velocity and the detonation velocity of the explesis illustrated in Figure 5-18It shows
that the most powerful explosive is HMX, which heassurney velocity of 2960m/s and
detonation velocity of 9100 m/s. This explosivedueces a jet tip velocity of 7103m/s and
a jet mass ratio of 17.76%. This result was cardal by the jet formation model and
penetration model tests where the OWP filled by Hlgi¥duced the largest penetration
depth of 74.88cm. Table 5-4 lists the penetratieptlds, jet tip and tail velocities and exit
hole diameter of the different OWP obtained fromf@mation and penetration models

using different explosive charges.
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Figure 5-17 The dependence of jet tip velocity &uiiney velocity on the explosion heat

of explosives.

Table 5-3 Effect of the explosive type on the jeamacteristics of 46conical copper liner

of wall thickness of 1.4mm and 29.32g liner mashwi5 mm steel casing thickness.

Explosive properties Output
Explosive pc;ng D Qv J2E n‘iae;s Jet % JS;r'p Jet K.E.
Ic m/s) | (kJ/k m/s i kJ

TNT 1.63 | 6930 3681 | 2390| 5.45| 16.4] 610§ 38.1

7
PETN 1.50 | 7450 5707 | 2920| 5.33| 16.10 6605 49.7)
LX-17 1.90 | 7600 6900 | 2680| 5.73| 17.30 6046 36.0
>
)
>

RDX 1.73 | 8100 4118 | 2870| 5.68| 17.16 6813 44.5
Cyclotol 1.75 | 8250 5245 | 2790| 5.82| 17.5¢ 6657 43.3
HMX 1.89 | 9100] 5553 | 2960| 5.89| 17.76 7103 44.0

o 01 © OO0 O ©

Qv is the explosion heat of the explosive material.

137



Chapter 5: Parametric Analysis Results

Table 5-4 The jet output data and penetrationltsefiCSC with 46 cone apex angle,
1.4mm liner of thickness using different filling@rsive charges and 4mm steel casing

into 35 MPa concrete target.

Explosive Type
Parameter

TNT | Cyclotol| RDX | HMX | TNPE | LX-17
Jet tip velocity (m/s) 6108 6652 6813 7103 6605 604
Jet momentum (kg.m/s) 15.46 16.64 1678 1503 17,.725.05
Jet tail velocity (m/s) 722 744 656 709 815 674
Penetration depth (cm) 60.96 64.38 71,20 7488 072.966.80
Exit hole diameter (mm)| 12.04 16.24 18.80 14,00 809, 15.52

Note: LX-17 is a mixture of 92.5% TATB and 7.5% Kebinder.
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Figure 5-18 The relation between the jet tip valoand the detonation velocity of the

used explosive.

The scaled jet tip velocity to the detonation véloand the Gurney velocity of the
explosive are shown in Figure 5-19 as a functiondefonation velocity of the used
explosive. It can be concluded that these rati@s regarly constant for the used six
explosives. The scaled jet tip to explosive detonatelocity ratio is 0.82, while the scaled
jet tip to the Gurney velocity ratio is 2.38. Thiglicates a nearly constant ratio of jet
velocity to the explosive detonation charactersstmver a wide range of explosive

materials.
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Figure 5-19 The ratio of the jet tip velocity teettetonation velocity and the Gurney

velocity of the used explosives.
5.6.2 Liner wall thickness effect

5.6.2.1 Uniform liner wall thickness

According to Zukas [6], the optimum liner wall thieess is 1-4% of the charge calibre.
The liner thickness values in this study range betw0.8mm and 3mm for the same OWP
of calibre 36mm, which are 2.2% and 8.3% of thegbaalibre, respectively. The details
of copper liners and the jet output data togethién their penetration results are listed in
Table 5-5 and illustrated in Figure 5-20. This éalilustrates the dependence of jet
characteristics on the liner wall thickness. It t@nobserved that the decrease of the liner
wall thickness will reduce the liner mass. Hendee torresponding jet velocity will
increase depending on the mass ratio betweennéednd the explosive. The variations of
the jet velocity with its cumulative jet mass faretdifferent liner wall thicknesses are
illustrated in Figure 5-22. It can be observedt ttiee smallest liner thickness 0.8mm
exhibited the highest tip velocity, but has the éstvmass despite its highest jet to liner
mass ratio. This thickness does not give the maxinpenetration depth, which can be
directly related to the jet momentum. On the otieand, the liner thickness of 1.4mm (i.e.
about 4% of the charge calibre) has achieved tiges$a penetration depth, which supports
Zukas [6]'s recommendation of optimum liner walliciness. The jet momentum is

correlated with the jet penetration depth as shiowirable 5-5.
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Table 5-5 The produced jet characteristics angdtgetration for 46conical OWP for

different liner thickness with HMX explosive charge

HMX Liner Geometry Output
m/c Jet Jet Jet Pen. | Hole

Mass Thick. | Mass % | .. | H
(gm) mm) | (9 mass jet tip vel. | momentum| (cm) | diam.
9 1@ (m/s) | (kg.mis) (mm)

50.7¢ | 0.37] 0.8 | 18.€| 3.€ | 20.€ | 813¢ 17.22 42.1 | 14.¢
50.7¢ | 0.4¢| 1.C | 23.7 | 4.€ | 19.£] 761¢ 18.2; 56.1 | 15.0
50.74 | 05| 1.2 | 28.5| 53 | 18.5| 725] 19.0C 62.C | 16.£
50.7¢ | 0.65| 1.4 | 331 | 59 | 17.7| 710¢ 19.5¢ 74.€ | 140
50.7¢ | 0.81| 1.€ |41t ] 6.¢ | 16. | 5852 20.32 73.€ | 16.¢
50.7¢ | 091] 2.C | 46.1| 7.4 | 15.¢ | 553¢ 20.52 71.0 | 10.2
50.7¢ | 1.2¢] 3.C | 65.5£] 9.1 | 13.¢ | 4331 20.3( 72.4 | 180

80 21.0
> t i o l L 20.5
70 - $ _
65 B 20-0 E
g S
§ 604 t - L 195 <
S e
2 55 - { - - 19.0 2
E (O]
2 201 L 185 é
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=
30 - - - - : 17.0
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Figure 5-20 The penetration depth of 46nical OWP for different liner thicknesses with

HMX explosive charge and steel casing thickness.

The penetration of a shaped charge OWP with diftelieer thicknesses as a function of
jet momentum is shown in Figure 5-21. The penetnatielation seems to be directly
propotional to the jet momentum upto a certain @ahfter which the penetration decreases

due to the massive jet and the large diameteebprpduced from large thickness liners.
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Figure 5-21 The penetration as a function of thenementum
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Figure 5-22 The jet tip velocities as a functiorcomulative jet mass for different liner

wall thicknesses according to standard jettingysmskalgorithm.
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5.6.2.2 Varied liner wall thickness

Effects of the tapered liner wall thickness ongetformance were also studied, in which
the wall thickness at the cone apex is differentnfithat at the liner base. The two studied

shapes are illustrated in Figure 5-23 .

\
\

! 39.4
Case (a)

Figure 5-23 Liner walls with varied (tapered) tmelsses.

The jet output data and the penetration resultdifertwo liner shapes are illustrated in
Table 5-6. Case (b) exhibited higher jet tip valpbiut lower jet mass than that of case (a).
However, its total momentum is 15% lower than tbhtcase (a), which explains the

difference between them in the achieved penetrakamth.

Table 5-6 The jet output data and the penetragsualts for OWP with two different liner
wall thicknesses of nearly the same weight.

Varied thickness| Varied thickness
1.1-1.6 1.6-1.1
Case (a) Case (b)
Mass of jet (g) 6.25 4.17
Jet % 18.80 14.63
Jet tip velocity (m/s) 6213 7050
Momentum (kg.m/s) 19.30 16.38
Penetration depth (cm) 61.40 57.00
Hole diamete (mm) 13.80 14.76

5.6.3 Cone apex angle

The characteristics of the shaped charges jet yndapend on the explosive to metal mass
ratio and the liner geometry (i.e wall thicknessl a3 cone apex angle). The mass ratio

will normally be changed as the cone angle changbgh should be considered in the
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study of the cone angle effect on the jet charesties. To consider this effect, seven
shaped charge models with different cone apex anblg a constant explosive to metallic
liner mass ratios (C/M) and a constant liner whaickness were studied in order to
differentiate the effect of cone apex angle onj¢heharacteristics from other effectthe
seven different cone angles are 22, 32, 40, 466G&nd 76 which were used to estimate
the produced jet characteristics and its efficiensyng the standard jetting analysis, the jet
formation and penetration codes in Autodyn. Thestamt C/M ratio and the liner

thickness are 1.069 and 1.77mm, respectively.

5.6.3.1 Standard jetting analysis

The jet characteristic data according to the jgtamalysis for different cone angles at
constant mass ratios are listed in Table 5-7. Higng analysis shows that the jet tip
velocities for the 22and 70 cone apex angles were 8243 and 5538 m/s, resplgctiv
However, the jet mass percentage in the case’aé2@ss than that for 70which explains
the big difference on the jet kinetic energy bemvégese two designs. Such difference is
attributed only to the cone apex angle effect beedleir mass ratios are kept constant. On
the other hand, the calculated maximum collapseciteds of both models were 2136 and
1755 m/s, respectively, which have direct influenoethe jet formation. This comparative
study supports the theory, which states that naome angles produce fast jet but with

lower jet mass.

Table 5-7 Effect of the cone apex angle on thehatacteristics at the same explosive to
metal mass ratios (C/M = 1.069, RDX to Copper limass ratio).

Liner Geometry Output
Apex Liner Liner Jet Jettip | JetK.E.
angle thick. mass mass | % jet | velocity (kJ)
(mm) (@) (@) (m/s)
22 2.72 24.5¢ 1.54 6.217 824: 18.2¢
32 2.34 45.4: 1.87 | 412 6674 38.3¢
4C 1.87 43.5: 4.04 9.217 650( 52.62
46 1.7¢ 36.94 3.82 | 10.3¢ 608¢ 41.3¢
56 1.77 29.62 3.37 | 11.3¢ 585¢ 39.6¢
60 1.74 26.62 3.4C | 12.77 560: 36.3(
7Q 1.47 27.6¢ 4.3C | 15.5¢ 553¢ 44.5¢

For the constant liner wall thickness of 1.77, reli with cone apex angle of 2&
expected theoretically to achieve a deep penetrakipth due to its high velocity; but the
mass ratio of the produced jet is only 6.15% oftttal liner mass as shown in Table 5-8.
The model with cone apex angle of 4@oduces a jet with a tip velocity of 6995 m/s and
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jet mass ratio of 9.89%. As a result, the totakkimenergy of this jet is more than twice
that of the former one. The dependence of thedipoity of the jet resultant from the same

liner wall thickness of 1.77 for the entire apexglas is illustrated in Figure 5-24.

Table 5-8 Effect of the cone apex angle on thehatacteristics for the same 1.77mm liner

wall thickness and 6mm steel casing.

RDX Liner Geometry Output

mass | C/M | Apex | Liner | Liner Jet Jet tip Jet

(gm) angle | thick. | mass| mass | % jet | velocity | K.E.
(mm) | (9) (9) (mis) | (kJ)

26.2¢ | 1.3z | 22 1.77 119.6:| 1.21 6.1 9531 25.3i
66.0¢ | 1.7z | 32 1.77 | 38.3(| 2.54 6.6 762¢ 48.2¢
56.4: | 1.3z 4C 1.77 | 42.3¢| 4.1¢ 9.8¢ 699t 54.7i
48.4: | 1.2¢| 46 1.77 | 37.6¢| 4.0t 10.7¢ 6097 42.5¢
31.6¢ | 1.3¢| 5€ 1.77 | 29.6z | 3.37 11.3¢ 585¢ 39.66
37.9¢ | 1.4¢| 6C 1.77 | 2545 | 3.0t 11.9¢ 5554 33.0¢
29.5¢ | 0.8¢| 7C 1.77 | 32.97| 5.0z 15.22 486 43.1(
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Figure 5-24 The jet tip velocity as a function ohe apex angle with uniform liner wall

thickness of 1.77mm.

5.6.3.2 Jet formation and penetration calculations

For uniform liners, as the cone angle widens, #tebpcomes shorter, thicker, and less
penetrative [26], which can be illustrated by Tabl® and Figure 5-25 obtained from the

jet formation and penetration results. The smallgstx angle gives the fastest jet tip
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velocity as illustrated in Figure 5-26; but withetlsmallest jet mas$iowever, for the
wider angles, the charge performance is better th@rsmall apex angles when they have
the same mass ratio between explosive and lindtuatrated in Table 5-10. This result
illustrates the effect of the liner thickness ore thenetration and jet characteristics.
However, this parametric study is not sufficientjiolge the best design, therefore, an
optimization study for the cone apex angle andlitner thickness will be performed to

achieve the largest penetration depth with the sdweass of explosive.

Table 5-9 The jet characteristics and penetratsults of OWP of 1.77 mm liner

thickness for different cone apex angles.

. Code output
Cone Apex Liner : -
angle. (deg.) thickness| Jet tip Jet tz_aul Penetration I—_Iole
(mm) velocity velocity depth (cm) diam.
(m/s) (m/s) b (mm)
22 1.77 9531 4254 50.4¢ 12.¢
32 1.77 762¢ 2614 69.72 12.4
40 1.77 699¢ 256( 64.72 14.4
46 1.77 6097 102z 62.8¢ 17.¢
56 1.77 585¢ 1172 60.9¢ 18.c
60 1.77 5554 1921 58.0( 15.C
70 1.77 4862 175: 54.6¢ 13.€
75
70 A -
E 65 - - .
4 °
£ 60 ° o
S 55 -
c [
S 50 - "
T °
49:-5 45 -
P 40 - ° ® Same mass ratio
35 - = Same liner thickness 1.77mm
30 1 ] ] ] ]
15 25 35 45 55 65 75
Cone apex angle (deg.)

Figure 5-25 The calculated penetration depth forfFOAVdifferent cone apex angles.
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Figure 5-26 A comparison between the jet tip vejofor different apex angles at both the

same mass ratio and the same thickness.

Table 5-10 The jet output data and penetrationlteear OWPs with different liner cone
apex angles and the same explosive to metal migg /M = 1.069).

. Code output
Cone apex Liner - g

angle. thickness ‘J?t tip Jei\t t"_’"l Penetration Cli-_lole

(deg.) (mm) V‘(arr?g)ty V‘(anfl’/‘;';y depth (cm) (rm)'
22 2.72 824: 2774 38.3¢ 8.2
32 2.3¢ 6674 289¢ 47.4C 21.2
4C 1.87 650( 1724 51.8( 17.¢
46 1.7¢ 608¢ 140( 59.0¢ 16.4
56 1.77 5855 1172 60.9¢ 18.%
6C 1.74 560: 203: 59.0( 18.F
7C 1.47 553¢ 203( 58.1¢ 19.4

5.6.3.3 The optimization of the cone apex angle and linethickness parameters

The objective of this optimization is to obtain theaximum penetration depth into
concrete with the convenient explosive mass and apgle of the conelable 5-11lists
the input parameters for the design expert softmased to do the optimization
calculations. The selected effective design pararaeén the optimization are the cone apex
angle, its liner wall thickness and the massesoti the liner and the explosive material.
The response parameters that will be considered tlage penetration depth (to be

maximized) and the explosive mass (to be minimized)
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Table 5-11 The input factors and their responsgegafor the optimization study.

Factors Responses
Apex angle| Liner thick. | RDX mass | Penet. depth
(deg.) (mm) (gm) (cm)
22 2.72 26.25 38.36
32 2.34 66.04 47.40
40 1.87 56.47 51.80
46 1.79 48.47 59.04
56 1.77 41.06 60.96
60 1.74 37.99 59.00
70 1.47 29.53 58.16
22 1.77 26.25 50.48
32 1.77 66.04 69.72
40 1.77 56.47 64.72
46 1.77 48.47 62.88
56 1.77 41.06 60.96
60 1.77 37.99 58.00
70 1.77 29.53 58.64

The goals, the importance and the boundary constiaf the studied factors are listed in
Table 5-12, in which the penetration depth is sdid the most important objective design
response, while the next one to be considerecisitplosive charge mass.

Table 5-12 The input constrains, the governingtBrand the response importances.

Name Goal Lower limit | Upper limit  Importance
Cos @)* is in range 0.819 0.982 ++
Liner thickness (mm)| is in range 1.47 2.72 ++
Explosive mass (g) Minimize 26.25 66.04 +++
Penetration depth (cm)Maximize - - +++++

Note: a is half of the apex angle of the conical liner

Table 5-13 summarizes the results that were olatdnoen the optimization run. The thirty
solutions in this table are arranged accordindhéir tdesirability, which is observed to be
almost unity for the whole range. This represenksgh degree of accuracy between the
expected response calculated by the statisticaicoipe function based on the fitting data
of the input factors and that presented as a rgmrement. In general, desirability value of
zero respresents a completely undesirable respuarske, the desirability value of unity
represents an ideally desirable response. Howehrermanufacturing capability of the

suggested optimum designs should be considered tlhienmanufacturing point of view.
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For instance, the suggested designs that haveea Wall thickness greater than 2mm
should be ignored if the spinning is the method wi# be used to manufacture the liner
with the small perforator dimensions. This is bessaof the difficulty of machining the

thick liners with small details and high precesi@enerally, the first two designs are
considered as the optimum designs that can beyeasihufactured due to the facts that
their angle and their liner thickness can be doasilye without further manufacturing

limitations. The combinations between the two calgmwhich are the liner thickness and
the Cos ¢) will be changed if the used exolsive amount isatgethan 26.25g. This means
that different varieties for liner thickness a@ds ¢) will be obtained depending on the
used explosive mass. Similarly, different desiigbiValues corresponding to different

explosive charges will be obtained.

