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ABSTRACT

EFFECT OF WATER -FILLED CHAMBER ON SHAPED CHARGE JET
PENETRATION

G¢lyakar, Fuat
Doctor of PhilosophyMechanical Engineering
Supervisor : Prof. DR . Orhan Yél déreéem

September 202424 pages

In this study,the protective capability othe waterfilled cylindrical chamber
against shaped charge ammunition is evaluafdwe effects of the chamber
parameterssuch ashe diameter, lengttandsidewall thicknesson the penetration
depth in the witness plateplaced behind ths chamberare investigated. The
numerical FEM analyses that utilize 2&8xisymmetric Multi-Material Arbitrary
Lagrangian Eulerian (ALE) methaate conducted using L®YNA software. The
stability and the particulation of the copper jet affiés penetration to steel targets.
Using these analgs, the mechanism that caaséhe instability and the
particulation of the jetwhile it passesthrough the wateffilled chambers with
different parameters is visually demonstrated and explained. Furthermore, tests are
conductedusing the critical chamber parameters that are obtained from the

analyss to verify the results.

Keywords: Shaped Chargdet WaterFilled Structure Armor, Jet Stability, 2D
AxisymmetricMulti-Material Arbitrary Lagrangian Eulerian (ALE) Algdnin
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CHAPTER 1

INTRODUCTION

1.1 The Shaped Charge Concept

A cylinder of explosive with a hollow cavity at one end and a detonator at the other
end iscalled a hollow charge Rigure 1.1a). The hollow cavity, which can be
hemispherical or conical, directs the gaseous detonation products to concentrate
their energy along the owal axis opposite the cavity. This concentration of
detonation products results in an intense, localized force. When this force is applied
to a metal plate, it can produce a deeper cavity compared to a cylinder of explosive
without a hollow cavity Figurel.2). This effect, known as the Munroe effect in the
United States and the United Kingdom and the von Foerster or Neumann effect in

Europe [1], is dundamental principle in the design of shaped charge munitions.

The directional penetration effect is evident when a hollow charge is detonated in
contact with a steel plate, as illustratedFigure 1.1a. This effect is produced by

the erosion caused by higiessure, higivelocity gases. An advanced version of
this concept, known as the ltheharge, leads to a significantly deeper crater when
the hollow cavity is lined with a thin metallic or glass cone, as showkiguare

1.1b. Additiondly, the penetration depth increases when the lined cavity charge is
positioned at a distance from the target block, referred to as the standoff distance
(SO), as depicted ifrigurel.lc.



Detonator

Explosive ;
Cavity
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liner

Standoff
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Figurel.1. TheLinedCavity Effect [2]

Explosive Steel target

‘ Metallic liner

Schlumberger Oilfield Review Spring 2000

Lined cavity
effect

Unlined
cavity effect

Figurel.2 Comparisorof the Effects ofHollow Cavity (Lined & Unlined) Charges
andNo Cavity Charge(Flat End) on Steel Targets

Figure 1.3 illustrates a typical shaped charge configuration, which generally
consists of a lgh explosive, a concave metal cone known as the liner, and a casing
made of steel or aluminum [3]. As shownRigure 1.4, the liner diameter (LD)
refers to the outer diameter of the liner. This liner is enclosed within a cylindrical
explosive billet, with a charge diameter (CD). The outer diameter of the casing is

referred to as the warhead diameter (WD) [1].
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Figurel.3 The Schematic Viewvand Componentsf a Shaped Chard8], [4]
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\“1:[ HE LD |CD : WD
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! Head l St o e
" L= J— jot—— Standoff or ——m
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Figurel.4 TheNomenclature of the Dimensions of a Sha@éarge; CD: Charge
Diameter, WD: WarheaBiameter, LD: Liner Diametdi]

The deformation of taliner with the detonation of explosivgenerates a highly
destructive jet. Upon detonation, a spherical shock wave propagates outward from
the initiation point, moving at extremely high velocitiegitally around 8 km/s.

As this highpressure shock wave engulfs the lined cavity, the liner material is

rapidly accelerated, which causes the cone to collapse.

As illustrated inFigure 1.5, for a typical conical liner, the liner material undergoes
severe distortion over very short time intervals, with strain rates ranging frbm 10
10/s. Maximum strains exceeding 10 mm/mm are achieved due to the esormou
hydrodynamic pressures, with peak pressures around 200 GPa and an average
decay to approximately 20 GPa. The collapse of the conical liner material along the

centerline drives a portion of the liner to flow as a jet, where the tip velocity can



exceed 1&m/s while the tail moves at around 3 km/s. Due to the velocity gradient,

the jet elongates until it fractures into a column of "jagged" particles.

When this highly energetic jet impacts a metal plate, it forms a deep cavity, as
shown inFigure 1.6, surpassing the effect of a hollow charge withauliner. The

metal plate experiences peak pressures ranging from 100 to 200 GPa, which decay
to an average of 10 to 20 GPa. Average temperatures in the plate50%21 the

melt temperature, with average strains between 0.1 and 0.5. Localized tenegeratu
and strains at the jet tip can be even higher. The penetration occurs at strain rates of
10°-107/s. The resulting cavity in the metal plate is attributed to the tremendous
pressure exerted by the jet on the armor rather than thermal effects. The target
material is displaced, with no change in mass, excluding any impact ejecta or spall
from the rear surface of the target. The cavity becomes even deeper when this
explosive charge, which contains the liner, is positioned at a distance from the

plate, calle the standoff distance [1].