Table 5-13 The optimum solutions and their corresieg desirability calculated by the
steepest slope optimization.

Angle Liner thick. Explosive Penetration -
Number (22) Cos @) (mm) mgss ) depth (cm) Desirability
1 56.96 0.879 1.49 26.25 100.23 1.00
2 43.13 0.93 1.58 26.25 102.50 1.00
3 58.15 0.874 2.05 26.25 76.05 1.00
4 54.25 0.89 2.41 26.25 132.49 1.00
5 26.69 0.973 1.54 26.25 128.67 1.00
6 63.36 0.851 2.49 26.25 219.49 1.00
7 32.11 0.961 2.67 26.25 71.41 1.00
8 39.90 0.94 1.63 26.25 90.19 1.00
9 55.99 0.883 2.1 26.25 75.94 1.00
10 69.63 0.821 2.66 26.25 351.02 1.00
11 61.37 0.86 1.53 26.25 83.51 1.00
12 52.21 0.898 2.21 26.25 78.43 1.00
13 43.44 0.929 1.59 26.25 98.63 1.00
14 36.75 0.949 2.6 26.25 80.28 1.00
15 55.50 0.885 2.1 26.25 73.64 1.00
16 34.12 0.956 1.55 26.25 118.76 1.00
17 67.60 0.831 2.14 26.25 123.05 1.00
18 36.75 0.949 1.56 26.25 115.06 1.00
19 52.98 0.895 2.28 26.25 92.61 1.00
20 37.48 0.947 2.56 26.25 74.35 1.00
21 63.36 0.851 1.5 26.25 81.22 1.00
22 68.21 0.828 2.25 26.25 156.10 1.00
23 59.55 0.868 2.01 26.25 75.00 1.00
24 67.18 0.833 2.63 26.25 314.34 1.00
25 66.14 0.838 2.45 26.25 219.98 1.00
26 52.47 0.897 2.42 26.25 125.44 1.00
27 64.01 0.848 2.69 26.25 321.42 1.00
28 59.31 0.869 2.54 26.25 208.74 1.00
29 43.75 0.928 1.5 26.25 125.65 1.00
30 60.92 0.862 2.21 26.25 114.21 1.00

148



Chapter 5: Parametric Analysis Results

To illustrate the desirability of the solution withe selected parameters, a graph of the
tested factors was selected with the relevant aagty. The graphs illustrated in Figure
5-27 and Figure 5-28 show the two areas, in whiehdesirability could be very high (i.e.
close to the unity). The preferred two areas oftilghest desirability are represented by
areas A and B, while any combinations of the litmeckness and the apex angle that lead

to regions C and D should be avoided.

Desirability

2712

Desirability
1

0
241

X1=A: Cos(Alpha)
X2 = B: Liner thickness

Actual Factor

C: Explosive mass = 26.25 210

B: Liner thickness

178

0819 0.860 0.900 0941 0982

A: Cos(Alpha)
Figure 5-27 2-D contours of the desirability wiietliner angle and its thickness.
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241 0.941

2.10 0.900

B: Liner thickness 1.78 \ 0.860 A: Cos(Alpha)

147 0.819

Figure 5-28 3-D surface of the calculated desiitglfibr the optimization problem.

The two optimum areas of this design are shown iguré 5-29 and Figure 5-30

considering the penetration response, where thetgion contours in the upper area
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indicate that the increase in the penetration dépalof the perforator demands the

increase in both the liner thickness and the cargdea On the other hand, in the lower

area, the the penetration depth increases witlid¢lceeases in the liner thickness and its

angle, provided that the same amount of explosweains unchanged (i.e. 26.25 gm). On

the other hand, the liner design including anglel ahickness that can produce a

penetration in both the blue (right) and greent)leégions in Figure 5-29, should be

avoided.
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Figure 5-29 The penetration depth 2-D contours tghoptimization parameters (angle

and liner thickness) using the optimum (minimunmplegive mass 26.25gm.
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Figure 5-30 3-D surface of the calculated penetnatiepth for the optimization.
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5.6.4 Liner shape and its geometry

In order to investigate the effect of liner geomethree different geometries of shaped
charge liners with nearly the same explosive andrlmasses were used. One of these
geometries is the conical liner with apex angld@fwith a liner wall thickness of 1.4mm.
The second shape is the trumpet liner with the siame thickness of 1.4mm. The third
one is a bi-conical shape with a uniform liner whltkness of 1.1mm. Figure 5-31 shows
the shapes of the three different liners and TakHld lists the calculated jet characteristics

and their penetration depths into concrete targets.

1. 4mm

Figure 5-31 The three liner shapes; (a) the cofiiiwat, (b) the trumpet liner, and (c) the

bi-conical liner, all with uniform liner wall thiakess.

Table 5-14 The jet and penetration characteristitbe three different shaped charge

liners.

Liner shape Conical Trumpet Bi-conical
Explosive mass (Q) 50.74 50.74 50.74
Liner mass (Q) 29.32 28.93 28.78
Jet mass (Q) 3.30 4.96 5.40
Jet to liner mass (%) 11.26 17.14 18.76
Jet tip velocity (m/s) 7103 7853 8244
Jet K. E. (kJ) 44.00 51.40 54.11
Penetration depth (cm) 74.88 81.00 87.00
Exit hole diameter (mm) 14.0 11.0 6.6
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The changes in the jet velocity and kinetic enarglicate why the bi-conical liner has
achieved the maximum penetration depth. Nevertbglether factors may need to be

considered in the practical design such as thegehangth and the manufacturing cost.
5.6.5 Explosive amount and head height

The jet velocity and the damage caused in the fockation depend mainly on the
amount of the explosive used in the shaped chavig@imizing this damage is a key
objective when completing the well using OWP. Téifect is studied using four similar
perforator designs, but with different explosivesses. The liner materials were copper
with the same design. A sketch of the four chaigeaBustrated in Figure 5-32. The jet
characteristics and its penetration capability i@ standard concrete for the four targets
are listed in Table 5-15.
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Figure 5-32 The four OWP with different explosivasses.

Table 5-15 The amount of the explosive and its ichpa the jet and the penetration depth.

Case A | CaseB Case G Case D
Explosive mass (g) 50.74 46.3( 40.00 24.57
Liner mass (Q) 29.32 30.15 32.04 33.00
Jet mass (Q) 3.30 4.06 6.05 5.5
Jet to liner mass (%) 11.26 13.47 18.89 16.66
Jet tip velocity (m/s) 7103 6628 4851 4539
Jet K. E. (kJ) 44.00 38.88 19.8 17.20
Penetration depth (cm) 74.88 69.00 61.00 41.00

The damaged areas around the perforated tunnelsnicrete targets are shown in Figure

5-33 for different perforators. The damaged ardasgathe crater profiles near the impact
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areas are similar, but the overall crushed zoreknigisses exhibit different values for the
four cases, which implies that the flow productiwtill be affected by the amount of the
used explosive. However, these qualitative simuitatiare not sufficient to calculate the
well productivity because it demands further perpilég calculations, which are not

available in the Autodyn hydro-code.

Damage A
1.0

0.9

0.8

— 0.7

= 0.6

0.5

0.4

= 0.3

Figure 5-33 The damaged areas around the penetgatb using different explosive

masses.
5.6.6 Water stand-off distance

In order to properly fit the gun carrying the shdypbarge perforators inside the casing, as
shown in Figure 5-34, and since the jet travellosigtance has a great effect on its
penetration capability, the water stand-off diseaeffect was studied to find its influence
on the jet performance and the depth of penetration

To study this effect, the jet produced from OWP déne angle, HMX main explosive and
liner thickness of 1.4mm is studied. This jet pestes concrete after passing through
water layers of different thicknesses of 0.5, 2,74 and 6cm. The penetration depths and
the hole diameters relevant to the different watiand-off distances are illustrated in
Figure 5-35.
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Figure 5-34 The OWP charge fitted inside the guneaand water stand-off distance

measured from gun casing wall.
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Figure 5-35 The penetration depth and hole dianfet€dWP detonated at different water

stand-off distance.

From this figure, it can be found that at 1.7cnmdtaff distance, the perforator achieves
the maximum penetration depth. This may be atiedbwio the fact that at this short stand-
off distance, the jet is not fully stretched, whiafiects its penetration capability. After

3cm stand-off, the jet has to travel long distaircevater, which causes the jet to be
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particulated into small fragments or to be eroded #hus, its penetration capability
decreases beyond this distance.

5.6.7 Degree of confinement effect on the jet parameters

Unlike shaped charges, OWP casing imposes a ttockinement, which affects the jet
parameters, such as the jet tip velocity, espgadialthe region close to the liner ba3dis
effect may be attributed to the reflection of thetathation waves on the casing surface
back into the explosive, which may meet the linghwlifferent incident angles between
the detonation front and the liner wall. The sulssedly reflected waves can produce
regions of high pressure on the liner surface tieguin a jet with higher velocity. This
was verified by adding 7 gauge points to the expéBner interface as shown in Figure
5-36 and using OWP with cone apex angle df 4ifer thickness of 1.4mm and casing

thicknesses of 1, 2, 4, 6 and 8 mm.

It can be observed that both the obtained pressueehistories of the two cases (i.e. 1 and
8mm casing thicknesses) have nearly the same mpatiéowever, the impulse-time
histories in Figure 5-37 explained the reason Wigydbtained collapse velocities of all the
relevant jet elements in the entire five modelsdifferent from each other, which in turn
gave different jet velocities of their elementseiiéfore, the jet tip velocity for 8mm case
is higher than that for Imm case. All the jettintalgsis data for the casing thicknesses

study are listed in Table 5-16.

All the resulting jets are coherent because timieikimum flow velocities are lower than
the bulk speed of sound of the copper material whg& 3940 m/s [135]; where the
maximum calculated flow velocity is 3748 m/s for @ntasing. This means that all the
selected casing thicknesses are suitable to produogherent jet. But, an optimization
should be done based on the lowest casing thickhasss capable of confining the OWP

explosive charge and protecting it against preneagplosion.

ju
Steel 7

sl
/—Copper
/E ’_//7 Liner

RDX —
%E/_ /— Fixed Gauge
S points

Figure 5-36 Different fixed target points along timer axis to predict the P-t history on
the explosive-charge interface using 8mm casing tviakness.
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Figure 5-37 The predicted pressure and impulse-tirstories for both 1mm casing

thickness (left) and 8mm casing thickness (right).

Table 5-16 The jetting analysis data obtained ftbhenjetting analysis of OWP using RDX

main charge with different casing thicknesses.

Liner Geometry Output

Casin

thiCk-g APEX | rhick. | Mass| e : 1"\I/Ioavi/( ccl)\f\?r(ént Jet | Jet

(mm) angle mm) | (g) mass| % jet vel. | flow vel. velocity | K.E.

(deg.) ) mey | (misy | M) (k)

1 40 1.4 | 36.64 5.65 | 15.41 3115 3940 | 6489.4| 35.6
2 40 1.4 | 36.64 5.66 | 15.45| 3214 3940 | 6540.3| 39.1
4 40 1.4 | 36.64 5.69 | 15.54| 3549 3940 | 6790.5| 43.3
6 40 1.4 | 36.64 5.72 | 15.61| 3671 3940 | 7035.5| 49.2
8 40 1.4 | 36.64 5.76 | 15.71| 3748 3940 | 7232.8| 54.1
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5.6.8 Effect of the initiation point on jet characteristics

The shape of the detonation wave when it meetslitiee is so important that it can
determine the amount of the produced jet velocity #&s degree of coherency after it
travels a certain distance. Therefore, an altereatide point of initiation was selected to
an OWP as shown in Figure 5-38. The correspondetgnétion wave pattern at 1,3
from the moment of detonation is illustrated in g 5-39.

From the standard jetting analysis of°4DWP with liner thickness 1.4mm and side
initiation point, the produced jet has a mass 6fL3y and a velocity of 8018.5 m/s. The
same perforator with a normal central initiationnpayives a jet mass of 2.325 g and a
velocity of 7812 m/s. Thus, the whole kinetic eryedj the jet for the side initiation is

50.472 kJ, which is 13.3% greater than that ofQNeP with normal initiation point, which

is 44.542 kJ. Thus, the predicted penetration degtan the detonation wave shape is
modified is expected to be better than that withweawe shape modification. However, this
technique is difficult to be applied industriallgs the whole perforators cannot be

instantaneously detonated along their circumfeaéhtie.

G

Figure 5-38 Shaped charge with side point of idraat time Qs.
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Figure 5-39 The detonation pattern of the sideaitidn at 1.2@Gs.
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5.7 Liner portioning into jet and slug

In order to properly investigate the liner mategattioning into jet and slug, two different
techniques were implemented. First one is doneiNagidg the copper liner material into
different colour tracers. The OWP used for thisdgthas 48 liner cone apex angle and
1.4mm wall thickness filled with HMX explosive. &hwelve tracer regions are illustrated
in Figure 5-40. Figure 5-41 illustrates the colautecers for the same liner material using
Autodyn jet formation simulation, while Figure 5-4Bows the different coloured contours
of the liner flowing into jet and slug portionsdifferent times. The liner collapse figures
show that most of the first three tracer portionsha liner apex flow into the slug part,
while the twelfth portion and the liner base do wotlapse down on the jet axis, and
therefore, they will not actually take part in fleéting. The jet is formed from other tracer
portions (i.e. from portion four up to eleven), hwith different percentage from each
individual portion. The percentage of material flowo jet increases from the apex toward
the liner base, while their velocities decreasdheir position in the same direction. The
jet tip is mostly composed of the four tracer regidi.e. four up to seven), while the pile-
up or inverse velocity gradient part is observedrrbe jet tip. This part is formed because
the collapsed points from these regions do not leaeeigh space to be accelerated to their

theoretical maximum values.

Figure 5-40 The twelve colours of the liner matensed to track the liner portioning into

jet and slug.
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Figure 5-41 Multi-coloured copper liner of OWP @& deg. cone apex angle and 1.4mm
liner wall thickness at timey3.
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Figure 5-42 The multiple-colours contours of théaqsed liner indicating the jet

formation from certain liner regions at differemheés.

The second method used to investigate the porgomiithe liner material to the jet and the
slug is done using massive moving Lagrangian tgrgetts, which are located on the liner
material to facilitate its tracking. The first gaug placed at the bottom (liner air interface)
and the next gauges are placed at selected spgasmgach other, (e.g. 0.1 mm distance)
as illustrated in Figure 5-43. The output absolgiecity-time histories exactly specify the
profiles of collapsing velocities of the gaugesniorg both the jet and the slug. Figure
5-44 illustrates the absolute velocity-time histsrbf the selected nine gauges that depict
the material flow to form the jet, the slug and itiéiction or collision point.This figure is
so important that it can be used with the multitageor laminated liner material research,
where a coaxial or outer liner material can be dddedelay the breakup of this jet, and
therefore, to increase its efficiency [138] sketch for the liner material portioning based

on the absolute velocity history is shown in Fighi#é5. This figure shows that by moving
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from the liner apex to its base, the mass of ther lflows to form a jet increases, while its
velocity decreases. This conclusion can be impléeteto study the effect of non-uniform
liner densitiy distribution produced by powder miag technigue on the jet characteristics

(i.e. velocity and mass distribution).

Material Location

Void

N
53]
59|
51|
A0
Aql
A9
i

Figure 5-43 The selected moving target points erlitter axis to illustrated the liner

portioning into jet and slug.
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Figure 5-44 Absolute velocity-time history plot fitle nine moving gauge points used to

illustrate the liner partition into jet and slug.
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Figure 5-45 A schematic diagram illustrating thiegjed slug potions based on the

simulation results.
5.8 The Gurney velocity approximation

The Gurney velocity of an explosive is so importémt it contributes directly to the
analytical calculations of the shaped charge jgtiarameters. However, this value is not
known for all the well-known explosives, thus, & linked directly to the Chapman
Jouguet-pressure-explosive impulse ratio as depiot&igure 5-46 for several explosives.
The following relation was obtained from the fijiof the previously calculated Gurney

velocity against the &lsppo ratio.

V2E = 0.2509 (i) +904.07 5-1

Isppo

where R;is the Chapman Jouguet pressure (Rajs the specific impulse of the explosive

used as a monopropellant (Ns/kg) agds the explosive density (kgfn

If the impulse of the explosive is not known, itnche calculated using the detonation

velocity-impulse relation [137]:

Up — 1980
1.453

where  is the detonation velocity of the explosive in ppisis in kg/n? andlgin Ns/kg .

Isppo = 1000 5-2

The various explosives with their pressure, impualsd densities as well as the calculated
and the measured Gurney velocities and the dewmidd&iween them are listed in Table
5-17. The greatest deviation between the measurddtee calculated Gurney velocities
based on Eq. (5-1) is -5.48%, which means thatapp@oximation can be used accurately

over a wide range of explosives.
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Figure 5-46 The Gurney velocity as a function af éme (Rjl1smp,) relation.

Table 5-17 The Chapman-Jouguet pressure, the gpeaggulse, the calculated and the
measured Gurney velocities and the deviation betwsem for various explosives.

V2E
: Pe; Isp 0 2E Dev.
Explosive (GPa) | (N.s/g) (kgp/m3) Eq. (5-1) (\{n;) (%)
(m/s)
FEFO 25.00 2.389 1590 2555.4 2435.0 [72] -4.94
H6 24.00 2.147 1760 2497.6 2425.0 [72] -2.99
A3 30.00 2.636 1650 2634.7 2630.0 [72 -0.18
DIPAM 18.00 2.096 1550 2294.2 2175.0 [72 -5.48
C4 28.00 2.671 1600 2547.9 2660.0 [6] 4.21
HMX 42.00 2.614 1890 3037.0 2970.0 [22] -2.26
DATB 25.10 2.139 1788 2550.7| 2560.0[138] 0.36
NG 25.30 2.543 1590 2474.0 2548.7 [72 2.98
OCTOL 34.20 2.500 1809 2801.4 2800.0 [2P] -0.05
Cyclotol 31.60 2.508 1743 2717.8 2790.0 [2P] 2.5p
Comp B 28.70 2.434 1713 2631.1 2700.0 [22] 2.55
PBX-9011 34.00 2.425 1767 2894.9 2820.0 [6] -2.66
PBX-9501 37.00 2.579 1841 2859.3 2900.0 [189] 1.40
PBX-119 24.40 2.422 1635 2450.0 2509.7 [72] 2.38
PBX-9404 37.50 2.583 1844 2879.4 2900.0 [140] 0.71
LX-04 35.00 2.423 1865 2847.4 2776.0 [72] -2.57
LX-10 37.50 2.596 1860 2852.6 2922.1 [72] 2.38
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5.9 Summary

Parametric analysis of OWPs is performed in thigptér, in which the used numerical
hydro-code is validated against standard jettinglyemms, while the shaped charge jet
formation and penetration models are validatedguiie flash x-ray facility and the static
firing of OWPs against laminated target, respettiveThe shaped charge design
parameters that include the explosive fill, linkickness, charge casing and the mode of
initiation are studied using the jetting analysigl dhe jet formation algorithms. Besides,
the effect of the water layer stand-off distancat ttimulates the wellbore fluid on the
depth of penetration into concrete was also constiévioreover, a simple relation among
the explosive inpulse, its Chapman-Jouguet pressithethe Gurney velocity is presented
to give a good approximation for the characterisbiarney velocity of the explosive

materials.
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CHAPTER.6  INFLUENCES OF TARGET

STRENGTH AND CONFINEMENT ONTHE

PENETRATION DEPTH OFAN OIL WELL
PERFORATOR

6.1 Introduction

Oil well perforator (OWP) uses a shaped chargepnadeep hole into the rock formation
in a productive oil field. Upon the detonation af @WP, the high velocity metallic jet
perforates the carrier gun wall, wellbore fluidp@icasing, and finally reaches the rock
formation that contains crude oil [11]. The prodwity of the oil well increases with the
penetration depth. The penetration depth of an @Mfiends on the design of a perforator
and the strength of rock material. Researches haea done to understand the effect of
the target strength on the penetration depth bbaed charge jet into target material. Pack
and Evan [96] introduced a correction term relatedthe target strength in the

hydrodynamic formula of penetration depth, i.e.

P=L /&(1_ a'YZ) 6-1
Pr N

where a is a constantp; and pr are the densities of jet (rod) and target matgrial

respectively; L is the length of the rod penetratois the dynamic yield strength of the

target; V is the penetrator velocity. The correctierm can be linked to an important non-

2
. . o . .aY _a _ P : ,
dimensional number in impact dynamics, i.e5— =— where Jp = is Johnson’s

P D

damage number [141-142]. It shows that the infleenicthe target strength on penetration

depth decreases with the increase of Johnson’s ewurfbr a steel target, this correction

term is around 0.3, which means that the penetratépth can be reduced by 30% due to
the effect of the target strength. This approxioratias some limitations for jet penetration

as it was developed for a continuous rod projediitiher parameters, such as the stand-off
distance and jet tip velocity, may also influenice penetration depth.

Extensive experimental results on shaped chargepégetetration were reported by

Eichelberger [97]. It was shown that the simplerbggnamic equation is not valid in the
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later stages of penetration when the jet velocikygreases. During the later stages of
penetration, strengths of both jet and target naserbecome relatively important.
Eichelberger [97] added two strength terms to tharddynamic equations to account for
their influences. The importance of the strengtimteffect on penetration was further
verified by Pugh [98] and Klamer [99] when they mauthat the penetration depths into
armoured steel are respectively 15% and 20% |essttiose in a mild steel target. Allison
and Vitalli [2] deduced three different models baped charge jet penetration based on the
assumption of the existence of virtual origin (V@) a shaped charge, in which the

penetration depth for a continuous jet can be de=tiby:

v, L
P=Z[(-D" -1
[(Vc) ]
where Z is the effective jet length measured fro® % the target surface;; ¥nd \t are
the jet tip and rear velocities, respectivelys the square root of the target-jet density ratio

(e.y=\polp ).

Predicted penetration depths based on Eq.(6-2pagedl with the experimental results of
a 105mm shaped charge against monolithic metadligets [2]. However, EQq.(6-2)
neglected the influence of the target strengthhenpenetration depth, and therefore, may
not be suitable for shaped charges used as OWRideethe initial jet tip velocity of an
OWP may decrease after the perforation of multipéerial layers before the jet reaches
the main target. The feature of the multi-layegédrin the application of OWP is reflected
in the testing standard of American Petroleum fatgi (API) [143]. Consequently, Eq.(
6-2) may over-predict the penetration depth dughi® neglecting of target strength.
Therefore, it is necessary to understand the inflaeof target strength on the penetration
depth of a shaped charge jet in an OWP test. Onttler hand, the main target in an OWP
application is subjected to large underground cmmfient pressure and the compressive
strength of the concerned quasi-brittle materials. (rock, concrete) can be largely

enhanced by the confinement pressure, which vat &k studied in this chapter.

Section 6.2 describes the experimental set-up anfigurations of the shaped charge as
well as the standard OWP specimen. Section 6.8datres the numerical models, material
models and material parameters used to simulatesshhped charge jet and penetration.
Results will be presented in Section 6.4 with fartlanalysis, which is followed by

conclusions in Section 6.5.
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6.2 Experiments

The liners of the OWP used in this study were eddgic Copper of grade C10100 OFEC
(Oxygen Free Electrolytic Copper). This materiad laahigh purity (99.99%) and very low
oxygen and phosphorus contents for relatively tdghtility, which is needed for the jet
material to sustain longer breakup time and habetter coherent performance [7]. The
copper liners were manufactured using the deepidgatechnique, which is suitable for
OWP because this manufacturing method is econoramalefficient for producing large
quantities of small calibre liners with a reasoeabtcuracy [31]. It starts with cutting a
circular copper disc and applying five steps ofwdng by hydraulic press with an
intermediate annealing of 10 (two minutes) to decrease the strain hardenird) an
maintain the material ductility [31]. The linerdha small base diameter of 33mm, a cone
apex angle of 46 degree and a wall thickness ahh4s illustrated in Figure 6-1. The
charge casing is steel with an average wall thiskred 4.5mm, while the main explosive

charge is PE4 with a total average mass of 40.8agastandard deviation of 1.3g.

PE4
Explosive

|
|

| 33mm

Figure 6-1 The shaped charge used in the condretaggh study (left) and a cross-section
of the liner (right).

Concrete targets with four different strengths waoared and cured according to the test

evaluation of the well perforator [144]. These aete targets were tested according to the
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standard OWP testing configuration and requiremientise Section-II of API-RP43 [143].
The configuration of the target layers and theimeisions and a picture of the
experimental setup are illustrated in Figure 6-Be Btrengths of the standard concrete
cubes corresponding to concrete targets are 26.0, 47.0 and 55.0 MPa with standard
deviations of 0.9, 0.9, 1.7 and 0.9 MPa, respelgtivmeasured at 28 days after their
casting [145].

OWP

I = Stesal A-36
5 172 Viater

Steal A-36

Concrete

100.0

Dimensions i mm

Figure 6-2 The layout and the experimental testpsatcording to API-RP43.
6.3 Numerical models
6.3.1 Hydro-Code Algorithms
The hydrocode algorithms were presented in dataithapter 4.
6.3.2 Mesh sensitivity

It is well-known that the shape and the densitythef mesh may affect the simulation
results. Generally, simulation with fine meshesdpies more accurate solution with the
cost of longer time consumption in comparison wibarse meshing simulations. When the

erosion criterion is applied, effect of the meshgiy on simulation results may increase.
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In order to study the mesh sensitivity on the gegtration, nine different mesh densities
were proposed for the concrete target materiallentie Lagrangian jet meshes remain
unchanged (i.e. 0.5mmx0.5mm). Uniform square mesh6<2, 0.3, 0.5, 0.8, 1, 1.5, 2, 2.5
and 3mm are selected for concrete target. The swsitivity study was also performed in
the jetting analysis where five different Euler imaszes of 0.3, 0.6, 1.4, 2 and 4mm were
applied to PE4 explosive to examine the variatibthe jet characteristics with the mesh

density.

Mesh sensitivity for Euler jetting analysis is show Figure 6-3, where the relationship
between the cumulative jet mass and its axial Xtjposis shown. It can be observed that
the predicted curves for five different mesh sitewe nearly the same shape at the
beginning of the jet formation. Then, noticeableiat@ons among five curves occur for
different mesh sizes. However, with the decreasmesh size from 4 mm to 0.3 mm, the

convergence of the solution is observed. Thus, @3wm cell is used in all jetting

analyses.
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Figure 6-3 The cumulative jet mass versus thexietl aoordinate obtained from the jetting

analysis using different mesh sizes.

Figure 6-4 shows the mesh sensitivity for Lagrange penetradoalysis where the
variation of the predicted penetration depth witsimsize is shown for a 40 MPa concrete

target with nine mesh sizes of unity aspect r&&netration depth converges to a value of
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68cm using square shape element of size 0.2mm,\aowie element size 0.5mm gave a
penetration depth of 67.5, which is only 0.7% d#f& from that of the finest mesh, but it
save more than half the time needed to do the aiionl with the element size of 0.2mm.
Thus, the Lagrange mesh size of 0.5mmx0.5mm walsedpp all penetration simulation

calculations considering its reasonable accuradytiame consumption.
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Figure 6-4 The numerical penetration into concusieg different mesh sizes.
6.3.3 Material models

The material models were presented in detail inp@rad.
6.4 Results and discussion

The standard jetting analysis of the studied OWttcated that the produced jet from this
perforator is coherent because the flow velocitisBas the stability condition [83]:

<1.23xC, 6-3

Vflow,max

whereViow,max IS the maximum flow velocity of all liner materipbints and =3940m/s is
the sound speed in the copper material. The maxirftam velocity was found to be
3161m/s, which means that the produced jet willcbberent during its stretching. A
summary of the jetting analysis output is listed able 6-1.
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Table 6-1 Jet characteristics based on the stanjeléirdy analysis

Liner mass (g) 33.20
Jet mass (Q) 6.02
Jet tip velocity (m/s) 6698
Jet tail velocity (m/s) 2054
Jet kinetic energy (kJ) 49.29

The jet elongation at different times is illustihiten Figure 6-5, which shows the jet
formation up to 18s (measured from the moment of detonation), at kvthe jet starts to

interact with the first steel layer of the lamirdtaulti-layer target. The penetration stages
of the jet into 55MPa concrete target are illugidain Figure 6-6while Figure 6-7

illustrates the contours of concrete damage aémdifft times due to the jet penetration. It
can be observed that the jet caused a radial damlagg its penetration path into the
concrete, thus the penetration depth is measurpdriexentally based on the remaining

witness part of the concrete as shown in Figure 6-8

0 ps
Material Location
Void

Copper
Steel
PE4

11.2 ps

18.1 ps

Figure 6-5 The jet generation and stretching deaght times.
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Copper
Steel A-36

Figure 6-8 The penetrated tested witness conaagets and the steel discs.

171



Chapter 6: Influence of Target Strength and Confingroa The Penetration Depth of an OWP

The jetting data were used to calculate the effeget length (Z), which is defined as the
distance from the source point or the virtual arigp the target surface. It can be calculated
by plotting the reciprocal of the jet velocity ofah liner element against time, and
applying the back projection on the horizontal alise axis at the real interaction time as
illustrated Figure 6-9. The projected effectivelgrigth was 127mm at {18, at which the
jet impacts the first steel layer. However, thitueacan not be used directly with Eq.(6-2),
because the effective jet length and the jet tipaiy have to be modified considering the
thicknesses of the laminated steel and water layéues jet tip velocity was corrected based
on the following equation for the exit jet tip veity perforating a finite thickness target
[103]. This correction was derived from Eq.(64R)which the penetration P=T (i.e.
perforation of a finite thickness T), where ¥ replaced by ..

Y
V. =V. Zi 6-4
jex jin Zi +Ti

where \ex and Vi, are the exit and the input jet tip velocities edjvely, Z is the

effective jet length at the front of the targetfaoe, T is the target thickness and i refers to
the index of the target layer to be perforated. Fdlees of the exit jet tip velocity and the

relevant effective jet length for the testing lag/are illustrated in Table 6-2.

0.08

0.07 1

0.06 1

0.05 1

0.04 1

Time (ms)

0.03 1

Steel target location

0.02 +

0.01

0 100 200 300 400 500
Distance from virtual origin to the target Z (mm)

Figure 6-9 The effective jet length and the timatien for virtual origin model.
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Table 6-2 The jet tip exit velocity and the reletvafiective jet length for the test layers.

Air Steel Water Steel
Ti(cm) - 0.3 1.7 0.9
Effective jet length Zcm) 12.7 13 14.7 15.6
Y - 0.936 0.335 0.936
Exit jet velocity M (m/s) 6698 6556 6320 5997

It is found that the real jet tip velocity just be¢ impacting the concrete layer;, 16
5997m/s while the corresponding effective jet lanfypm the VO point to the concrete
target is 15.6cm, based on which the penetratiggthdean be calculated according to
Eq.(6-2) (89.78cm in this case). However, Eq.(6s2)nable to consider the influence of
target strength on the penetration depth. In Efj)(@Pack and Evan [96] introduced a

target strength correction term in hydrodynamicgteation model. According to Taylor

X
[N
<

- Vi Vi)yo p_1_ P (V,
expansion, when— - 1, | — | =1+ ——-—=1+ |—| —-1| when the
Ve Ve yVe ¥ Pr \ Ve

quadratic and higher order terms are neglected;hwigiduces Eq.( 6-2) to

Vi, i (VY Z P,
P=Z|()-1|=z|1+ || L-1|-1|==(Vit-V.t) [+
L e R e e N

Z =Vt is the distance of the jet tip to the virtual amigndV;t =V t = L is the current

V.
length of jet. WhenV—J - 1, the jet length L is a constant arigl — . Therefore,
Cc

Z Z
Vi = oL 1 and Eq.(6-2) can be reduced to the hydrodynamiatémn, which is

C
Eq.(6-1) when the target strength is ignored. ®wsple analysis for the link between
Egs.(6-1) and (6-2) implies that a same strengthection term can be introduced into the

Allison-Vitalli equation [Eq.(6-2)], i.e.

Af
p;Ve

1
Va7
P=2, (7’) —1|a =2y 6-5
C

wherefc' is the compression strength of concrete, whicla iunction of the applied

hydrostatic pressure if a confinement is presentis\the jet tip velocity corrected after
perforating steel-water-steel layers of the tessipgcimen (5997 m/s in the present case);
is a constant determined from the real experimemitéch was found to be 200.31 as the

average of the four experimental tests.
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When underground confinement is considered [46], Dinucker-Prager equation can be
used to calculate the equivalent compressive dtnelghen uniform lateral confinement is
considered (i.e7, =0,=0,, positive in compression), the compressive stfergt o,

stress can be derived as:
fo = (— -= tanej fo+ ( 1+ 2 ] P, 6-6
3 9 3

according to Drucker-Prager equation [146] whigie the unconfined uniaxial

compression strength;yAs the applied hydrostatic pressufejs the frictional angle,

which was found to be 50 degree for concrete [146].

The second bracket in the modified Allison-Vitalli equation [Ed)p+epresents the
penetration reduction due to the target strength effect. Goistien was used to calculate
the penetration depth theoretically for the four concrete mistarsang the jet velocities
and the effective jet lengths predicted from jetting analysis. pradicted results from
Eq.(6-5), the measured penetration depth and the numeinmalason results based on
Autodyn are listed in Table 6-&nd illustrated in Figure 6-10. It shows that the maximum
difference between the analytical and the experimentalltseswas 7.5%, which
demonstrates the validity of the analytical model. Also, the maxirdifference between
the numerical and the experimental penetration is 8.8%. Theretbe numerical
prediction of the penetration depth when underground con@né exists could be used to
assess the validity of Eqgs.(6-5) and (6-6).

Both numerical results and Eqgs.(6-5) and (6-6) indicatethieatarget material strength has
a significant effect on the penetration depth of the OWP jeeniNateral confinement is
absent, EqQ.(6-5) gives reasonably good predictions whempared with experimental
results where the maximum difference between the measaned the calculated
penetration depths was 7.52%. With the correction term in £9,.(6he effect of the
underground confinement can be taken into account thr&ag(6-6), which agrees with
numerical predictions. In addition, the experimental penetradiepth was found to
decrease about 0.73cm per 1 MPa increase of the eesmpe strength of the target, which
can be extended to situations when the underground eomdint of oil field is considered.
Besides, the rate of penetration decrease according tone fitting of the data obtained

from Eq.(6-5) is 0.48cm per 1 MPa increase of the cesgive strength of the target.
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Table 6-3 The penetration results into concreteerads with different strength values.