Figurel.5 The Collapse of Shaped Charge with a Conical Liner and Jet Formation

[1], [S]

:l[‘
i

Target Density
Pt

Figurel.6 Jet Penetration [1]



The shaped charges are usedthe weapon industrysuch as high explosive
antitank warheads(HEAT) and antircraft warheadsuch asLAW, RPG, and
Javelin which have different designs. However, thasic pringple of the warhead
which is placed at the tip of temmunition is the same. The LAWeaponand
the crosssection of the rockeireshown inFigurel.7, and a schematic view tte
RPG7 shaped chargearheads shown inFigure1.8. The shaped chargesealso
usedin the mining and constructiomo break rocksand collapse buildingsThe
linear shaped chargeareused forcutting metal pipegFigure 1.9) and concrete
columngsteel structuregFigure 1.10) for demolition and even forbreakng the
canopy windowbefore theejection of the pilot seah military aviation (Figure
1.11).

TETRTL SOOSTER

Figurel.7 M72 LAW, 66 mm WeaponSystemandIts Ammunition[6], [7]



R  ———

Aerodynamic Air filled Conical
copper liner

cavity

cover \

Piezoelectric
trigger Explosive

Figurel.8 RPG7 Antitank Ammunition andShematicalView of Its Cross
Section[7]

Figure1.10 Cutting Thick Block of Steel witha LinearShapedCharge[9]



231 DN

Figurel.11 Canopy Facturing of aMilitary Aircraft with aFlexible LinearShaped
Charge for thedgjection of thePilot Seat (RHSide), The ShematicaView of the
LinearShaped Barge that isnstalled on th€anopyWindow (LH Side) [10]

1.2  Shaped Charge Jet Formation

The theoriegioverning themetal velocities after detonation of contacting explosive
are investigated to understand the formatiorthefshaped charge jets. The most

fundamental ones are the Gurney and Taylor expressions.

The Gurney model (1943, 1947provides algebraic relationgts for estimating
the velocity imparted to a metal in contact with a detonating explosive, assuming
the detonation wave strikes the metal perpendicularly. This model is based on the

principles of momentum and energy conservation.

Figure 1.12 illustrates the application ofhe Gurney modelto an operfaced

sandwich. It consists of a slab of explosive confined by a metal on one side only

[1].
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Figurel.12 Linear Velocity Distribution for the OpeRaced Sandwich
Configuration [1]

If the velocitydistribution is assumed to be linear, the velocity distributicthey-

axis is as follows:

Y
Vga¥ = Vot vY—o-v (1)
CE= 1|\/|v2+1 h v+vY V2dY 2)
g ke o Vo VT
Yo Y 2
0 -MV 3, Vot V—-V d Y ®3)
0 Yo

C= YoJ. e
E = Specific explosive kinetic energy thie Gurney energy

M=y t 1 isthe density of the metal and t is the metal thickness.
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Gurney equations assume that the metal moves perpendicular to its surface, which
is accurate wherthe detonation wave strikes the metal at normal incidence.

However, in the case of a shaped charge detonation, the detonation wave impacts
the metal plate at a grazing incidence. This grazing incidence is addressed by an

alternative model known as the Tayhngle approximation (1941) [1].

Taylor approximation, illustrated inFigure 1.13, models the scenario where the
detonation wave strikes the metal plate at a parallel incidence. In this model, the
plate is deflected at an angiefrom its original position. It is assumetat the

metal achieves its final velocity instantaneously. Consequently, the metal plate is

considered to undergo pure rotational motion without any shear, reduction in

thickness, or change in lengffhus,O P= O P In Figure1.13[1].

SHOCK

WAVE GAS PRODUCTS =0
BOUNDARY I

o . Original Chqrge?
c -+ D, Detonation Velocity Position
i i
_____________________ e e e
M Oriqinal Metal Position _ __ JP_ __ ]
OSI~n )
o ~— E
O P=Dt T ~L_ /3
- 2]
2
P P=Vt v,
d PP _ ViV SNV
SRS~ 20t 20

Figurel.13 Direction ofMetal Projection by aGrazingDetonationWave [1]
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Birkhoff et al. (1948) developed the first theory regarding the formation of
conicatshaped charge jetss shown irFigure1.14. Their model assumesahthe
detonation wave generates such immense pressures during the collapse process that
the material strength of the liner can be neglected. The liner is treated as an
inviscid, incompressible fluid, and the conical liner is modeled as a wedge. A
steadystate collapse model is applied, and it is assumed that the liner elements are

instantaneously accelerated to their final collapse velocity [1].

DETONATION WAVE

AXIS

g
B
Figurel.14 Geometry of the Collapse Process (Birkoff et 848) [1]

The PER theory (1952)introduces the concept of a variable collapse velocity for

the walls of the conical (or wedge) liner, rather than a constant collapse velocity.

This approach significantly enhances the accuracy of st&athy theory results. In

this model, the collapseelocity decreases from the apex to the base of the cone

due to the decreasing thickness of the explostigure 1.15 illustrates the impact

of these welocity variations.Figure 1.15 also shows that a decreasing collapse
velocity | eads to a greater b. As the d
point Q along the conical surface APQ, the liner element initially at P collapses to

point J. Meanwhile, the liner element initially at P' starts collapsing later, collapses

more slowly than the element at P, and reaches point M at the same time that the
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element at P reaches J. If both elements had identical collapse velocities, the

element at P' would have reached point N by the time the element at P reached J.
Consequently, if the collapse velocity were constant, the surface would maintain a

conical shapewith QNJ forming a straight line. However, because P' collapses

more slowly than P, the liner achieves a-+tonical contour, as depicted by QMJ

in Figure 1.15. Thus, the anflwhichb in this
represents the steagyate caseThis model assumes that material strength effects

are neglected, and each liner element is thin and does not interact with neighboring

elements in the context of the hydrodynamic assumption [1].

‘—UD.—‘I

AXIS

Figurel.15The Collapse Process for a Variable Collapse Velocity Liner (Pugh et
al. 1952) [1]

A typical shaped charge jet exhibits a high tip velocity and a lower tail velocity due
to the decrease in collapse velocity of the liner from the tip to the base. This
velocity gradient causes the jet to stretch, particularly at large standoff distances.
The length of the jet, which directly correlates with its penetration capability, is
constrained by the eventual fragmentation of the jet into segments or particles.