Concrete | *Hydrostatic| Equiv. : The
unconfined gressure St?ength Penetration deptiem) correction
strength (MPa) Eq. (6-6) Cal. term
(MPa) (MPa) Simulation| EXxp. (E_qs-) ( /lfcz)

PVe
26 - 26.( 81.C 78 77.32 0.13¢
40 - 40.C 68.C 73 70.62 0.21:
47 - 47.C 62.C 68 67.27 0.25]
55 - 55.C 57.C 5¢ 63.4¢ 0.29:
26 40 82.2 50.¢ - 50.4( 0.43¢
40 40 87.¢ 50.(C - 47.71 0.46¢
47 40 90.7 45.C - 46.3¢ 0.48¢
55 40 93.¢ 40.C - 44.8:2 0.501
26 68 132.F 343 - 26.3: 0.707%
40 68 138.] 312 - 23.6¢ 0.737
47 68 140.¢ 29.5 - 22.2¢ 0.752
55 68 144.] 24.C - 20.7¢ 0.76¢

*The hydrostatic pressure (i.e. 68MPa) was takemfRef [46] at a depth of 3km.
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Figure 6-10 The penetration depth dependence ocotherete equivalent strength based
on EQq.(6-5).

175



Chapter 6: Influence of Target Strength and Confingroa The Penetration Depth of an OWP

6.5 Summary

The strength and confinement effects on the OWIpgegtration into standard laminated
specimen are studied experimentally and numericHllis found that the strength of the
target can largely reduce the penetration dept@WP jet. Allison-Vitalli formula of jet
penetration depth is modified to include the tagjetngth effect using Johnson’s damage
number. Furthermore, the effect of the undergroconfinement pressure on the target
compressive strength is considered using Druckagdétrmodel and is introduced into the
modified Allison-Vitalli equation, which can be dégsapplied to estimate the OWP jet

penetration depth in an underground oil formation.
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CHAPTER.7 PERFORMANCE OF
ZIRCONIUM JET WITH DIFFERENT LINER
SHAPES

7.1 Introduction

Oil well perforator (OWP) has been used in oil agab wells to connect them to the
reservoir [11]. When the OWP is detonated, the hxygdecity jet can achieve a very deep
penetration depth into the geological formationemnat. The velocity and the diameter of

the jet depend mainly on the design of the perforatpecifically the liner shape, which

has a direct influence on the elemental velocidied their collapse angles. The collapse
velocity is an explicit function of the mass rahetween explosive and liner element [6,
68, 147], but its real value may be limited by sihert distance available between the liner
element and its axis near the apex potion, as shiovagure 7-1. Figure 7-2 depicts the

flow velocity (V2) in a moving coordinate system with a stagnatieloesity (V1) and their

relationship with the collapse velocity {V

Detonation wave front

1

Reacted explosive
Unreacted
explosive

Initial liner position

Collapse direction Deflection angle

Collapse angle

p
The liner axis

The liner apex point

Cone half apex angle Jet

Mathematical
collapse point

Figure 7-1 A schematic drawing illustrates the ajyodle process path from the initial liner

position to its axis.
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- W0-ft(a+9)

Fl loci
ow velocity Collapse velocity

Va

Collapse angle

v
W

Stagnation velocity

Figure 7-2 Velocity vectors in a moving coordinaystem [50].

According to the unsteady state Pugh-Eichelbergmtdéker (PER theory) analysis,
stagnation (V) and flow (\%) velocities can be determined by [50]:

Vo= V, cos(B—(a+6)) 7-1
1= sin 8
__ Vycos (a+8) 7-2
and V, = T smp

respectively. The jet velocity;\’s determined by:

Ve 7-3
Vi=Vi+V,= sirfﬁ (cos(B —a — &) + cos(a + §))

where 2 is the cone anglej is the deflection angle arftlis the collapse angle, as shown

in Figure 7-1 and Figure 7-2. Based on PER mody| e deflection angle is given by

v, ]
§ = sin‘l(ﬁ) -4

where U=/cosi, Up=8200m/s is the detonation velocity for PE4 explesiharge.

The mass of the jet element has also a direct relation with the collapse afts, i.e.

m; = %m(l —cosf) 7-5
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According to Eq.(7-3), the jet velocity increaseghwthe increase of ¥and with the
decreases of the collapse and cone afigknd 2. On the other hand, according to
Eq.(7-5), the jet mass increases with the incredsg. Thus the collapse angle has
opposite influences on the jet velocity and jet sn&rthermore, whefiis very small and
the flow velocity s is relatively high, the jet may not form accordileg[83]. Therefore, a
combination of ¥ and[3 determines whether a jet can be formed for eawr klement.
Meanwhile, the flow velocity ¥ also determines the coherency of the formed joe T
jetting conditions had been studied by many reaschver the past decades. Walsh et al.
[82] concluded that the jetting always happenkéfjet material is incompressible or if the
collision (flow) velocity in the moving coordinateystem (V) is subsonic. Cowan and
Holtzman [3] presented another overview for thrjg condition criteria in the explosive
welding applications. Chou et al. [83] summarized jetting conditions and the cohesion
characteristic of the produced jet as shown in &abl, where is the critical collapse

angle for an attached oblique jet at a given fl@louity.

Table 7-1 The condition for the jet formation ahd state of its cohesion at different

collision velocities and collapse angles [83].

. — . Jet
Flow regime Impinging Angl@ Jet formation coherence
_ B<Bc No No
Supersonic (> C) B>Be Yes No
Subsonic (¥< C) All values Yes Yes
In Table 7-1 ¢ is the longitudinal sound speed in the solid limaterial,
7-6
1-v
C, = 3@ C,

in which, Co = /K/Po wherep, is the jet densityKk = ]4'“"/3(1 —2v) is the bulk modulus,

E is Young’'s modulus andis the Poisson’s ratio. The conditions in Tablé @ave been
confirmed by Harrison [148hnd Walker [149] experimentally where flash x-ragswsed

to show that a coherent jet is formed whex® . Therefore, different regions iV,
domain can be determined for the jet formation/cehey for a given shaped charge,
which is useful for the design of shaped charge.

Liner shape has significant influence on the shageatge jet performance. It has been

shown that the conical liners with small apex asgieoduce relatively deep crater with
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small diameter. On the other hand, the hemispHdiieas produce shallow crater with
large diameter [11]. Various improvements of timetidesign have been done in the past
fifteen years. For example, Davinson and Prat g Lee [11] proved that modifying the
liner shape design can increase the jet kineticggrend hence the penetration depth. Held
[150] used a special flat liner to obtain a supsrfat of tip velocity of 25km/s. Therefore,
it is necessary to understand the jet characiesidor different liner shapes and their

corresponding penetration performance.

This chapter will study the jet formation, cohererand penetration of four commonly-
used liner shapes, i.e. conical, hemisphericaipet (or bell shape) and bi-conical shapes,
in which explosive mass and outer diameter are &epstant. Conical liner will be treated
as a baseline. The enhanced flow velocities andps® angles for these zirconium linear
shapes are discussed based on the conditions fofjeation and coherency in Table 7-1.
The performance of the formed jets is characterigetheir penetration capability into the
standard target in comparison with the penetratapability of the conical liner jet. These
liners are tested experimentally against the latath@teel-water-steel-concrete standard
target according to API-RP43 (Section II) [14Blculations of jetting, jet formation and

penetration of four liner designs are performedagshe hydro-code Autodyn.

Section 7.2 gives the conditions of jet formatiom a&oherency for the zirconium liners.
Section 7.3 describes the liner manufacture andettqgerimental set-up. Section 7.4
introduces the numerical models, material modetsraaterial parameters used to simulate
jet formation and penetration of the shaped chargesults with further analyses are

presented in Section 7.5 followed by conclusionSewtion 7.6.
7.2 Ciritical angle calculations conditions for the zircanium jets

It is well known in gas dynamics that for a flowfoée stream velocity ¥mpinging on a
solid wall, there is a maximum andlg above which an attached shock wave cannot exist
as depicted in Figure 7-3 [83]. This mechanismlss applicable to the shaped charge jet
formation [82-83].

Relationships between the critical collapse angld the flow velocity for some liner
materials apart from zirconium have been determiaadlytically in [3]. Thep-V:
relationship is important because it defines thandary between jetting and no jetting
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regions or-V, domain, as shown in Figure 7-4. Together with@hdimit, three regions
can be defined ofi-V, domain, which is explained in Figure 7-4 for trapper (Cu-Cu)
liner (G.=4.84 km/s), i.e. (a) Region-I: the region on tbi bf G_limit where coherent jet
is formed; (b) Region-1l: the region on the righHt@_limit and above the.-V, curve
where non-coherent jet is formed; (c) Region-Ihe tregion on the right of dimit and

below thef.-V, curve where jet cannot be formed.

DETACHED
SHOCK

JET CASE Lﬂ:\-pé

ATTACHED
SHOCK

NO-JET CASE lﬂdﬁé

Figure 7-3 The flow configurations in the supersamigimes detached and attached shocks
[83].

16 | CL For Copper | /| .
| 484 km/s || | Cu-C

Critical angle for jetting [, (deg.)

3 4 5 6 7 8 9
Flow velocity \’2 (km/s)

Figure 7-4 The calculated critical angles for diffet liner materials at different flow

velocities [3].
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Two methods will be used in this chapter to caliguthe critical collapse angles at a given
flow velocity.
(i) Method 1:

The analytical model presented in [3, 82], emplotreal momentum balance to obtain the

critical collapse angle. According to [82], thetical collapse angle is given by

P [poV (5 1) — P 7.7
- (poVZZ - P)Z ,

tan? g

where P is the pressui®, is the initial liner density is the compressibility (i.eu=p/po-
1).

The maximum angle can be determined for a giveningipg velocity \b from the
conditiondfB/du = 0 at =B according td82]. Thus, for=p3,

ap _ P[P=poV7] 7-8
du  (u+1D)[upoVF—P(u+2)]

Eq. (7-8) together with the equation of state (E@S}he liner material can be used to
calculate the critical anglgk at different values of ¥ Shock EOS takes the form of [116]:

_ PCEu(u+1) 7-9
(1-(s-1w)?

where G is the sound speed of the liner material and tBeasslope of the shock speed-

particle velocity line. For the zirconium materi@l= 3757m/s and S=1.018 [116].
Differentiating Eq.(7-9) with respect fogives

ar _ (1—(5—1)u)pC§((1—(5—1))(2u+1)+2(uz+M)(S—1)) 7-10
dp (1-(S-Dp)* '

For simplicity, assume=8, therefore Eq.(7-10) reduces to:

ar _ 2 7-11
s pCiu+1).

The critical compressibility (i.ey) and the corresponding critical pressurecBn be
obtained from Egs. (7-8), (7-9) and (7-11). Thereff. can be derermined from Eq.(7-7).

The detailed steps for the calculation proceduredllastrated in Appendix A.
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(i) Method 2:

The second method that was used to calculaté#we curve is the numerical method
using Autodyn hydro-code with the Euler solver, ethiwas used to simulate the
impinging of the liner with its axis of symmetrys ahown in Figure 7-5. The jet formation
was validated by Ref$133] and [135],where the obtained features of the jet using the
Autodyn Euler solver were supported by using tlastl x-ray photograph. The problem
was approximated by solving a transient oblique aotpmodel with proper initial
conditions assuming a steady-state flow configaratiThe initial model is a zirconium
liner of wall thickness 2mm moving towards its asisa uniform constant free stream
velocity V, impacting a rigid boundary at constant angl@s depicted in Figure 7-5. The
rigid boundary is the axis of symmetry for the grisnetric 2D model [83] and the initial
pressure throughout the material is zero. Varioohinations of flow velocities and
collapse angles were used to sufficiently covethakte regimes, i.e., subsonic, supersonic
jetting, and supersonic non-jetting. These caloutst were performed for the
axisymmetric Euler configurations, in which thetijgg and non-jetting criteria will be
identified. The flow velocities that were testee & 4, 5, 6, 7 and 8km/s, while the tested
collapse angles are 2.5, 5, 7.5, 10, 12, 15, 1728ndkegreesThe obtained.-V, curve for

the zirconium metal liner can be used to desigritiee shape to form a coherent jet.

ﬂ Void
HIREONIUN Flow velocity Vo

Axtis of symmetry

Figure 7-5 The flow configuration Autodyn 2-D modesled to estimate the critical angle

of jetting.

According to Egs.(7-2) and (7-4) and the jet fooratondition \4<C,, we have

|7 Vv
By <sin7?! <C_j, cos (a + sin‘l(ﬁ )) 7-12
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wheref; is the theoretical critical collapse angle (i.ee thinimum collapse angle) for the

formation of a coherent jet.

For zirconium liner and PE4 explosive,£3566m/s, U=/cosx with Up=8200m/s and
=23, Eq. (7-12) becomes:

|4 | 7-13
< qj -1 o ( =1 o >)
B:1 < sin <—4566 cos |23 + sin (17816)
On the other hand thg.-V, curve can be calculated based on analytical orenigal
methods introduced before, which together with EQ)X can define another critical
collapse angle as a function of collapse velocigyAé an example, we used the numerical
method (i.e. Method-2) to determine fheV, curve empirically (i.e. from the fitting of the

BV curve), for the zirconium liner as shown in Figuré.
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Figure 7-6 The relation between the critical aragid the flow velocity calculated

numerically (i.e. method 2).
The relation betweenandp. is

7-14
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10000
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Substituation the value of the,Yfom Eq. (7-2) into Eq. (7-14) gives

_ _ [V, cos(a+6) 7-15
Sll’lﬁc = <Wsmﬁc 03621)
Solving Eq. (7-15) for the value @f in 0<p.<tt gives
B. =sin"1| [0.03277 + £C05(23 + sin~1( Yo )) — 0.18105 7-16
¢ ' 104 17816 ' '

Plotting Eqgns.(7-13) and (7-16) for different vaduaf collapse velocity Y three regions
were defined in Figure 7-7, which can be comparét those corresponding regions in
Figure 7-4. The advantage of Figure 7-7 is thaai be used to check the jet formation
and coherence directly from the jet collapse v&o¥i, which is determined by the liner-

explosive mass ratio and the used explosive, withiodher need of calculating flow

velocities.
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Figure 7-7 Variations d.; andp. with collapse velocity.
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7.3 Experiments

Amongst different tested liner materials, zirconiexhibited the longest cumulative jet
length and the highest ductility factor, which aexessary to sustain longer breakup time
and to achieve larger penetration depth [13]. lis 8tudy, the zirconium liners were
manufactured by high precision CNC machine (i.e firecision of pm). The row
material was a solid cylinder of pure zirconium 48B.9951) having a diameter of
46.17mm and a length of 99.89mm with a density&#3kg/nt. The impurity percentages
of the zirconium material are listed in Table 7FRe zirconium rod was annealed to 800
for one hour before machining in order to obtarelative small average grain size, hence
to increase its ductility, which in turn increases breakup time and improve the liner
performance [151]. The row material of the zirconitod and the manufactured liners are

illustrated in Figure 7-8.

Table 7-2 The elemental percentage of impuritigkénzirconium material.

Elemen Impurities amount (%
Fe 0.00¢
Cr 0.000¢
C 0.001
N 0.00¢

The zirconium material has two problems with itsciviaing. The first one is related to its
high tendency to work hardening during machiningjlevthe second one is the possible
ignition of the fine chips that accumulate near th@chining equipment [152]. To avoid
these problems, slow speed and heavy feed weredppith a continuous coolant supply
of water soluble oil lubricant to reduce temperatand prevent flammability of the fine
chips.

The PE4 explosive was used with the four shapedyeBaPE4 is a RDX-based powerful
explosive (i.e. mass composition of 88% RDX an&bolf@asticizer and other additives)
having a detonation velocity of 8027m/s at 1590Kg/density [153] and 8200m/s at
1600kg/ni density [154].1t was chosen for ithigh performance and low sensitivity to
different kinds of stimuli (i.e. friction and impgc The assembly and set-up procedures
include: (i) fill PE4 into the steel casing; (iijgss the liner slowly against the steel casings
containing high explosives to expel air gaps ingtue perforator charge; (iii) attach the
shaped charge to the upper steel layer of thetediguration in Figure 7-9.

186



Chapter 7: Performance of Zirconium Jet with Differkiner Shapes

Figure 7-8 The zirconium solid cylinder (left) atie manufactured liners; 1: conical; 2:

hemispherical; 3: bell and 4: bi-conical shape.

The concrete cylinders with the designated stremgtle cast in 1mm wall thickness PVC
tubes and allowed to cure according to the testuatian of the well perforator [155].
These concrete targets were tested according tstdmelard OWP testing configuration
and requirements in the Section-Il of API-RP43 [[L43e measured average strength of
the standard concrete cubes was 40.02 MPa witharsdatd deviation of 0.92 MPa,
measured at 28 days from their pouring day [145].

Steel A-36
Water
Steel A-36

1000

Dimengions in mm

Figure 7-9 Dimensions of the test setup and themx@ntal test configuration
(1: Detonator; 2: Boaster; 3: OWP; 4: Front steset;db: Concrete; 6: Power supply).
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7.4 Numerical models
7.4.1 Methodology
General description of the used Autodyn algorithwas presented in Chapter 4.

7.4.2 Mesh sensitivity

In order to study the mesh sensitivity on the jetgdration, five different mesh densities
were proposed for the concrete target materiallenthe Lagrangian bi-conical jet meshes
remain unchanged (i.e. 0.5mmx0.5mm) due to itsgefitly small dimensions. Uniform
square meshes of 0.25, 0.5, 1, 2 and 3mm are as@lgwtthe concrete targets. Figure 7-10
shows a sample of three different mesh sizes airtpact area, while Figure 7-Ehows
the concrete damage contours relevant to theseaemesids from the moment of impact.

It can be observed that the damage areas of the thesh sizes are similar, but the crater

profiles indicate the main difference in the cratleape due to the different mesh densities.

T Ir Trrrrrrri-

%l | e

Mesh size: lmm>1mm Mesh size: 2mm=2mm Mesh size: 3mm»=3mm

Figure 7-10 The impact area of the jet-test layesslelled by jet solvers using three
different mesh sizes.