Once the jet breaks into particles, its penetration capability diminishes

12



significantly. Therefore, understanding the jet breakup phenomena is crucial for

assessing its impact on penetration depth.

In onedimensional analytical modeling of jet breakup phenamem method
analogous to that used in studying liquid jet stability is employed. An initial
disturbance is introduced into the jet flow, and if this disturbance amplifies, the jet
becomes unstable and begins to neck. This is similar to the behavior dhseave
liquid jet, such as water flowing from a faucet, which initially maintains a constant
diameter but eventually develops waves and necks before breaking into droplets.
While surface tension governs the stability of liquid jets, the primary factors for
shaped charge jets are material strength and inertia forces. An analytical model
consideringhese factors was developed®lgou and Flis (1986)1].

Figure1.16 illustrates a stretching jet with a wavy surface resulting from an initial
disturbance. Initially, the amplitude of this wave is very small. Consider a small
element within the jet, bounddxy surfaces 1 and 2. Section 2 is closer to the neck

of the jet, where the average axial stress is higher than at se¢fign 1£,) due to

stress concentration effects. It is known that stress near the neck is inversely
proportional to the radius of curwae. Thus, a smaller wavelength of the
disturbance leads to a greater difference in stress between sections 2 and 1. The
area at section 1 is larger, and the net surface force acting on this element can be

described as follows:

F BAy-01A, (5)

Despite having a smaller area than Section 1, Section 2 experiences higher flow
stress due to stress concentration. If the forces acting at sections 1 and 2, which are
the product of stress and area, at Sectiain 1, exceeds that at Section &Y ,),

the jet becomes unstable, causing the neck to get thinner (Chou & Flis, 1986) [1]. If
the force is positive, it pulls the element toward the neck, leading to its healing and

thus stabilizing the jet. Conversely, if the force is negative, the element moves
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away from the neck, increasing the amplitude of the disturbance and causing the jet

to become unstable [1].

Disturbed Jet Surface

=
I Wavelength >
Neck

1 2 Axis of Symmetry

Ay
™
0] ~— 2—> 02

Figurel.16 The SchematidDiagramShows the Neckinglnstability of Shaped
Chargelets[1]

1.3 Shaped Charge Jet Penetration Models

Early analytical models of penetration, dating back to the 1940s, depended on the
Bernoulli principle. Subsequently, empirical factors were introduced to account for
jet particulation. Over time, models began to incaap® noruniform-velocity
(stretching) jets. Some researchers expanded these models to include
considerations for jet and target strength effects, compressibility, jet drift, particle
dispersion, and particle tumbling. Despite these advancements, maimesef t
models continued to be primarily based on the Bernoulli principle ottyyel
penetration models. Additionally, some models incorporated transient effects
through onedimensional conservation of mass and momentum, without relying on

rod models or th8ernoulli concepfl1].

Birkhoff et al. (1948) and Hill et al. (1944)developed a simplified penetration
theory based on the hydrodynamic principles of clashing jets. Given the

hypervelocity of the jet, the pressures generated upon impact with the target a
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significantly higher than the yield strength of the materials involved. Therefore, as
an initial approximation, the strengths and viscosities of both the jet and target
materials can be disregarded, utilizing the hydrodynamic assumption of
incompressil®, inviscid fluid flow.

f< !
|
[

a Uy

Jet Density Jet Velocity
i 4

Penetration
Velocity

—_—

U

Target Density
PT

Figurel.17 Jet Penetration [11]

Consider a shaped charge jet with lengttiensity} . and velocity V penetrating a

semtinfinite, monolithic target with density.. The penetration velocity of the jet

into the target is U, as depictedrigurel.17.

The analysis of penetration becomes more straightforward when observed from a
coordinate system that moves with the penetration velocity U, as illustrated in
Figure1.18. In this reference frame, the profile of the hole remains stationary, the
jet advances to the right at a relative velocity of ¥, and the target recedes to the

left at velocity U.

Target Material

i
|
|
| Velocity
E —~—
S / | U
|

oci
et l\f(c}cny | Stationary
! Surface

Moving Coordinates

Figurel.18 JetPenetration with &oordinateSystemMoving at thePenetration
Velocity U[11]
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The pressure on both sides of the interface between the jet and the target must be
equal. In this steadgtate system of coordinates, Berlitai equation can be

applied along the axial streamline. Consequently, the equation takes the form:

1 1
o4 VU =5Vt (©)

Figure 1.18 illustrates the jet being eroded as it penetrates the target, with the
assumption that a steady state is achieved instantaneously. Penetration continues
until the rear of the jet impacts tigrget. At this point, the total penetration depth

P is given by the product of the penetration velocity U and the penetration time.

Therefore:

| .
P =—UWdor IPL= @)

Equation 7 shows that penetration depth is independent of the jet velocity.
However, the rate at which the jet erodes and its final stretched length are
influenced by the jet velocity through the paramétdt is important to note that

for real jets) varies with time before the impact due to the jet streching.

Several limitations exist with this simplified theory. Firstly, after the final jet
particle impacts the target and the jet is fully consumed, the residual inertia of the
penetrator can causeetthole to continue growing in depth (and width). This
additional growth in penetration depth is known as secondary penetration or
afterflow. The depth of the crater at the point when the jet has completely

consumed is referred to as the primary penetratepth.