188



Chapter 7: Performance of Zirconium Jet with Differkiner Shapes
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Mesh size: Imm=1mm

Mesh size: 2mm=2mm Mesh size: 3mm=3mm

Figure 7-11 The damage contours near the impafa@cgifor the three mesh sizes augl0

All the five simulation models were allowed to peed until the final penetration is
achieved. This happens either when the jet is cetalyl consumed or eroded on the crater
walls, or when the jet velocity decays below a aertvalue, at which no change in the
penetration is remarked with time. The total peatein depth for the five mesh sizes is
depicted in Figure 7-12.

There is a large difference of the penetration luepor coarse and fine meshes between
1mm and 3mm indicating the sensitivity of the pestgin depth to the mesh size.
However, when mesh size is smaller than 1mm, #msisvity is largely reduced, and the
penetration depth approaches to an asymptote. dicgpto Figure 7-12, the penetration
modelling using 1mm mesh size is 2.75% differeatrfrthat of 0.25mm mesh size while
the latter model costs five times computationaktiaf the 1mm size model. Thus, it was

decided to use 1mm concrete mesh size for theofesiodelling to maintain reasonable
computation accuracy and time.
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Figure 7-12 The Numerical penetration using diffémaesh sizes and experimental

penetration.
7.4.3 Material models
A general description of the material models useithis chapter is shown in Chapter 4.

7.5 Results

7.5.1 The B Vcalculations

For zirconium material, £=3757m/s and=0.34. Therefore, the longitudinal sound speed
of the zirconium material is,G4567m/s according to Eq.(7-6).

Three cases with fixed collapse angle of 12 degrekdifferent flow velocities, i.e. Case
(): V2=3.0 km/s, Case (Il): ¥5.0 km/s and Case (ll1): #6.0 km/s, were simulated using
Autodyn hydro-code model in Figure 7-5. Accordinglable 7-1, Cases (1)-(lll) belong to
coherent jetting, non-coherent jetting and nonifgtsituations, respectively. Figure 7-13
(a) shows the cross-sections of the collapsednigiacting on the symmetrical axis for
these three cases, in which, jetting [Cases (I)(Hjjdcand non-jetting [Case (Il)] cases can
be easily identified as depicted in Figure 7-13 {h)e jet in Case (II) has a large number

of radially dispersed particles representing a coimerent jet.
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The analytical and numericfl-V, curves for zirconium liner are shown in Figure 7-14
where the numericg.-V, curve for copper liner was shown as a referencés fiture
illustrates the boundary between jetting and natmmge and the boundary between coherent
jetting and non-coherent jetting cases. WheraNdp are calculated, this figure could be

used to determine the jetting formation and behawnithe design of zirconium liner.
Pressure (kPa)
*—*—-——-« ! e 16 r &
1 ercqnium
i Method 2

[ 3knu's for p=12 deg. at 13.6us 1.4€6 12 4 |
(coherent jetting)
0.0E0
! 5.0E6 0
e . .

B 3.266

ol

I Skms for =12 deg. at Tps .

(Non-coherent jetting)

Critical collapse angle p (deg.)

0.0E0

!
i
B

3000 4000 5000 6000 7000
Flow velocity V, (m/s)

3.267

III 6km/s for =12 deg. at 14.3ps
(No-jetting)

(a) (b)

1.867

Figure 7-13 (a) the cross-sections of the collagg®dnium jet impacting on the
symmetrical axis at collapse angle of 12 degreeflamdvelocities of 3, 5 and 6km/s for

cases |, Il and Ill respectively; (b) the corresgiog regions on thg.-V; curve.

The B and \, values were obtained for four zirconium liner shlfrem jetting analysis,
which are shown in Figure 7-15. This figure confrrthat the four liner designs can
produce coherent jets and indicates the abnormgh fgollapse angles for the
hemispherical liner, which help forming massive legwely formed projectile (EFP)
rather than the traditional thin jet. This can Bplained by Eq.(7-5), where large collapse
angles were found to be common for all the hemispaleliner elements according to the
standard jetting analysis. Therefore, the jet masgsch is directly proportional to the
collapse angle, showed that the produced EFP &9 of its liner total mass. The EFP
Is characterized by its uniform low velocity massislug, which produces a shallow

penetration depth but a large hole diameter.

191



Chapter 7: Performance of Zirconium Jet with Differkiner Shapes

16 | ¥
Lirconium Zirconinm
Method 1 / Method 2

14 A
— Zr
- 12 4
E Copper
= (Cowan &
‘:- 10 1 Holtzman 1963)
d Jetting
® g 4
@ J
5 /
T &
o /

4 -

/ / Non-Jetting
2 / I
/ f/
F i
n ‘ rd -. 1 T T L)
3000 4000 5000 6000 J000 8000 S000
Flow velocity Vy (m/s)

Figure 7-14 The analytical and numerialV, curves for zirconium liner with the

numericalBs-V2, curve for copper liner as reference.
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Figure 7-153 and \, values for four zirconium liner shapes from jettangplysis, in which

different regions of zirconium jet formation ancheoency are shown.
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7.5.2 Jet analysis and penetration of different liner shpes

The jetting analysis calculates the jet charadtesigintil the liner elements reach their axis
to form a jet element. Thus, it does not consitier jet elongation and the breakup time
resulting from this elongation [115]. In additiothe jet tip velocity correction is not
included. This means that the points near the apgion do not have sufficient space to
accelerate to its theoretical maximum collapse aisipwhich results in a reduced jet tip
velocity and the pilling up of the jet mass [6].UBh the inverse velocity gradient needs to
be removed by adding the piled-up mass to thengetiement with the highest velocity.
Then, the jet tip velocity is corrected based anrtfomentum conversation. The corrected
jet tip velocity was calculated according to [156]:

X .
fy “Pvi(am;/dx)dx 7-17

Vtip =

X B
f, P (amj/ax)ax

where mis the jet mass and X is the axial distance ofg¢helement.

Figure 7-16shows the jet velocity as a function of the distafrom the apex with and
without correction. It was predicted by the jettagalysis that the liner with the bell shape
has the highest tip velocity exceeding 9km/s. Havewafter the tip correction, the tip
velocity is reduced to 6.63 km/s. The pilled-uprpss of the bell-shape liner is illustrated
in Figure 7-17, which can be compamnedh the characteristics of the jet mass generated
from other three liner shapes. On the other hdralpi-conical liner shows less difference
between the theoretical and the corrected tip Weds¢ which are 8.6 and 8.4km/s,
respectively. The hemispherical liner produces aplosively formed projectile (EFP)
rather than the thin jet. As shown in Figure 7-figst of the hemispherical liner mass
flows to form the EFP with the largest diameter andss, but the slowest velocity
(3.8km/s). Therefore, the crater diameter resuftech the interaction of EFP with the
concrete targets is expected to be the largesaomngst the caretrs created by four liner

shapes.
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Figure 7-16 Jet velocity profile along the linersawith and without tip correction.
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Figure 7-17 The jets shapes for the different Igy@ometries right before the impact on the

test layers.

The collapse velocity can be fully developed eithgrallowing sufficient acceleration

distance between the liner elements and the axigtnual axis of the shaped charge (e.g.

the bell shape liner) or by using a reduced corex amgles (e.g. the bi-conical liner).

Actually, both methods work in the jet formationtll shaped liner because in addition to

the increased liner distance from its axis, thé $leped liner close to the base has a small

angle, which increases the jet velocity accordimghe unsteady PER theory [50]he
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collapse velocity-time histories for the studiedrftiner shapes are shown in Figure 7-18.
The hemispherical liner apex angle decreases ghadican the apex to the liner base, and
the minimum angleo) of the hemispherical liner is 29which is responsible for the
reduced achievable jet velocity. However, the @savelocity of the hemispherical liner
is considered to be the highest among the four 8hapes in the apex region up to 40% of
liner position from the apex. This is due to theseence of sufficient space available for its
liner elements in the apex region to acceleratee jEtting analysis indicated that the
collapse angles of the hemispherical liner randig 95 to 120 degree are greater than
those of the other liner shapes, which lead togtieatest percentage (i.e. 67.57 %) of the
jet mass from the total liner mass according t{'E§).

2500 Hemispherical liner Conical
o~ | liner
“g 2000
=
E 1500 1
@

-

]

2 1000

=

= Biconical liner

© 500

0 | | . !
0 5 10 15 20 25
Time ( [LS)

Figure 7-18 The collapse velocity histories for dligerent liners.

The collapse velocities for both the conical and Hiconical liners are similar in the
region near the liner apex because they nearly tla@esame inclination angle at that
region and only have small difference between tagplosive-metal mass ratios. Beyond
this region, their collapse velocity difference imsgto increase because the bi-conical liner
has smaller liner angle, which enhance the expdesietal mass ratio due to the charge of
geometry. The bell shape liner, which has a lostadice between its inner surface and the
axisymmetrical axis of the shaped charge, gainsensoilapse velocity than the conical
liner near the apex and the bi-conical liner atliler base. Since the tip velocity of the jet
is produced from the liner elements near the agpexbi-conical liner has the largest jet tip
velocity. In addition to the above-discussed faxtof the liner shape, another important
factor for the remarkable difference of the col@psglocities is the liner surface area that
determines the transmission of explosive energgeoliner. According to Table 7-8he

195



Chapter 7: Performance of Zirconium Jet with Differkiner Shapes

surface area of the bell and the bi-conical liremes 7% and 25% greater than that of the
conical one respectively, which means that bottseéhghapes are capable of absorbing
more energy from the explosive although they hagarlg the same total mass ratio
between the explosive charge and the metallic.limbe transmitted momentum can be
indicated by Figure 7-19yhere the x-momentum-time histories of the fouetishapes
exhibit a similar exponential relation, but thefeliénce between them accounts for the
difference in their jet velocities and explain wimg liners with a greater surface area have

a better performance than those with lower suréaea.

Table 7-3 The liner shapes and their jets charatits.

Liner shape HemisphericalConical| Bell | Biconical
Liner mass (g) 25.90 26.40 23.97 29.30
Explosive mass (Q) 20.80 24.20 2445 31.80
M/C mass ratio 1.25 1.03 0.98 0.95
Jet mass (Q) 17.50 3.47 3.77 5.06
% jet to liner 67.57 13.14, 15.78 17.27
Jet K.E. (kJ) 31.05 34.70 36.90 49.70
Liner surface area (m 1785 2400 | 2568 3005
Jet velocity without corr. (m/s) 3815 5761 8780 B61
Jet velocity with corr. (m/s) 3815 5386 6630 8402
Tip distance from apex (%) 0 63.12 52.65 32.77
3.0E+07
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Figure 7-19 The x-momentum histories for the foerfprators with different liner shapes.
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7.5.3 Penetration

The numerical penetration depths into 40 MPa cdectargets for the four perforators
with different liner shapes and their correspondaxperimental penetration depths are
illustrated in Table 7-4 and Figure 7-20. Samplethe numerical penetration stages of the
biconical jet and hemispherical EFP, as two exampdpresenting very different shaped
charges, into concrete are illustrated in Figur2l7and Figure 7-22, respectively. The
difference between their crater profiles is sigrafit. The shortest penetration path with the
biggest crater diameter for the hemispherical lisex typical characteristic of EFP, which
has a short length, a large diameter, large massarery low tip velocity in comparison
with the other jets. On the other hand, the prodyeefrom the bi-conical liner has a small
jet diameter and a high tip velocity, therefore kisetic energy per unit area of the jet
cross-section is considered the greatest one, encehits penetration depth is the largest

one in comparison with the other three liner design

Table 7-4 The numerical and experimental penetratgpths using different liner shapes.

Hemisph | Conica | Bell | Biconica
Penetration (Numerical) (cn 42.: 55.¢€ 64.7 74.1
Penetration (Exp.) (cr 48.£ 68 75 83
Difference bet. Num. and Exp. ( 12.€ 17.¢ 13.7 10.72
Num. exit hole diameter (mm) 29.6 16.0 14.5 12.0
90
80 - B Num. simulation
Experimental
70 -
':g: 60 -
=
2 50 -
()
©
o
9 30 -
&
20 -
10 -
0
Hemisph. Conical Bell Biconical

Figure 7-20 The penetration depth dependence ocoihaete strength.
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The penetration depth of the OWP into the concreiéerial indicates the importance of
the liner shape design on the performance of theséorators. Thus, the longer the
penetration depth into the concrete, the greatrfldw productivity of the well and the

better the performance of the perforator charge.
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Figure 7-21 The damage contours of the concretetpeted by the bi-conical jet at

different times.
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Figure 7-22 The damage contours of the concretetpard by the hemispherical EFP at

different times.
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7.6 Summary

The critical collapse angle as a function of floelocity was calculated numerically and
analytically for the zirconium liner material inishchapter, which, together with the
longitudinal sound velocity of the liner materialefines the boundaries among jetting,
coherent jetting and non-jetting situations. Thgiors divided by these boundaries were
used to exam the jet characteristics of four zinwonOWP liners with different shapes. It
was shown that the jets of four different linere apherent, but have different collapse,
flow and jet velocities because of their differeggometries and surface areas. The
enhanced performance of the liner shape effectosairmed by the static firing of four
zirconium OWPs against the laminated API-RP43 targehe bi-conical liner exhibited
the largest penetration depth into target, whicl22% greater than that of the baseline
conical zirconium liner. The large collapse anglethe hemispherical shape increased its
jet mass, but decreased its velocity, and thergioi® classified as an explosively-formed-
projectile (EFP). An EFP achieves the shortest fpatien depth, but largest crater
diameter among the four OWPs with different lineases.
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CHAPTER.8 A MODIFIED VIRTUAL
ORIGIN MODEL FOR SHAPED CHARGE JET
PENETRATION WITH NON-UNIFORM
DENSITY DISTRIBUTION

8.1 Introduction

Hypervelocity jet of a shaped charge has excelf@rietration capability into various
targets. Due to its penetration capability, shagigatge has been successfully used both in
the battle field to defeat armours and in the nd gas wells to perforate tunnels to connect
the wellbore to the reservoir. In these applicatjahis necessary to predict the depth of
penetration, which is an important parameter fer dbsessment of shaped charge effects

on a target.

Since the shaped charge jet travels at hypervglotie impact of the jet on target
produces much higher pressure than the strengtiedarget, and thus, the hydrodynamic
model [49, 103] can be applied to study the jetepetion. These original hydrodynamic
models assumed uniform distributions of jet denaityl jet velocity along the jet length
and applied Bernoulli equation at the interfaceMeen jet and target for the pressure

equilibrium
1 2 1 2
spi(V; —U)* =-prU=, 8-1

whereV; is the velocity of a continuous jdf; is the velocity of the jet-target interface or

penetration velocityp; and pr are jet density and target density around theajegfet

interface, respectively. When the distributiongatfdensity and velocity are uniform, the

consumption of the jet is controlled by

wherel is the current length of jet.
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The depth of penetration of the jet into targetesermined by

daprP t
U=— or P=[Udt 8-3
where t=0 is the time when the jet starts to h#& tArget. The maximum depth of
penetration is achieved when the jet is completelysumed at = t;, or[(¢;) = 0. For a

jet with original length ot,,, the maximum depth of penetration is determineé&gy.(8-1)
and (8-3), i.e.
=1 |PL

Prax = g o 8-4

Eq. (8-4) is also applicable to solid rod penetrato

For a particulated jet, Bernoulli equation cannet used directly because the internal
pressure cannot be supported after the jet iscpdated [49]. This study will only consider
continuous jet. Interested readers may refer ta3][for the penetration models of

particulated jet.

Since the early time of the jet penetration stuilyhas been realised that the spatial
distribution of jet velocity is not uniform [49]. iBkhoff et al. [49] extended the
hydrodynamic penetration model [Eq.(8-4)] to the jith non-uniform velocity
distribution. However, this model introduced seVgrarameters that cannot be easily
determined, and therefore, it has not been widegdu Abrahamson and Goodier [100]
also extended the hydrodynamic penetration modehdtude non-uniform jet velocity
distribution and stand-off distance. This modeltsth from an arbitrarily selected initial
time and required the initial jet length at thisment to be given, which makes the model

difficult in practical use.

The concept of virtual origin was first proposed Alison and Bryan [157] and then

developed by Allison and Vitali [2] for the pendiom of continuous and particulated jets
with the consideration of velocity gradient and giand-off distance between the virtual
origin and target surface. This model has been Iwidecepted, which can be used to

predict the depth of penetration before and aétebjeakup [101, 103].

The virtual origin model keeps the basic equationBydrodynamic model, i.e. Egs.(8-1)
and (8-3) where the strengths and the compregsgibilithe jet and target materials were

201



Chapter 8: A modified Virtual Origin Model for S. @et with Non-uniform Density Distribution

neglected. Eq.(8-2) was abandoned because the ptootget length cannot be applied
when it is lengthened as it travels forward frore 8haped charge. In addition to these

assumptions, following conditions for the existenta virtual origin need to be satisfied.

Existence of a virtual origin: All jet elements are formed simultaneously airéual origin
located at a distance rom the target surface. Each jet element is ehiftom the virtual
origin at its own velocity that remains constanting its travelling between virtual origin
and target. The existence of a unique virtual arigcation of the entire jet requires that

the spatial distribution of jet velocity is linear.

In the virtual original model and its applicatiotise density of the jet element is treated as
a constant, i.e. the density of each element resn@onstant during its travelling and the
spatial distribution of the jet density is uniforhlowever, it has been observed that there is
a density deficit based on flash x-ray measuremamisthe soft recovery of jet fragments
[1, 158]. Variable density distribution was alssetved in the jets formed from powdered
metal liners [159-161]. Therefore, it is necesgargxtend the virtual origin model to the

jet with non-uniform density distribution.