When the jet is fragmented into separate particles, that do not interfere with each
other, these particles maintain their initial velogi¥y- U) and crosssectional area
(A) until they impact the target. The particles are assumed to remain tiyerfec

aligned with the penetration axis without tumbling, spreading, or diverging.
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During the impact, the dynamic pressure produced by a jet particle can be
approxi mated by dividing the totat force

sectional areaccording to Evans (1950), the total force, depending on the change
of momentum, is,LJ.A( VU ¥ and the average pressure on the impact surface
;j( VU f Equating this pressure to the pressure in the target material at the point

of impact by using Berndlils equation, yields,

1
JjV-U 2= 500 ®)
Comparison wittEquation @eads to

&} V-U 2=y U2 9)

w h e r agljusts the contribution of the jet's particulated nature to the penetration
depth. Itis considered to be to 1 for a continuous jet and 2 for the jets that are fully
particulated When jets are partially particulated or become particulated during the

peretration process, the value ®fies between 1 and 31 is then the average jet

density considering the gaps between particles. Then, from Equation 7, the ideal

primary penetration becomes:

P I=— (10)

This simplified theory does not account for several important factors, including jet
velocity gradients, jetarget interactions, jet alignment, shock physics,
compressibility effects, aerodynamic drag, variedolea jets, transient effects, and
the specit properties of the jet and target materials. For more comprehensive

insights into penetration theory and secondary penetration, one can refer to the
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work of Pack and Evans (1951) and Eichelberger (1956), which offer additional

information [1].

Pack and Bvans highlighted the significance of target material strength on jet
penetration. To incorporate this factor into the model, they proposed modifying
Equation 7 by introducing a sermampirical correction factor. This correction
accounts for theeffects of material strength on penetration depth. The revised
eqguation can be expressed as:

p =L |1 (11)

where Y is the target material yield strength, ands a constant obtained by
experiments. They demonstrated that for steelcdineection term Y } J. V2 can be

as large as 0.3. This indicates that the effect of material strength can reduce the

penetration depth by up to 30%

Significant advancements were achieved wikgchelberger (1956) conducted

measurements of penetratibme. He confirmed that the hydrodynamic formula

(Equation 6) accurately predicts penetration for early times and short standoffs,

where the jet maintains a high velocity and remains unbroken. However, he found

t hat when the et br e @aok%Sshoulghelesshhanopeafr a met er
M is considered as the original density of the liner. Additionally, he noted that the

strengths of both the jet and the target become crucial at lower jet speeds.

Eichelberger proposed an updated formula to accouthédse factors:
a}V-UZ:;TU2+20 (12)

the term( is defined asii = 0; - A; whereX; and{j; represent the resistance to

plastic deformation for the target and jet, respectively. These strength terms are

typically considered to be one to three tamthe static uniaxial yield stress,
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accounting for strain rate effects and the state ofuroaxial stress at the yield site

in the target material [11].

Christman and Gehring (1966)developed a model that accounts for both the
primary and secondary phasef penetration. Their model aligns with experimental
data for jet velocities ranging from 2.0 to 6.7 km/s. The dimensionless penetration
depth into seminfinite metal targets can be expressed as:

1/ 2 "

4. 220
.LJT Bma x

2/ 3 21/3
1V

(13)

This model divides the effect of the two distinct phases. The primary (or
hydrodynamic) phase of penetration is represented by the first Tdmnis.term
accounts for the initial penetration, where the effective length of the penetrator is
reduced by oneod diameter. This reduction reflects the portion of the penetrator,
which is assumed to contribute to the secondary phase of penetration which is
represented by the second tefithe model incorporates the Brinell hardness of the
target Bmax), Which influences the secondary phase of penetration. As a result, the
model allows for a final penetration depth that can exceed predictions made by
onedimensional hydrodynamic theory alone [11].

Tate considered two types of impact scenarios based on the relatidretiveen

the strengths of the penetratdp)and the target):

1. Hard Penetrator, Soft Targel,(> {;): In this case, the penetration process
occurs in two stages:
1 Initial Stage: At sufficiently high impact velocities, both the penetrator
and the arget flow hydrodynamically.
1 Subsequent Stage: As the penetrator decelerates, it eventually ceases to
flow and starts to penetrate the target as a rigid body.
2. Soft Penetrator, Hard Targeldi,( (): This scenario, which is of most

interest, als@ccurs in two stages:
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Initial Stage: Both materials behave hydrodynamically upon impact.

Subsequent Stage: Once the penetrator decelerates below a critical

velocity, the target stops flowing, leading to a stop in penetration, while

the penetrator continués deform.

For both scenarios, if the impact velocity does not exceed a critical value (as
calculated from Equation 12), the initial stage of purely hydrodynamic behavior

will be absent. These phenomena are summarized in the phase diagram shown in

Figurel.19[11].

Penetrator Velocity, v

Both target and penetrator
flow hydrodynamically

Ve = }2(01' - Jp}

Pp

Penetrator flows,

Penetrator target ls rigid
- U=0
is rigid,

target flows
U=v

Figure1.19 PhaseDiagram ofRod PenetratiorAccording toOne-Dimensional

Theory (Chou and Flis 1986}1]
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CHAPTER 2

LITERATURE SURVEY ON COMPUTER SIMULATION OF SHAPED
CHARGE JET FORMATION AND PENETRATION

2.1  Finite Element Method, Lagrangian, Eulerian and Arbitrary

Lagrangian Eulerian (ALE) Descriptions

In this study, theshaped charge formation and impact case is simulated using the
Finite Element Method (FEM). As a brief explanation, in this method, a continuum
with infinite degrees of freedom is approximated by a finite degree of freedom
system that closely mirrors thbaracteristics of the original model. The governing
equations of this approximated model are solved exactly, which is why this
approach is often referred to as providing an exact solution to approximate
problems. The continuum is divided into discrete omgi to perform the
computations. These regions are assumed to interact only at a finite number of
points, known as nodes. The displacements at these nodal points are treated as the
unknowns in the problem. This approach simplifies the problem by redudm@ i
system of finite degrees of freedom while still accurately representing the essential
dynamics of the original continuum. The strains, stresses, and nodal forces can be
obtained from the displacements. The discretization mentioned can be made with

respect to different descriptions, such as Eulerian and Lagrangian.

In Lagrangian method, the computational grid is embedded in the material and
deforms along with i{Figure2.1). This approach tracks the motion of fixed mass
elements, making it particularly accurate for monitoring material interfaces in
multi-material problems, provided that material deformations aminimal.
However, in impact problems where large distortions occur, several issues below

arise:
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Figure2.1 Deformation in Lagrangian System [1]

Time Step and Computational Cost The time step in wave ppagation codes is

determined by the smallest dimension of the elements. Significant mesh distortions
reduce element volume, which in turn decreases the time step. This results in
excessively long computation times and high CPU costs, as the time step

appraches zero and truncation errors increase.

Element Inversion: Fournode quadrilateral elements can become inverted,
leading to calculations of negative volumes and masses. This inversion invalidates
the results andrequires either restarting the computatioor implementing

corrective measures.

Constitutive Equation Errors: Highly distorted elements can lead to inaccuracies
in the calcuhtion of constitutive equationgesulting in significant errors.

These problems highlight the challenges of using the dragan method in
scenarios with substantial material deformation, making it less suitable for

problems with extreme distortion.

Two techniques are commonly employed to address issues with mesh distortions in
Lagrangian simulations as stated below:

Rezoning: When the mesh becomes too distorted and the time step becomes
excessively small (according to a uslefined criterion), a restart file is created. A
new, undistorted grid is then superimposed on the existing distorted mesh. This

method conservamass, momentum, energy, and the constitutive equations. While
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rezoning allows the simulation to proceed, it does involve additional computational

costs Figure2.2).

Erosion: This technique is effective for problems with highly localized distortions,
such as rod and jet penetration scenarsspite its name, "erosion” does not
relate to material failure in metallurgy. Inste@diefers to a bookkeépg method

for dynamically redefining sliding interfaces. When elements on an interface fail,
these distorted elements are removed from the calculakguré 2.3). This
method approximates energy conservation, as the internal energy of the failed

elements cannot be tracked.
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Figure2.2 An Example of a Rezoned Calctitm. (a)Mesh before Rezoning.
(b)Mesh after Rezoning [1]
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[1]

In Eulerian method, a fixed grid mesh is used, througinich mass flows. This
method can handle large deformations more easily because the grid remains
constant while the material moves through it. However, tracking material interfaces
and calculating mass, momentum, and energy flux across zone boundaries can
challenging. For surfaem-surface interactions, it is crucial to identify different
materials to accurately calculate pressures in cells containing multiple materials.
This task is complex for Eulerian codes, which are primarily designed for large
flow problems and often struggle with solving contact problems and material

interfaces without additional Lagrangian features.
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Figure2.4 Deformation in Eulerian Systeft]

Conversely Lagrangianmethodsinvolve a grid that is embedded in the material
and deforms along with it. These codes track the flow of individual masses directly,
making them conceptually more straightforward for problems involving material
and structural interfaces. They da mequire transport algorithms, which simplifies
computations and provides more accurate time historiesnaatdrial interface
details. However, Lagrangian methods face difficulties with large distortions, as the

grid can become highly distorted over time.

Eulerian codegrimarily address problems involving hypervelocity impacts, where
pressures are much higher than material strength, treating the material as a fluid.
These codes perform well in modeling early stages of impact and crater formation

but are éss effective when aterial strength was considerd@].

Eulerian and Lagrangian methods each have their own strengths and limi&gions
summarized irmmable2.1. Eulerian codes are adept at handling large distortions due
to their fixed grid mesh, which facilitates the tracking of matdiaaV through the

grid. However, accurately treating material interfacasd boundariesand
calculating fluxes can be challenging, especially in scenarios involving significant

contact.
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Table2.1 Comparisons of Lagrangian and EulerMathods [13]

Lagrangian Method Eulerian Method
_ Attached on the moving _ _
Grid _ Fixed in the space
material

] Mass, momentum and energy
Movement of any point on _
Track _ flux across grid nodes and mesg
materials
cell boundary

Easy to obtain timdaistory Difficult to obtain time history

Time history | data at a poirattached on data at a point attached on
materials materials

Moving

boundary and | Easy to track Difficult to track

interface

Irregular Difficult to model with good
Easy to model

geometry accuracy

Large N
Difficult to handle Easy to handle

deformation

In contrast, Lagrangian codes excel at tracking interfaces and material flows
because the grid deforms along with the material. This approach simplifies the
process of determining time histories amdaterial interfaces, making it
conceptually straightforvard and computationally efficient. Nevertheless,
Lagrangian methods struggle with large distortions due to the deformation of the
grid.

The Arbitrary Lagrangian -Eulerian (ALE) method was developed tddress
these challenges. ALE combines the benefits of both approaches, allowing for an
arbitrary mix of Lagrangian and Eulerian descriptions based ordesieed mesh
movements. The ALE method utilizes rezoning techniques similar to those in
Lagrangian mthods to minimize mesh distortion by allowing the mesh to move

independently of the materials.
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In practice, ALE starts with Lagrangian motion at each time step, and then
proceeds to a rezoning stage. During this stage, the mesh can either remain
unchangedpure Lagrangian), revert to its original shape (Eulerian), or be adjusted
to a more advantageous configuration that blends elements of both approaches.
This flexibility helps to optimize computational efficiency by localizing intense

calculations to aresawith significant distortions.