This chapter keeps the assumption that the denigach jet element remains constant
during its travelling, but considers the non-umnifiojet density distribution to study its
effect on the penetration depth. The non-uniforindensity distributions along its axial
distance are estimated numerically using the Autgdyformation algorithm for the three
liners made from electrolytic OFHC copper, zircaniand copper-tungsten un-sintered
powder. An analytical approach is introduced tooact for the penetration decrease due
to the non-uniform density distribution along itdsa The proposed model is validated by
experiments and numerical simulations using Autdalyaro-code.

A modified virtual origin model with non-uniform siribution of jet density is proposed in
Section 8.2. Section 8.3 describes the liner matwfas and the experimental set-up
configurations. Section 8.4 introduces the numeémoadels used to simulate the shaped
charge jets and penetrations. Results are pres@émt8dction 8.5 with further analysis,

which is followed by conclusions in Section 8.6.
8.2 Penetration analytical model

In this chapter, we will focus on the jet penetratbefore or without jet breakup. Figure

8-1 is a schematic drawing that defines the petietrgparameters of a shaped charge jet
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penetrating into an incompressible targes.i¥ the stand-off distance from the virtual
origin point to the target surface, t is the pesi@in time, P(t) is the penetration depth at
time (t) and Yis the impinging velocity of the jet onto the tatrgobserved at the jet/target
interface), which equals to the velocity of the gd¢ment that impacts the target at the

same moment of time t.

+ 2o

v

()

»
< L

—— V() ——

Figure 8-1 The hydrodynamic jet penetration; [2].
Therefore, the depth of penetration P(t) at a giie t is determined by

P(t) = tV;(¢t) — Z,,. 8-5

The depth of penetration increase monotonically wihe, which requires the satisfaction

of following condition:

ap

- = 0 fortV;(t) = Z, . 8-6
This condition was not checked in previous pubias. A proof of this necessary
condition will be given in Appendix B.

When hydrodynamic Bernoulli equation [EqQ.(8-1)hsplied,

U—L 8-7

Tyl

wherey = /pr/p;.

Following equation can be obtained from Egs.(83%, 8-7),

av;® _ vi®) 8-8

V}(t) tt dt y+1 °

When the jet density is a constant, the solutioB@{8-8) predicts the jet velocity;(¥) as
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)4

t,\y+1 8-9
0@ = o ()

whereV, is the jet tip velocity and, ts the time when the jet tip reaches the targdaesar
(le t0V0 = Zo)

From Eq.(8-9), time can be expressed as

3 8-10
t:tO(V" )y ,

and therefore, the depth of penetration at timant loe obtained from Eq.(8-5) whenty
and t in Eq.(8-5) are substituted by those Eqgs, @-F0)

1

<K_(;>; _ 1‘ _z l(é)ﬁ _ 1] ' 8-11

The maximum penetration is achieved at tinevhen the cut-off jet element (i.e. the last

P(t) = Z,

jet element that has hydrodynamic penetration difabhits the target at the cut-off

velocity (/7.). Therefore, the maximum depth of penetration is

1
_ Vo\r 8-12
P=2, I(V) 1] .
In the proposed model, it is assumed that the teabeach jet element will be a constant
during its travel between virtual origin and targdbwever, since different jet elements
experienced different jet formation processes,rttensities are different. Therefore, the
spatial distribution of the jet density is non-umih. At the jet-target interface, the

observed jet density should be a function of time, p; = p;(t). Let p;, represent the

original density of the liner material and the dgn®f target p, is a constant, then

_ _ . ®) _ | Pjo
parametery , = \/pr/pjo andy (t) = \/pr/p; (t) are introduced. Thu% = ?’(t) :
Based on jet formation analysis presented lates,faund that the normalised jet density is
directly related to the normalised jet velocityarinear relationship, as shown in Figure
8-2. According to Figure 8-2, the density reductadrthe jet tip is larger than that at the
rear jet. The maximum density reductions in theusitted examples are around 15.8% for

copper and zirconium liners and 21.7% for coppegsten liner, respectively. These

204



Chapter 8: A modified Virtual Origin Model for S. @et with Non-uniform Density Distribution

values are in line with the experimental observetiby Zernow for the copper liner [1].
Details of the numerical simulation will be presshin Sections 8.4 and 8.5.

The linear relationship betwe(x,\ysﬁg2 and V"/—(t) can be described by
o 0
r® _ O,y 8-13
Yo Vo

where a and b are constants to be determined fiatten fdting of numerical results and
analytical consideration, which will be given a¢ #nd of this section.

1.3
« Copper

1.2 - | Zirconium
o
,E: A Copper-Tungsten
S A AA
w L+ A F
S A &
- A A A « J
= A +
%’ 1.0 _Qﬁ a i *
=
W
- Y® _ Vi®
B =a-1=+bh
E 0.9 - Yo Vo
W

0!8’ Ll L] L] L L Ll L Ll Ll L]

0 01 02 03 04 05 06 07 08 09 1.0 1.1
Scaled jet velocity (Vi N, )

Figure 8-2 The relationship between the scaleditjeradio and the scaled jet velocity.

. ) —dV]' _ de _ E . .
Equation (8-8) can be rearranged %%T—) ovm - which can be integrated when
Eq.(8-13) is used, i.cffvj(t)ﬂ — ifvf(t)L = (F2 or

Vo Vi v’ V]-(r)(ViOV]-(t)+b) to T
1

t= (_)_ (rgrs@o)]re 8-14
~ Lo \v; (VL;V0+b) '

This equation is reduced to Eq.(8-10) wﬁ§%= 1 or a=0 and b=1 in Eq.(8-13).

When t=¢, Vj(t)=V., the maximum penetration is achieved by the lasefrating element
at a cut-off velocity V. t: can be determined by Eq.(8-14), i.e.
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1 1
v0)1+m [y_c]m 8-15

t. =1t (—
¢ OVC Yt

Ve .
where y . = ./pr/pjc =7, (av—0 + b) and y, =./pr/pjt =v,(a+b) according to
Eq.(8-13), in whiclpc andp;: are the densities of last penetrating elementtignelement

of the jet, respectively.

From Eq.(8-14), the impact velocity of the jet et@'mined by an algebraic equation of

byo+1 byo b _
b (&) +a <E> =(a+b) (i) yo' 8-16
to

Vj
Eq.(8-16) reduces to Eq.(8-9) for constant jet dgmghen a=0 and b=1.

The penetration depth at time t is determined by(&%) when t is substituted from
Eq.(8-14) i.e.,

L sV by
a—2+b _
P@)=Z>GQWO<% ) 4|, 8-17

a+b

which can be reduced to Eq.(8-11) for constandgetsity when a=0 and b=1. The solution
of Eq.(8-16) is needed to give an explicit exprassif P(t) in Eq.(8-17).

The maximum depth of penetration is given by:

1 Ve bL 1 1
_ Vo\bvo [P\ _ Vo\bre (Yc\bro _ 8-18
Pl (@7 (255)" 1| =z | (2 (21
when V=V and t=t. Eq.(8-18) is reduced to Eq.(8-12) for constahtgnsity when a=0
and b=1 or whem=y=y, and b=1.
The derivation equations for the penetration depthulation will be given in Appendix C.

The values of ‘a’ and ‘b’ in Eq.(8-13) were detemedl from the curve fitting of-V;
relationship along the jet length in Figure 8-2jathare shown in Table 8-1.
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Table 8-1 The values of parameters a and b in E@)38

Curve fitting using least-square excel fit
from Figure 8-2. a [Eq.(8-19)]
a b
0.077 1.0082 0.080
0.089 0.9983 0.086
0.107 1.0179 0.096

It was further found that parameter ‘a’ is correthivith the density of the liner material
(pjo), the stand-off distance (¥ the total mass of the jet g from the standard jetting
analysis and the radius of the jet (r) from jetndation simulation or flash x-ray
experiment. A non-dimensional formula is recommehfie the calculation of parameter
‘a’, i.e.

a= _ Mjet ) 8-19
Pj, TT%Z,

The values of ‘a’ using Eq.(8-19) are also listed’able 1 for three liner materials. It can
be seen that values of a predicted by Eq.(8-19yame close to the corresponding values
determined by curve-fitting method. According toblea 8-1, the values of ‘b’ can be

approximated to unity for the three liner materials

8.3 Liner materials and penetration experiments

The three liners that have been used in this stughg the copper, the zirconium and the
un-sintered copper-tungsten powder. The liner hemall base diameter of 33mm, a cone

apex angle of 46and a varied liner wall thickness as illustratedigure 8-3.

The copper liner was OFEC (Oxygen Free Electrol@apper) of grade C10100 with
purity of 4N (99.99%). It was manufactured using theep drawing technique with an
intermediate annealing of 10 (two minutes) to decrease the strain hardenird) an

maintain the material ductility [31].

The zirconium liner was manufactured from a solidepzirconium cylinder 4N (99.9951)
having a density of 6623kgfusing high accuracy CNC machine in order to guama

high precision manufacturing (i.e. the precisiorbpi). The zirconium rod was annealed
to 900C for one hour before machining in order to obtairelative small average grain

size, hence to increase its ductility, which inntwill increase its breakup time and
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improve the liner performance [151]. The type dm&l percentage of the impurities present

in the zirconium material are listed in Table 8-2.

Table 8-2 The elemental percentage of impurities@nted in the zirconium material.

Elemen Impurities amount (¥
Fe 0.00¢
Cr 0.000¢
C 0.001
N 0.00¢

Powder metallurgy (PM) technique has been usedatoufacture OWP liners. It has good
penetration capability especially at short starfd-distances [15, 24, 43-44]. The
composition of the powder mixture ingredients sdd in Table 8-3. Small average grain
size with irregular particles shapes are chosentterliner powders. The powders are
mixed together with the designated mass ratio uh&l homogeneous mixture blend is
obtained, after which they are pressed using timelputhe die and the ejector, shown in
Figure 8-4. The applied pressure was 100MPa usyalyahnlic press at a low rate (i.e.
1MPa per second) to avoid trapping air voids inglte liner material. The product is a
brittle material in the pre-sintering state andccadled ‘the green’, which is tested in this

state without sintering. All three tested liners ahow in Figure 8-5.

33.0
42.0 -

i

Figure 8-3 A sketch of the designed shaped chasadleperforator.

Table 8-3 The mass percentage of the powder lio@position.

Material Copper Tungsten Tin Graphite
Mass ratio % 43 45 11 1
Average grain size (um) 3 0.6:1 <45 <20
Function Binder | Main powder Binder coating| Lubricant
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Liner

The copper The zirconium The powder liner

Figure 8-5 The three liners studied in the work.

The powder liner density is not uniform over thdirenliner height because the force
distribution is not homogeneous due to the corioal profile. Therefore, small parts of
the same powder liner specimen were cut off and tseneasure their densities using the
gas pycnometer [162]. The measured densities otakting specimens as a function of
the scaled distance from the cone apex to the lieght are shown in Figure 8-6, which is
taken into account in the description of liner pbgk properties in Autodyn hydro-code

simulations.
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Figure 8-6 The measured densities of the liner eteémat different distances from the

cone apex point.

The charge casings are steel with an average lweliness of 4.5mm. The main explosive
charges for the three charges are PE4 with a &velage mass of 24.5g and a standard
deviation of 0.8g. The PE4 explosive is a poweRIX-based explosive (i.e. 88% RDX
in mass, 12% plasticizer and other additives) l@mdetonation velocity of 8027m/s at
1.59g/cni density [153] and 8200m/s at 1.6gfdensity [154]. The explosive charge was
filled into the steel casing first. Then, the liveas pressed slowly against the steel casings
containing explosives to avoid holding air gapsdaghe explosive. The charges were then
attached to the upper steel layer of the test gardtion as shown in Figure 8-7.

The concrete cylinders with the designated stremglhe were cast from the same mixture
and allowed to cure according to the test evalnatiothe OWP [155]. These targets were
tested according to the standard OWP testing cordtgon and requirements in the

Section-1l of API-RP43 [143]. The measured averaggength of the standard concrete
cubes was 40.02 MPa with a standard deviation @ 01Pa, measured at 28 days after
their casting [145].
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1000
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Dunensions m nun

Figure 8-7 Dimensions of the test setup and themxental test configuration
(2: Boaster; 3: OWP; 4: Front steel disc; 5: Cote;ré: power supply cable).

In a separated test without target, the particdlatepper jet fragments were recovered
using sand. The densities of two jet fragments waeasured using a helium gas
pycnometer, which has an accuracy of Xficn?. The measured densities of the two jet
fragments were 7.4120 and 8.2300 g/an the tip and the rear, respectively with a
standard deviation of 0.05 g/énmin comparison with the original density of copfieer

material (8.930 g/cf), they represent 17.0% and 7.8% density reducticespectively.

The density reduction at the tip of jet (17.0%)vexy close to the maximum density
reduction predicted in Figure 8-2 (15.8%). This iaggives evidence to support the
existence of density reduction in the formed jetaokhaped charge, which was first

observed based on x-ray measurements [1, 158].
8.4 Numerical models

8.4.1 Hydrocode algorithms of the jetting analysis, the gt formation model and the

jet penetration model

Hydrocode algorithms and material models were priesein Chapter 4.
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8.4.2 Mesh sensitivity for the jet formation model

In order to study the mesh sensitivity on the jbaracteristics, five different mesh
densities were proposed for the jet formation mlodgl The jet formation was used to
identify the density and velocity of the jet elertseas they pass the gauge point shown in
Figure 8-8. The fixed gauge point is located 100fom the liner base (i.e. 3 time
calibre). The uniform square meshes of 0.17, 0285, 0.33 and 0.50mm of the Euler

grids were used for mesh sensitivity analysis ejét formation model.

Fixed gauge point

Figure 8-8 Location of the fixed gauge point usegredict the density and the velocity
histories for the mesh sensitivity study.

Figure 8-9 shows the recorded density history atfiked gauge point using five mesh
sizes. The density histories for the five meshssae detected between 14 and 16 us. It
shows that finer mesh sizes give higher densitiesha beginning. But the density
corresponding to each mesh size convergences toothiger solid material density as the
jet tail passes through the gauge point. This mehasthe density of the jet material
increases gradually from the tip to its tail duethe existence of velocity gradient. The

maximum relative difference of density for the Bhand coarsest meshes is about 7%.

The velocities of jet elements passing the gauget poe obtained by the same way used
for the calculation of density. The velocity hiseés for different mesh sizes are depicted in
Figure 8-10. It can be observed that the five megiredict nearly the same shape of the
velocity history. The relative difference of theagevelocity between coarsest and finest
meshes is 14.8% while the relative difference ef pleak velocity between the finest and
second finest meshes is reduced to 2.9%, whichcates the convergence with the
decrease of mesh size. These evidences ensura thash size of 0.17mm is sufficient

while practically affordable, which will be usedbklly for the calculations of jet velocity

and density.
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Figure 8-9 The recorded density-time historiesiierfixed gauge point using five

different mesh sizes.
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Figure 8-10 The recorded velocity-time historiestfe jet material particles moving

through the gauge point.
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8.4.3 Mesh sensitivity for the jet penetration into targe

In order to find the influence of mesh size on fenetration depth into target, five
different mesh sizes were used for the laminategetaconsisting of steel, water and
concrete (their dimensions have been shown in Eidi7) while the copper jet mesh
density remains unchanged for all five models. different uniform square mesh sizes of
0.5, 1, 2, 3 and 4mm were used for the laminategetaThe penetration depths into the
target using different mesh sizes are shown inri@dl1. It is evident that the penetration
depth is convergent with the reduction of mesh .silee relative difference of the

penetration depth for 0.5 and 1.0mm meshes is @3%. However, the simulation time

for 0.5mm mesh is doubled (aboutl70 hours). Theeefine mesh size of Immx1mm is

used globally for the penetration analyses of thiress.
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The final penetration depth
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Figure 8-11 The penetration depths into laminadeget using different mesh sizes and the

relevant time consumption.
8.5 Results
8.5.1 The Jetting analysis results

The outputs of the jetting analysis for the shapledrge perforators with three different
liners are summarized in Table 8-4. The kineticrgies of the three produced jets nearly
have the same value of 36 kJ because they hawsathe liner shape and the same amount
of explosive. However, the zirconium liner with th®wvest density and mass has the
highest jet tip velocity of 6075m/s but with theviest jet mass of 3.1g.
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Table 8-4 The different liners and their jet chéeastics.

Liner material Copper  Zirconium Powder
Co (m/s) 3757 3940 3849
Liner mass (Q) 32.6 25.1 40.2
Jet mass (Q) 4.0 3.1 4.5
Jet % from the liner mass 12.31 12.53 11.18
Jet K.E. (kJ) 36.0 37.2 35.7
Jet tip velocity (m/s) 5476 6075 5320
Cut-off velocity (m/s) 1610 1720 1747
Time (& at Z) (us) 18.50 16.52 19.30
Initial Z, (cm) 10.7 11.5 12.2

8.5.2 Jet density distribution

The density of the jet along its length was cal@ddrom the jet formation model for three
liners where Mie-Gruneisen EOS based on the shagyohriot was used (Section 4.5.3,
page 110). The density of the collapsed liner nedtas directly related to the liner
compressibility and the pressure generated from etkglosive load. Distributions of
density, compressibility and velocity over the enjet length are depicted in Figure 8-12
for the copper jet. This figure shows that jet digndecrease from slug to tip along the jet.
Besides, the density contours also shows a radmity distribution on the circular cross-
section of the jet (i.e. the density on the tipnpisees of the jet is 0.6% larger than that at its
centreline). Figure 8-13 shows the velocity and demsity histories of the copper jet
recorded at the fixed gauge point. The distribigiohjet density and velocity along the jet
axis for the copper liner at a given time are shanwiigure 8-14. Both Figure 8-13 and
Figure 8-14 demonstrate the increase of densitycteth with the corresponding jet

velocity.
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Density (g/cm?3) Jet tail 0%

.
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Figure 8-12 (a): Density, (b): compressibility et velocity of the copper jet just before
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the jet tip impacts the target; (d): a picturerd tecovered copper slug.
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Figure 8-13 Jet velocity and density histories rded at a fixed gauge point.
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Figure 8-14 Jet density and velocity distributiateng the jet axis for copper liner.