ALE codes often feature automatic rezoning, which improves accuracy compared
to userdefined methods and allows for better computational optimization. This
capability also enables the treatment of some portions of the swster&ulerian
methods and others with Lagrangian methods, particularly useful in multimaterial

problems where large distortions are confined to specific re§l@hs
The governing equations of ALE are as follqu3], [14]:
i.  Conservation of Mass (Continuty Equation):

The ALE formulation modifies the standard continuity equation to account for the

motion of the computational grid. The continuity equation is given as:
Oy .
5iHid 9 K(ev) g rya=o (14
Where:
} = fluid density
\»= material velocity
vo= mesh (grid) velocity

v = relative velocity between the material and the grid
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ii. Conservation of Momentum

In the ALE framework, the momentum equation is expressed as:

OD O = kLY
i W g rvad dii) v@+ (15)

Where:

0 = Cauchy stress tensor

"®&= Body forces per unit volume (e.g., gravity)

iii.  Conservation of Energy
The energy equation in ALE takes the form:
Oe . o
;6t+ W) gread @ r ad @ (16)

e = Total energy per unit mass

v andvp are the fluid and mesh velocities, respectively, and they can differ. The

mesh motion can be independent of the material motion. This is the main

characteristic of ALE formulation. Ib=ve Equationsl14, 15, and 16 give the

lagrangian formulationWhenve = 0, the stationary mesh condition gives a pure

Eulerian formulation

The conservation of mass, momentum, and energy equations maujtiea in

more compact forms, such as:

Oy . o~
6t+d i Jw)E0 17)
&
2 diwE w=diiv) (@ (18)
Ot
Oje . o e
(")t+d| VEe g r aad G (19
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Equationsl?, 18, and19 can have the following form:

Ot |
6t+d i) ES (20)
g }o 9
Where¢= W0, & w,andS= AED @
1€ en 0 grr ad'@

Equation20is solved in 2 steps by the split approach: first, a Lagrangian cycle and

then an advection cycle.

During the Lagrangian cycle a finite element codeeothefollowing equation:
Ot
i ° @

During the advection cycle, the mesh is taken back to its original position. The

finite elemet method solves the lagrangian solution on the new position of mesh by

solving the following transpodquation 13], [14]:

O¢ .
Etﬂj i) EOQ (22)

2.2  Smoothed Partice Hydrodynamics

All the discussed methodsEulerian, Lagrangian, and AldEuse a computational

grid to provide structure and order. In contrast, the Smoothed Particle
Hydrodynamics (SPH) technigue operates without an underlying grid [12]. Instead,
SPH represents the stateaobystem using a set of particles, each with individual
material properties, which move according to the governing conservation
equations. Initially developed to tackle astrophysical problems in-thineensional

open space, SPH has unique characterighies offer certain advantages over

traditional gridbased numericahethods [5].

The SPH method, a me$iee, Lagrangian particle approach, has notable benefits:
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1. Mesh-Free Computation: The absence of a mesh allows SPH to handle

large deformationand seprationsmore easily

2. Lagrangian Formulation: SPH6s Lagrangian nature

standard finiteelement Lagrange formulations. This connection means that
both elastic and verlarge deformations, including material failure, can be
computed using a single method. This is beneficial for solving both

structural dynamics and wave propagation problems [12].

The term "Smoothed Particle Hydrodynamics" encapsulates the method's core

features:

1 Smoothed: Refers to the technique of approximating properties by

averaging over neighboring particles to ensure numerical stability.

1 Particle: Indicates that the system is represented by discrete particles rather

than a continuous mesh.

1 Hydrodynamics: Highlights its application to hydrodynamic problems,
where materials under hypervelocity impacts behave like fluids. In such
cases, the kinetic energy of the system can cause extreme deformation and

even fragmentation of materials.

SPH is particularly effective in scenarios like hypervelocity impacts and
penetration, where materials undergo significant deformation and may fragment.
Traditional gridbased methodmay struggle with these extreme conditions, but
SPH handles them welHowever, this methodtruggles in cases where material
strength can not be neglectékh examle of an impact simulation conducted with

these methods are shownFigure2.5[15], [16].
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Figure2.5 Examples of Lagrange, EulekLE and SPHsimulations[16]

2.3 Equation of State and Material Modek

23.1 Equation of State

In a highvelocity impact or explosion, the pressures generated in a solid, which
exceed material strength more tHehtimes, lead to shock wave formation. Under
this condition, the solid is considerexs a compressible fluid. Its behavids
descrbed by an equation of state (EOS). The EOS is the relationship dretwe
pressure, density, andternal energy. It can be consideiesh constitutive model

for materials under shock loadintg].

The problenthat is to be solve® as follows: given material at an initial pressure
Po, temperaturdly, and energfgg, what s the resulting pr
T(mnd energy E(g) when the materi al i's s

a reduction from an initial specificvolunggt o a s pec kK§i{legj]? vol ume g
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2.3.1.1 Mie-Gruneisen

Mie-Gruneisen EOS is used mainly for solid materials such as copper,asteel
aluminum [12]. The articles L8] and[19] claim that MieGruneisen EOS is also
applicable for water. The general form is

P-Py= &3E, (23)

where P and E are the pressure antérnalenergy in the marial at the state of
interest,subscript H refers to the Hugoniot stéfereference state used to obtain
empirical equationdetween P angl) obtained from experiments. The remaining
par ame & B dagthefuneisen gamma and the shemkmpressed density,
respectively. The Gneisen gamma can take margyrmhs, and forthe present
application gamma is defined by:

bO

(24)

=
+
@]

where9, is the value of the Gnei sen gamma at amshkhe e n t condi
first-order volume correction ta,, and O is a measur e of t h

o) = ,-{L./Rearranging Equation 2ththei nser ti on of the definit

recognizinghat Ey = %PH Ji - % gives:
0
20
P By 1- ) +9l E (25

Equation25 can be further expanded using the conservation of momentum relation,
Py =1 ,UsU,, assumingthat the initial pressur®y is negligible. The conservation

of momentum equation introduces two new parametieesshock velocityds and

the material (or particle) velocityp. The shock velocity represented in the cubic

form is given by:
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Us=Cy+Su +Szﬁ u+%&2u (26)
s~ >0 P Us p Us P

whereC, is the bulk sound speed of the material at ambient conditions, and the
parametersS;, S,, andS; are fitting parameters determined from the measured
Hugoniot. (A third order curve is fitted to the pointhat are obtained from
experiments The fitting parameters are the constants of the different order

unknowns.) To determineS; = ; one must use the conservation of mass equation,

}oUs=  UYs-u, , rearrangedn the following manner:

Up

1 1
= 1- — . _= 1- — .
Y=Us 1- 77 6° "0, 1+0 27

which, when substituted in to E@tion26, results in a function fotg in terms of

compression:

Ug =
(28)

When Egation27 is substituted back ta Equation25 through the conservation of

momentum relation, this gives:

1 o]
P y5Ui 1-—_1-="+ B (29)
H—k l+$ ZJ \_Y_)
a b c

which must be further manipulated to achieve the desired form of the Mie

Gruneisen EOSBeginning with segment (a) of Egtion29, one arrives at:
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(3D)

Substitution of Egation24and t he definition of O

%5*bQE v KO (32

noting thatf = E} , is the energy per initial unit volum&¢ = 1/ ;). Substituting
Equations30, 31, and32into Equation29 yields:

5 20 1 20
) S A S o Y RN .
P 1 B 1 527 % W C (33
15 1 th oS 1 T S 1 Tr g
— _
——
d

Multiplying both the numerator and denominatotis segment (d) in Heation30
by( 1 #H( 0) %esd3 in the MieGruneisen EOS in the desired form:

~ 3, -~ ~
1,C°0 1 4-2 o"—?fo2 N
P = — — + 0.+ U’O 34
S &g 2 (34)
- 5105156531+ 6
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Equation25is the form of the MigGruneisen EOS that describes the response of a

material under compression. In tensitire EOS takea much simpler form:

P 45C,°0 oy (35

The MieGruneisenEOS assumes that materials do not undergo phase changes,
meaning that if a material starts as a solid, it remains a solid uhdevlie-
Gruneisen EOS. Alternative EOS models must be used for situations where
materials transition from solid to liquid or gasedto increased temperature and
pressure. These include the Tillotson, Gray, and Los Alamos EOS, which can

account for phaseansitions 20.

2.3.1.2 JonesWilkins -Lee (JWL) for Explosives

The equation describing the relationship between pressure, density, and
temperature of explosive products is known as the Equation of State (EOS) of the
explosive. A widely used form is the JoAdMlkins-Lee (JWL) EOS. This
equation, given in Equatio6, effectively characterizes the pressucdume
energy behavior of detonatig@roducts in metal acceleration applications. In the
JWL EOS,A, B, Ry, Ry, a n d areyconstants determined through experimental
data, E represents the initial internal energy per unit mass,\ansl the relative
volume(V/Vy).

P = 1-AhL eRVy g. 't gRV 4 XC (36)
Y, R,V Y,

2.3.1.3 Linear Polynomial

P Gy+C,0 €,5+C;C+ C,+C;0 €5 E (37)
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The linear polynomial equation of state may be used to ngaks 21], [22].
This may be achievedor the air, by setting Cy=C;=Cy,=C3=Cg= 0and

Cy=Cs= id,where o0 is the ratio of specific heat
2.3.2 Material Models

2.3.2.1 JohnsonCook Model

JohnsorCook model is a function 6fon Mises tensile flow stressith respect to
strain hardening, strain rate hardening, and thermal softening. JeGrsank 6 s

formulationof the flow stress is expressed by

& A+BJ 1+cl @ 1-T (39)

where A, B, C, nand m are material constaniis the effective plastic straiand
U is the effective plastic strain rate. Relative temperature is given by

*

T = T'TroonTmeI‘;rroom (39)

The strain at fracture is given by

U= D;+Dye x Ps” 1 Dyl 10 1 DeT (40)

where D, D,, D3, D, and Ds are material constants’ = g is the ratio of

1
pressure divided by théon Mises equivalent stresé,= 3 / 95 f Note thats ;

is the deviator stress tensor.

The facture occurs when the damage parani2tez g@f/(J reaches the value
of 1 [23].
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JohnsorCook is aplasticity model derived from true stresge strain curves of
the materialat different strain rates and temperatuessshown irFigure 2.6. True
stress is a function of true stramontainingelastic and plag strain. However,
JohnsorCook is the function of equivalent plastic straihneglects elastic strain
since it is developed to deal with excessive deformation problems at high strain
rates and temperatussdue to impulsive loadingsuch asigh-velocity impact and
explosive detonatiof24]. In such cases, true strain can reach over 2 datitile
materials fractureln contrastglasticstrain isusuallyless than 0.01 dhe fracture

of the stees which is less than 1% of the total straf@onsidering that the steel
materials have approximately 200 GPa modulus of elasticity aarghexample
4340 steela high strength material, amslused in the research of G.R Johnson &
W.H. Cook fails appraimately at 1400 MPa tensile stress [ZBhe ratio of true
stress/elasticity modulus gives the elastic straihyus, the strain and deformation
caused by elastic deformations are neglected. As showigime 2.6, due to the
large values of true tensile strajtise elastic regiowf the curve is so close to the
y-axis that this region is not visible at this scale. Johwt3ook plasticflow curves
are developed to starfrom the yield point at the reference strain rate and

temperature by neglecting this elastic region.