8.5.3 The penetration depth calculations

The projected effective jet lengths for the threeped charge perforators with different
liners were calculated by the back projection ef thlation between time and effective jet
length from the moment when the jet reaches thst fiteel layer. An example of the
relation between time and effective jet length leggthed by the data obtained from
Autodyn jetting analysis is shown in Figure 8-1Blowever, this value cannot be used
directly with Eq.(8-18) because the effective pdth has to be modified taking account

of the thicknesses of the laminated steel and wagerda
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Figure 8-15 The fan plot of the copper jet showtimg original and the modified effective
jet length due to the presence of the laminataddgsrs.

The correction of the jet tip velocity is basedtbe uniform density formula Eq.(8-12).

The exit jet tip velocity perforating a finite thigess target [103] is given by

_ zi \Vi 8-20
Viex = Viin (Zi+Ti) g

where Ve and Vji, are the exit and the input jet tip velocities, pedively; Z is the

effective jet length at the front of the targetfaoe, T is the target thickness and i refers to

the number of the target layer to be perforated.

However, Eq.(8-20) is not suitable for the peneratformula, Eq.(8-18), where non-
uniform density effect is considered. Thus Eqg. (3-2as modified based on Eq.(8-18) to
determine the exit jet velocity with considering thensity reduction effect,
bV ;;
Viex = " - 8-21

b
Zi+T;

(a+b)(z—l) Yi—a

Eq.(8-21) together with EQ.(8-18) can be used tedigt the penetration depth of a
continuous shaped charge jet into a multi-layesrdet when the non-uniform density
distribution of the jet is considered. The valuéshe exit jet tip velocity and the relevant

effective jet length for the test layers are préseémn Table 8-5 while Table 8-6 gives the
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penetration depth calculated using various methioclsiding the modified virtual origin
model [Eq.(8-18)] in Section 8.2 and the penetratieduction due to the density gradient

and reduction.

Table 8-5 The effective jet length and the jet gribcities of the three test layers.

Property Zirconium Copper| Powder
Vip (M/s) 6075 5476| 5320
Vot (M/S) 1620 1610 1747
Z, (cm) 11.5 10.7 12.2
Solid jet density; (g/cnT) 6.51 8.93 11
Target densityr (g/cn?) 2.75 2.75 2.75
Y= \/m 0.65 0.55 0.50
Vp: (m/s); Eq.(8-21) 5891.8| 5324p 5198.9
Vp, (m/s); Eq.(8-21) 5564.5| 5053[7 4979.3
Vps (M/s); Eq.(8-21) 5153.9| 47144 4698.1
Vps (M/s); Eq.(8-20) 5219.5| 4769)7 47621
Zsinal (€M) 14.4 13.6 15.1

Vpi1, Vpz and Vg are the exit jet velocities as it perforate theelstdhe water and the steel

layers of the API laminated target layers, respebti

The calculated penetration depths and the redupgmoentages in penetration due to the
density gradient along the jet length indicate ttie reduction term has considerable
influence on the predicted penetration depth diaped charge jet. Data in Table 8-6 are
presented in Figure 8-16. It clearly shows that rtredified virtual origin model largely

improve the predictions of penetration depth byual origin model for all three liners.

Table 8-6 Comparison among experimental result,erigal simulation and the virtual

origin model predictions for the penetration ojeiith three different liners.

Vi Penetration depth (cm) Déﬁi;lence

etween
(m/s) Ve a VO |Mod.VO Egns. (8-12)

Eq. | (m/s)| Value | g4 Eq. Exp. | Sim.| and 8-18)

Liner 1 g 20) (812) | (8-19) (cm) | (%)

Zirconium | 5153.9| 1620, 0.077 72.73 63.57 680 590 92 125
Copper | 47144 1610 0.089  82.67 72.04 64.0 5.0 1012.8
Powder | 4698.1 1747 0.049 97.10 78.18 80.0 75.0 18194
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Figure 8-16 Comparison among experimental resutparical simulation and the virtual

origin model predictions for the penetration ojeiith three different liners.
8.6 Summary

The density reduction of a shaped charge jet igldped during the jet formation, which
has been shown experimentally and numerically is dhapter. This leads to the non-
uniform distribution of the jet density and thegmnial virtual origin penetration model is
incapable of dealing with penetration of jet witbnauniform density distribution. A
correlation between jet density reduction and @beity is proposed in this chapter, based
on which an analytical solution of the modifiedtval origin model is obtained. The
validity of the modified virtual origin model is denstrated by its largely improved

predictions in comparison with experimental and atioal results.
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CHAPTER.9 ZIRCONIUM SHAPED
CHARGE JET BREAKUP TIME

9.1 Introduction:

The velocity gradient of a shaped charge jet catisestretching of the jet after it has been
formed. This leads to the axial breakup of the ifgb small fragments, which can
significantly decrease its penetration capabillyus, it is necessary to predict the breakup

time and the characteristics of the jet fragments.

Three approaches including hydrocode simulations;dimensional models and empirical
formulae have been employed to predict the jetkugdime. These approaches have been
summarised in Ref. [67] and discussed in Ref..[8®hong these three approaches, the
semi-empirical formula presented by Hirsch [4-5) hdemonstrated its reliability and
efficiency for the prediction of the breakup timé @ shaped charge jet. Hirsch [5]
estimated the breakup timgeadf a jet element according to:

_ 2r
VpL

where r is the initial radius of the jet elemententthe jet forms, which can be measured

ty 9-1

from flash x-ray or estimated from:

r = /2RT} sin (g) 92

in which R is the initial inner radius of the linelement and is the elemental collapse
angle of the liner element calculated from jettaugalysis (Pugh-Eichelberger-Rostoker
model [50]). W is a characteristic plastic velocity representthg average velocity
difference between the neighbouring jet segmenjs The physical meaning of the
proposed breakup time formula in Ref.[5] is the saas the breakup time of a one-
dimensional homogeneous ductile metal that undergee very high strain-rate

deformation.

The reciprocal of ¥_ (i.e. 1/ \b.) represents the specific breakup time of a cettaer
material [5]. Experimentally, M can be measured using multiple flash x-ray umitsgre
the position, the length, the radius and the veloof each jet segment are determined,
based on which the velocity difference between gachof neighbouring jet segments can
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be determined. In addition to the determinatiorbi@akup time, ¥ can also be used to
calculate the total number of jet fragments (noading to Hirsch [4]:

n= Vtip - Vrear 9-3
VpL
where Vfp and Vearare the jet tip and the rear velocities, respebtiv

In the first part of this chapter, the parametar§ahnson-Cook (J-C) constitutive equation
for the zirconium material will be calculated basedthe data obtained from the tensile
testing of zirconium specimens at different stna@ites and different temperatures. The
second part includes the calculations of thg #ér some zirconium liners based on J-C
constitutive equation. The calculated, WValues are implemented in a simple breakup time
formula as a function of the scaled liner thicknesthe charge diameter and the jet radius.
The Ve is calculated for shaped charge with conical zinwonliners of an apex angle of
46° and an outer diameter of 36mm with different limexl thickness values of 0.7, 1, 1.3,
1.7,2,23, 2.7, 3, 3.3, 3.7 and 4mm. The usetbsie is HMX with a loading density of
1.891g/cn and a total mass of 30.75gm. All the shaped chiggeutput data were
calculated using Autodyn jetting analysis, in whitle elemental jet velocity and axial
distances were used to calculate the jet strasiteatt was used to calculate \Mising the

Johnson-Cook constitutive equation.
9.2 Determination of Vp,

Various methods have been suggested by reseafonéhe calculation of ¥ in order to
estimate the shaped charge breakup times for éiffdiners [163].

Haugstad [86presented a method to determing ¥ased on dimensional analysis of the
parameters governing the jet breakup time moded. Mbdel consists of a rod of length L
clamped at one end and moving with velocity at the other end. Assuming a constant

density p, and constant flow stress, and according to thettheorem, only one non-

dimensional number exists, i.e.

(%) () ) = const 94
—_ = Lonst. -
v Po LoMo

wheren, is the strain-rate that can be calculatechV /Lo, 4, = 7r, is the perturbation

wave length that causes the initial necking [184]s the initial radius of the jet element.
Thus,
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’0-0
VL = Aol = @ |— 9-5
Po

where a=0.87 is a constant determined numericallyJyHEMP code [86]. Therefore, the

average velocity difference between two neighbausinccessive fragmentsp\Vis

O-O
VPL = 087\/; 9‘6

Pfeffer [163] obtained a similar relation fopMising 2-D numerical hydrocode, i.e.

VPL == 095\/% . 9'7

According to Hirsch [4], the velocity differencetibeen the broken fragments in a copper
jetis
Ty

Vo, = |2 9-8
PL ,D

whereoy isthe dynamic yield stress of the copper material.

An alternative method to calculaterMvas presented by Walters and Summers [163],
where they used Kolsky’s plastic velocity model dalculate the velocity difference
between the particulated copper jet fragments uiifferent dynamic constitutive
equations, which were validated against previoakl fmeasurements. The advantage of
the Kolsky model is that i is completely determined by the given constitutxggiation.

In addition, the ¥_ values obtained from Kolsky model with differenbnstitutive
equations (i.e. Johnson-Cook, the modified Johr@ook and the Zerilli-Armstrong (Z-A)
equations) are very close to the measured Walues for copper jets. Moreover, these
constitutive equations contain the effect of terap@e, strain-rate and grain size, which
have direct effects on gy values, and hence, the breakup time. Therefoeeafiproach
based on Kolsky model will be implemented in thiady for zirconium liner using
Johnson-Cook constitutive model (J-C).

Kolsky model [165] considers the equation of thaspt deformation along a wire during
the wire drawing fabrication process. The plas&touity is defined as the velocity, at
which the wire would break [165]. Based on thetrefeships between engineering stress
(strain) and true stress (strain), Walters and Serarfl63] obtained the average velocity
difference between two neighboring fragments, i.e.

v 1 fgeN do, d 1 J‘SN do 4 9-9
=— — de, =— — —o0 de -
PL Jr o de, ¢ [plo | de
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wheregy is the true necking straiw, is the true plastic stressjs the true strain anglis

the initial liner density; subscript ‘e’ refers éngineering terms.

9.3 Calculation of the J-C constitutive equation paramesrs for

zirconium

The Johnson-Cook constitutive equation (J-C) has kestablished in 1988 study the
effects of strain, strain-rate and temperatureherflow stresses for some metals and alloys
[121]. The tensile test specimens of zirconium reagse machined from a cylinder of
6mm diameter and 20mm length. The strain-rateswleaé applied to the samples were
8x10°, 1.6<10° and 1100 $, while the temperatures that were tested wereaB@0400K.
The data published by Ramachandran et al. [166]tler zirconium material were
combined with above measurements to determine-@@arameters for zirconium. These
combined experimental data extend the extrapolatioges of temperature and strain-rate,
which, however, was found to have a minor effecttlom flow stresses at relatively low
temperatures [166].

The temperature of 400K was chosen as the uppdrdinthe elevated temperature test
because this temperature rise due to the sevesticplork was predicted from the
Autodyn jet formation model for the zirconium lineériven by HMX explosive. The
temperature calculation will be discussed in detailSection 9.4.

The general form of the J-C constitutive equatsn i
o=A+BeM(A+Clné* )1 =T 9-10

whereo is the dynamic flow stress,is the effective plastic strain, A is the yieldesigth,
B is the hardening constant, n is the hardeningeapt, C is the strain-rate constant and
m is the thermal exponent constasit.is the normalized effective plastic strain-rate.(i.
the applied true strain-rate divided by the refeeestrain-rate). I is the homologous
temperature that can be calculated by:

Ty = T~ Broom 9-11

Tmelt - Troom

where Toom IS the room temperature angek is the melting temperature of the material.

The J-C constants are calculated using the expetahdata in this study together with the
data reported in [166]. The general deduced J-@temqufor the zirconium material is:
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o (MPa) = (170 + 450£°) (1 + 0.01In gi) (1 -T2 9-12
whereg is the true dynamic strain-rate and can be caledlay:
£ =¢,e ¢ 9-13
in whichg, is the engineering strain-rate andis the reference true initial strain-rate

corresponding té ,_=8x10° s* and can be calculated by:

§, = 8x107%e~¢, 9-14
Thus i = 86_5 , and Eq. (9-12) can be expressed as
Eeo  8x10
o (MPa) = (170 + 450£°) (1 + 0.01In—=) (1 = T§%) . 9-15
8x10

Eq. (9-15) is used to calculate the plastic stetissn curves for the three test specimens as
depicted in Figure 9-1 with their measured curltesan be concluded that the presented J-
C constitutive equation can reasonably predict phastic behavior of the zirconium

material up to the true strain of 0.40. The flovesses calculated using J-C Eq. (9-15) are

quite similar to those calculated by Ref. [166]adpirom the grain size effect that is
included only in Z-A model.

700 ; J-C model Exp.
1 —— 11005 @ 300k 2= = 1100s” @ 300k
o | 3 — 1.6x10°s" @ 300 5...... 1.6x107s™ @ 300k
4 — 8x10°s™ @ 300k 6 — .. 8x10°s"' @ 300k
00 | 7 —— 8x107s™ @ 400k 8 --- 8x10°s' @ 400k .
& 400 -
2
g 300 4
vl
U
3
&

g

100 +

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
True strain

Figure 9-1 The measured and the calculated sttems-surves for the four zirconium test

specimens.
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9.4 The jet temperature estimation

Von Holle and Trimble [167] measured the tempergwf shaped charge copper jets with
Composition B explosive charges. The charge dianveais 81.3mm. The jet temperatures
were measured at travelling distance of eight tithés diameter. The measured average
temperature was 432 with a standard deviation of 7&. Racah [14] investigated
analytically the three different mechanisms of liher heating when the liner collapsed to
form a jet and when this jet is stretched. Thet imechanism is the liner heating by the
detonation wave as it grazes the liner. The caledléemperature for this mechanism is
30K for the copper liner. The second mechanismheés liner heating during the liner
collapse process while the third one is the jetihgaluring its elongation. In order to find
the zirconium jet temperature, Autodyn was usethis study to simulate shaped charge
jet formation,in which the Mei-Gruneisen thermodynamic model dase shock equation
of state was employed. Since the first mechanisty causes a small increase of
temperature, it focuses on the jet heating dueetere plastic work of the jet rather than
the heat transfer from the detonated explosive yntsdto the jet material [164]. To
validate and verify the hydrocode results for teetemperature calculations, the shaped
charge BRL-81.3 [168] was modelled using the jeinfation simulation algorithm, during
which the jet temperature was recorded at diffetiemés. It was assumed that the plastic
deformation is continuous and smooth along theut its breakage, while the total jet
heating due to these mechanisms was consideredeflteanperature was found to vary in
the hoop direction along the crossection area®fje¢h However, the absolute value of 780
K (i.e 482C+25C) is observed to be common along the jet profilaile the experimental
measurement showed a temperature increase 6€4@&. 701K) using Composition B
explosive. This means that the zirconium jet terapee can be reasonably predicted using
hydrocode.

The OWP shaped charges with zirconium liners dedeht thicknesses were modelled in
the same way and their jets were allowed to elangatto 3 times its diameteéfhe jet
temperatures were investigated over the entire lgagth. From the produced jet
temperature contours depicted in Figure 9-2 fer zirconium liner with thickness of
1.7mm, it can concluded that the temperature ianstant over the extended zirconium
jet and its slug, but ranges between 425K and 48Rkhe rear and the tip of the jet,
respectively. The jet elements were found to haeesame temperature gradient when the
jet is allowed to elongate to a distance of seuaeg the charge diameter. This means that

the jet temperature can be assumed to be appretimednstant from the time of jet
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collapse on the liner axis to the moment when #tebjeaks up. Walters and Summers
[163] assumed an isothermal deformation of coppaped charge jets in a similar attempt
to calculate the M for copper jet. The assumption gave very accueselts of \4_ using

different constitutive equations when compared wlith experimentally measured values
for a range of shaped charges. Thus, it is reasemalassume a homogeneous distribution

of jet temperature and an isothermal process duni@get stretching.

425K
500 K A 402 K
. |

Figure 9-2 The zirconium jet temperature contotith@ moment of jet formation for the

zirconium liner with a wall thickness of 1.7mm.
9.5 Results

9.5.1 Calculations of the necking strain and ¢, using J-C constitutive equation

The J-C constitutive equation is used to calculie using the true stress and strain in
Eq.(9-12). Assuming that velocity variables of bdtie jet tip and its slug remain

unchanged during the stretching process, the eaegngestrain-rate will be independent of

strain, and therefore &,/de, equals zero. Besides, it has been shown thatehe j

stretching deformation process is isothermal %&Tf’gé.z 0). Therefore, differentiation of J-

C Eq. (9-10) gives:

do £ -
=% — (Bnem ) (1 +Cln ,—e> (1—TmM). 9-16
de eo
Since — = S_e_s , thus
Eeo 8x10
d_" — n-—1 ée _Tm _
% = (Bnep~") (1+ Cin 8X10_5) (1-Tm. 9-17

Applying the stability condition in order to calet# the necking strairy), i.e.(:;—(‘gI = 0,

which leads to
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(Bnel) (1 +Cln ;‘e ) (1 —TI = (A +Bed) (1 +Cln se ) 1-TI 9-18

eo eo

or (Bnel ') = (A+ Be}) 9-19
according to Eqns.(9-10) and (9-17).

The solution of this equation gives the valueshef inaximum necking strasy, at which
the Ve will be estimated. Substitute the values of thé denstants into Eq9{19), we

have 0.6s%* — ¢ = 0.378.

The necking strain isy=0.351, which is independent of strain-rate andpenmature of the
jet. The velocity difference between the jet fragisecan be calculated using EQ.(9-9)

based on true stress and true strain

d £
& o= ((Bnep™) — (A + Be™)) (1 + Cln—=2 > 1-T; 9-20
de € oo
1 (&N Ee
Vo, = _J ((Bnem™1) — (A + Bem)) <1 + Cln— ) (1-T}) de; 9-21
\/E 0 geo

B(1—TD <1 +cin-Se

3 eo) 0351 A 9-22
VoL = f (nen 1) — (en + E) de.
0

p

The integration is done using the area under theecaver the strain range from 0 to
0.351. The area was found to be 0.265.

Substituting the values of the J-C parameters, wblecity difference between two

neghibouring zirconium fragments is calculated by

_ 705 &
450 x 106(1 — T )(1 + 0.Olln—8 v 160_5) 9-23

Table 9-1 lists the shaped charge parameters delatibe jet breakup using the output data

from the jetting analysis. The engineering straitreée can be calculated as follow:

%4 %4

tip~ Y rear

ée = B ) 9-24

where Le is the jet length; ¥, and Viearare the jet tip and slug velocities, respectively.
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The calculated M values and the number of fragments are also listéichble 9-1. The
melting temperature of the zirconium material iS5X& [169], while the reference

temperature was taken to be 300K.

Table 9-1 Shaped charge parameters related tetthegakup for the studied zirconium

liners with different liner wall thicknesses

T, (mm) 0.7 1 1.3 1.7 2 2.3 2.1 3 3.8 37 4
CD (mm) 36 36 36 36 36 36 36 36 36 36 36
T./CD 0.019| 0.027| 0.03q¢ 0.04yY 0.055 0.063 0.0/5 0.083 0.091 0{10211d
Viip (M/S) 7307| 6879 6634 6262 5928 5647 5352 50131 490661 4496
Vg (M/S) 4872| 2721 1477 1338 1239 1155 1073 1R26 44414 | 395
Initial jet length

440 | 61.8| 67.1 56.4 452 415 350 324 298 28.B9?2
Liet (Mm)

Liner Mass (g) 9.80| 158 209 26/9 314 356 405424 47.6| 52.2| 54.9
Jet mass (g) 201 357 469 549 609 663 7327 7.9.31| 9.88) 9.93
Jet KE (kJ) 47.2| 534 522 49]1 467 443 4p7 338345 315 29.3
Jet temp. (K) 450 430 416 402 390 380 3p5 355 34740 B 330
Ve (M/s) 646 | 655 66.2] 669 67.6 682 691 697 703 708 7L7
1/ Vp (us/mm) | 155 | 15.3| 151 149 148 14]7 145 143 1421 | 13.9
No. of fragments| 38 | 63 | 78 | 73| 69| 66| 62| 56 63 60  5f
Note: T, is the liner thickness and CD is the charge diamet

The calculated velocity difference between theariram jet fragments is compared with
that of the copper material measured by HirshdS]shown in Figure 9-3. It shows that, at
a certain value of (TCD, the zirconium material has lowepWalues, which means that
the zirconium jet has a longer time of elongaticefobe its breakup. Therefore the
zirconium liner showed a remarkable increase imitstility when compared with copper
liner. Two experimental measurements of the vejatifference between the zirconium jet
fragments () were 64.3 and 74.9m/s, respectively, accordingaorne et al.[13], which
are close to the calculated values as shown inr&i@eB. Bourne et al experiments to
measure the M values were carried out using 2 x-ray radiograpbtupes at two times in

the range of 10Q3 and about 5Qs apart.
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0 0.02 0.04 0.06 0.08 0.1 0.12
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Figure 9-3 The velocity difference between theggments for different ¥CD values for

both copper and zirconium jets.

Since the specific breakup time is considered aharacteristic property for a given
shaped charge with a certain liner thickness, th&ioed \5_ values and the scaled
(TL/CD) values are correlated as depicted in Figudef@®- zirconium material with copper

material as a baseline. The relation for zirconismlmost linear and can be described by

L —1571—16.169 (CT—L) 9-25

VpL D

which is a similar to that proposed by Hirsch [&] the copper material, which is

1 T )
= 13.886 — 101.149 (—L) 9-26
VpL Cp

Egns. (9-25) and (9-26) have the same linear fdoum,the slope of Eq. (9-25) is much
smaller than that of Eq. (9-26). Therefore, fori@eg value of T/CD, zirconium can
achieve higher ductility than copper, which agregh the experimental observations in

Bourne et al. [13].
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Figure 9-4 The specific breakup time (&{Yas a function of the scaled value /OD) for

zirconium and copper [5].

The importance of EQ.(9-25) is that it gives a direnethod to estimate the specific
elemental breakup time if . Tand CD are known for a zirconium shaped charge Th
reciprocal of \b_ (i.e. 1/ k) represents the liner specific breakup time pemlaf jet
length (i.e.us/mm) and can be used directly to calculate thekue time of a shaped

charge jet according to Eq.(9-1), i.e.

t, = 2r (15.71 —16.169 <E>>
Cp

where the initial jet element radius r can be messfrom flash x-ray or calculated using
Eq.(9-2),in which the collapse angfeis obtained from the jetting analysis. If B\Ms in
us/mm and the radius r is in mm, then the breakup tvill be inus. The calculated jet tip

9-27

radii and their breakup times for the four OWPs strtewn in Table 9-2. This table shows
the clear difference among the four liners in thetrtip radius and their breakup times
although they have the same charge design excefintdr thickness. Generally the higher

the jet velocity of the liner element, the lowee threakup time of this element.

Table 9-2 The jet tip radius and jet breakup timrezirconium OWPSs.

T (mm) 1 1.2 1.7 2
Vip (M/S) 787¢ 7634 726 692¢
Jet tip radius (mn 1.13¢ 1.2t 1.76¢ 1.84
Breakup time ({s) 34.5 38.15 52.59 54.5
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9.6 Summary

- The J-C constitutive equation constants are detsnfor the zirconium material

and used to estimate the characteristicfdr some zirconium OWPs.

- The specific breakup time of the liner material,istthis the reciprocal of the
velocity difference between the particulated jeagments, is calculated for
zirconium shaped charge liners and found to baemrange of 64.6 to 71.7 m/s for

the liner wall thickness ranges between 0.7 and 4drespectively.

- The breakup time of zirconium shaped charges isgoted, by which the breakup

time can simply be calculated by the jet radius thiedscaled /CD values.
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CHAPTER.10 CONCLUSIONSAND
RECOMMENDATIONS FOR FUTURE STUDIES

10.1Introduction

This research covers a wide range of parametraiestibased on Autodyn hydrocode and
experiments for a range of OWPs with different dimeaterials and different shapes in
order to investigate the characteristics of thedpoed jets and their penetration

capabilities.
10.2 Conclusions

The following findings have been observed:

- The jetting analysis validation showed that théedé@nce between the measured tip
velocity and the numerical simulation is only 1.348ile the difference between
the measured and the calculated penetration degghowly 1.6%, which means that
Autodyn can be used effectively in the jetting gse and jet penetration.

- The produced jet tip velocity of an OWP has netlty same value as the detonation
velocity of the used explosive and is about 2.5einthe Gurney velocity of the
explosive.

- The optimum design of a shaped charge with linexkttess of 1.5mm, cone apex
angle of 58 and total RDX mass of 26g can achieve 100cm defptienetration into
35MPa concrete.

- Behind 20mm water stand-off distance, the penetatlepth of OWP begins to
decrease dramatically due to water resistanceatragsion.

- Increasing the OWP steel charge casing from 1 ton8ran increase the jet tip
velocity by 800m/s.

- A simple empeical relation was presented to esénthe Gurney velocity of an
explosive material in terms of its C-J pressure #sdimpulse. The maximum
difference between the Gurney velocity calculatgdHis relation and that found in
the survey for a range of explosive materials wd8%.

- Allison-Vitalli formula (i.e. VO model) of jet peration depth is modified to
include the target strength effect using Johnsodé&énage number and the
confinement pressure effect using the Drucker-Rragedel. The penetration

reduction correction terms due to the consideratibooncrete strength were found
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to be 0.14 and 0.29 for the concrete targets witoafined compressive strength of
26 and 55 MPa, respectively.

- The critical collapse angle as a function of floelocity was calculated numerically
and analytically for the zirconium liner materiad tetermine the coherency of
shaped charge jet. Four zirconium OWP liners witteient shapes were studied and
found to produce coherent jets. The bi-conicalrlieehibited the largest penetration
depth into target, which is 22% greater than tHahe baseline conical zirconium
liner.

- It was demonstrated that jet density reduction khbe considered in the study of jet
penetration. A modified VO penetration model basadhon-uniform jet density is
presented in this research, where the penetraédoction due to the jet density
reduction was found to be 12.5, 12.8 and 19.4%tler zirconium, copper and
copper-tungsten jets, respectively.

- The characteristic ¢ for some zirconium OWPs with different liner wall
thicknesses ranging between 0.7 and 4mm, respbgtwas calculated. It was found
to be in the range of 64.6 to 71.7 m/s for therlimall thickness ranges between 0.7
and 4mm, respectively. ThepMwas found to increase linearly with the increase i
the liner wall thickness. For a given value of sdaliner thickness to the charge
diameter (T/Cp), zirconium can achieve higher ductility than cepp

- A simple breakup time relation for zirconium OWRs presented based on the

characteristic ¥, and the jet radius.
10.3 Future work

The following future research studies may be puisue

- The proposed modified VO model has ignored targetpressibility. Further study
should be performed to assess whether the targapressibility during the jet
penetration has a significant effect on the jetgbetion.

- The homogeneity of the powder liner density may légely improved using
alternative pressing methods (e.g. cold/hot iswmstatessing), which is very
important for the formation of a high quality jet.

- Other manufacturing processes could be further ong. For example, spinning
techniques could be used to replace the currermi demwving method. Automatic
filling and testing facilities may be used to req@athe current manual filling,

pressing and detonating procedures to reduce titioa and uncertainty.
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- Jet density reduction and non-uniform distributsimould be further investigated
using more accurate instantaneous jet density memsmt and numerical tools.

- Dynamic behavior of zirconium in a wider range emperature and strain-rate
should be tested to increase the accuracy anditidiaf the zirconium J-C model.

- The zirconium jet temperature was estimated nurallyi Reliable measurements of
jet temperature are needed to validate the hydeacod
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APPENDICES

Appendix A: The numerical calculation of the critical anglesp.at different V

The analytical model used to calculate the criticallapse angles at different flow
velocities is obtained on the basis of the momentalance according to:

Ploovi ()" |

2 —
an®f = —

(Al)

where P is the pressui®, is the initial liner densityy is the compressibility (i.e1=p/po-
1).
The critical angles can be determined for a givewpimnging velocity \4 from the

conditiondf/du = 0. Thus, forB=pc,

d_P _ P[P_poVZZ]
du  (u+1)[upoVF—P(u+2)]

(A2)

So, EOS of the liner material is used with Eq. (A@)calculate the critical anglgs at
different values of Y. Shock EOS take the form of:

_ pCiu(u+1)

= A3
(1-(S-Dp)? (A3)

where G is the sound speed of the liner material and tBeasslope of the shock speed-
particle velocity line. For the zirconium materig@k1.018.
From Eq. (A3),

ap _ (A=(S-DwpCs(1-(S=D)@u+1)+2(u?+w)(S-1)

Ad
du (A-(s-Dmw* (A
For simplicity, assume=g, therefore Eq. (A4) becomes:
ar _ -2
= PCoC2ut+1) (A5)

Equating Egs. (A2), (A5), and solving for the @#i compressibility (i.eyc ). The
obtained values fai. weresubstituted into EOS, Eq. (A3) to get the corresiou critical
pressure; P The Values oficand Rare used with Eq. (Al) to gBt.
P[P—p,V7]
(+D)[ppoVs —P(u+2)]

=pCi2u+1) . (AB)
Thus,

P2 — (CGF(u+2)2u+ D+ 1) —VHpP — (pCf2u+ D+ D(upV7)) =0 (A7)
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(G (u+@u+D)(u+D-VF)p ¢J (€§ (u+2)u+ D) (u+1)=VF) p)2+4(pC§ 2pu+1) (u+ 1) (1pV5))

A - (A8)
Let Y=u+1 and Z= 2+1
(cgvz(y+1)-v$)p ¢J(C§YZ(Y+1)—V22) )2p2+4(p2C5YZUVS)
P. = . . (A9)
From EOS, s=1
(cErz(v+1)-vZ)p ?\/(C&YZ(YH)—VZZ)ZpZ+4(pZC§YZuV22)
P. = pC3uy = - (A10)
(céyz(y+1)-v$) i\/(c§YZ(Y+1)—V22 )24+4(CEYZuvE)
Céuy = - , (A11)
2C8uY — C3YZ(Y + 1) + VE = FJ(CEYZ(Y + 1) — V)2 + 4(C2YZuvp), (A12)
QQCEuY — C3YZ(Y +1) + VH)?% = (C3YZ(Y + 1) — VH)? + 4(CEYZuvy), (A13)
4CEUPY? + 4CEUY (—CEYZ(Y + 1) + VE) = 4(CEYZuV}) , (A14)
CeuYy —C¢YZ(Y +1)+V} = ZV3. (A15)
Substitute the values of Y and Z,
V2 V2
pY —YZ+1D)+2 =72, (A16)
CO CO
14 V7
P+ -+ DCu+ De+2) - @r+ DG = -, (A17)
V. 2
2u3+6u2+<7+2(c—2) )u+1=0. (A18)
0

For the Zirconium materiah=6510 g/criand K=98.5G Pa.
Calculating the critical pressure &nd the critical compressibility., the critical collapse
angle is estimated from Eq. (Al) at different flgalocities 4.
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Appendix B: Proof of Inequality Eq.(8-6)

According to E((8-5),

dp(t)
dt

For uniform density distribution, Eq.(B1) togethmth Egs.(8-9) and (8-10) lead to

“en ) () ()T e e

av ](t)

=Vi@®)+t

(B1)

14

Therefore, the inequality Eq.(8-6) is equwalentvnp(t")y+1 (L) v, (t—")”_l or1 >

y+1 t

(yi—l) which is automatically satisfied.

For non-uniform density distribution, the velocitydetermined by EQq.(8-16), which can

be rewritten as

(Z—‘;)byo (b (Z—‘;) + a> =(a+b) (é)byo - (B3)

For the shaped charge liners studied in this pagéxl, i1 andV, >V}, thusb (%) +
]

a=b (V ) anda + b = b with a maximum error less than 10%. Therefore(HR) can
j

be approximated by:

(Z_j)byoﬂ N (é)byo | ®)

The inequality Eq.(8-6) can be proved easily by.@835), (8-14) and (B4) using the same
procedure for uniform density distribution situatiovhich will not be presented here.
,( )

Meanwhile, we also calculated the time historie§;6f) and numerically. Based on

Eq.(Bl), it has been shown that inequality Eq.(&#) be satisfied for the studied cases in
Chapter 8.
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Appendix C: Derivation of Eq. (8-18)

Assuming the hydrodynamic theory and starting fiegqn (8-8) for non-uniform density

jet,
V() —dv 1 V(t) av t dt
fo V.o - Jyo = o (Cl)
A (OB Chad vj(t)<‘;iovj(t)+b) fo t
j
144 1 V() av t
ln(’>——f0 =In(— (C2)
AOVENS Chad vj(t)(%vj(mb) (to)
j
.
byo+1 a byvo
Vo )l;Yo (V_ij+b> !
t=to|y ——= €3
j (‘%V]%b)
)

The total penetration will be achieved within tiheration of t and ¥, the cutoff element

velocity or the velocity of the last penetratingraent. Thus, Eq. (C3) will be.

b]/o'l'l 1

V2\ b bro
t=t, (7’> " [—ycutf’f : ] " )
c Ytip

whereycuor IS the square root of the ratio of the targethie jet densities at the cutoff
element, whileysp, is the square root of the ratio of the targeth®jet densities at the tip
of the jet. Whenycuoi= Yip= Yo, and b=1, thisequation reduces to the constant density

equation. The second term can be defined as thgtgeaduction term.

From Eq.(C4), the impact velocity of the jet isetatined by an algebraic equation of

b (ﬁ)bym +a (%)byo =(a+b) (é)l%. (C5)

Vj j
Eq.(C5) reduces to Eq.(8-9) for constant jet dgngtien a=0 and b=1.

This equation also reduces to the constant deasifation wherycuwor = yip=constant and
b=1.

To calculate the penetration of jet with non-umfiodensity distribution, the derived
definitions of the total penetration time and tkeeé yelocity at this time are used in the
penetration equation (i.e. Eq. (8-5)).

1 1
Vo _O uto _O
P(t) = Z, ((ﬁ)”y (ch ;pff)”y _ 1) (Co)
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Appendix D: The detailed drawing of a conical linerOWP Preliminary Design

D-1: OFHC Copper Liner
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D-2: Steel casing
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D-3: PE4 Explosive charge
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End of Thesis
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