It is possible to obtain Johns@ook parameters from true stressie strain curves
as explained biurugesan & Jung, 2019 [25]:

Determination of material constants, B and n:lt is assumed that the strain rate
and temperature are at the reference stitece, the second and third terms in
Equation 38 become equal to unity at low strain rates and at room temperature, it

takes the following form:

& A+BJ" (41)
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Figure2.6 JohnsorCook Models of Vaous Metals Derived from True Stre$sue
StrainCurves[24]

By taking natural logarittm of both side®f Equatior41:

(o]

B{A) =U Inth B (42)

By substituting the true stress and strain valinres are obtained from tesitsto

Co

Equationd2, t he | inear relationship between | n(
the firstorder regressiors appliedto fit the data points as depicted in Figure 2.7.
Here n is the slope of this linear curvand InB is the value where it cutsety

axis.
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Determination of material constant C: Having determinedhe constants A and

n, this time only the temperature is assumed to beeatkference state. Thus,

ok

a A HF"B1 4 dcC (43)

Then,

= 1 4 dc (44)

The slope of the linear regression of datapointsgjive value of C, as shown in

Figure 2.8.
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*

Ing

Figure2.8 The Relationship betweenﬁn—B andl O [25]

Determination of material constant, m: This time only the strain rate is assumed

to be at the reference state. Thus,

6 A #F"B1-T" (45)
Then,

+M

G 46)

By taking natural logarithm of both sides of Equatiin

n1-—— =Tm In (47)

The slope of the linear regression of datapoints gives the value of m, as shown in
Figure 2.9.
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CHAPTER 3

LITERATURE REVIEW ON ADD-ON ARMOR SYSTEMS AND SCOPE
OF THE RESEARCH

3.1  Conventional Add-on Armor SystemsUsed on Armaed Vehicles

Explosive Reactive Armors and Non-Explosive Reactive Armors

In order to meet the protection standardaiast a modern #mank warhead, the
armor of a main battle tank today c@ts ofa rolled homogeneous armgRHA)
and an aden (applique)arma. While the RHA providesthe tank standard
protection andtrong structural integrity, the agoh armor enhances its protection
level for defeating moda antitank warheadsAdd-on armor generally has two
types, namelyeactive armoiexplosive reactive armpand inert (norexplosive

reactive) armorZ6].

Explosive reactive arma (ERA) is made of a slab of high explosieenbedéd
between two metal plates. The explosive detonatken a shaped charge jet
penetrates iand createa disturbance to the jeHence the jet loses its coherency,
linearity, and penetration power2§], as shown inFigure 3.1 and Figure 3.2.

However, the detonation may hasmrroundingpersomel, limiting its usage.

Figure3.1 shows the jet penetration thrduthe ERA at different obliquity angles.
The disturbance on the jet is more nedicle when the impact angle i® FRicture
on the RH side) 2.
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X-ray picture of driven steel plates for a delay =35 ps
(y-axis, a=90°). X-ray picture for 7 =50 ps (y-axis, a=30°).

Figure3.1 The X-ray Pictures of theShapedChargedlet Disturbance byxplosive
ReactiveArmor atDifferentImpactAngles[27]

Jet

Reactive armor

. e
- - Main target

1=24.0us t=30.0ps 1=40.0ps

Front plate
—4 o> Rear plate

— e
= : : Residual jet
Main target “
1=50.0ps =80.0s =140.0ps

Figure3.2 The Numerical Simulation of thBisturbance of th&hapedChargedlet
by ExplosiveReactiveArmor [23]

Non-explosive reactive armor (NERA)operats similarly to explosive reactive
arma. However, there is no explosive layer. An inert mategath as rubbesr
composite materialss embedded between two metal lay&#hen itis impacted

by a shaped charge's metal jet, it dissipates the impact energy.

In this study, pure watea lightweight and easp-find liquid materialis used as

an inert layer andits effectiveness against a shaped charges javestigated.
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3.2  The Mechanisn of Jet Dispersion in the Liquid Filled Chamber

The liquid filled structure target affects the shaped charge jet stabilityflegting
shock waveg$rom the cyindrical sidewalls and bottom plate of the chamber

Shaped Cover
charge jet plate

Cavity area
Shock wave
front

Liquid under
high pressure
Liquid without
pressure

Main target

Figure3.3 Steps ofPenetration of th&hapedChargelet througha Liquid-Filled
Structure R§]

Figure3.3 shows the shaped charge jet penetrghimtesshrough the filledliquid
structure target. The process is as follows:

(1) The shaped chaegjet penetrates the liquid that is inside thear get 0 s
compartmentThe shock wave is formed at the tip of the shaped charge jet. The
shock wave translates through the ligatdan approximate velocity of 1500 m#s

cavity is formedat the tip otthe penetratinget in the liquid.

(2) The shock wavewnhich is translad through waterreflects from the side and

bottom walls.

(3) The shaped charge jet tip pierces the bottom plate of the main target body. The
tip part of the shaped charge jet essapefore shock wave reflection frothe

sidewallscan reach the jet

(4) The reflected shock waweom the side and bottom wallsomes across the gets
portions behind the tip. By applying pressure in the radial directiocauses

instabilities and paitulations within the jet.
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(6) The particulatedshaped charge jet leavee liquid-filled structure targetThe

distubed portionsdse their effectiveness penetraing the witness targe®f].

3.3 The Recent Research

In the reference [8], the liquid-filled target is comprised of several components:

the main target body, a cover plate, a seal ring, and bolts. As shown in the left part
of Figure3.4, the main target body is made from #45 carbon steel with a minimum
wall thickness of 5 mm between cavities. Water is injected into these cavities. The
seal ring is placed in a groove to ensure a tight seal, and the cover plate, made of

Q235 steelis fastened to the main target body with screws.

A-A
= — F — - LW -
“ — | - — e —
=+
S = == 7= “
= pd LS
q*&
- ©- & @ &
AVARVOA .
A \ L/ R g B
lag]
= g i o 1 b R
= AW N2 ¢ S
(] - . s
ez & &
65.5 65.5 -
145
Main target body Cover plate

Figure3.4 The Design of theLiquid-Filled StructureArmor [28]

Firstly, the «56 mm shaped charge is detonated at 80mm and 254mm standoff
distances to witness target without ligiglucture armor. The penetration depths
are given infable 3.1 The witness target is made of #45 steel.
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Table3.1 The PenetratiorDepths without.iquid StructureArmor [28]

Results of the shaped charge performance experiment.

Number Standoff/mm Velocity of jet tip/(m-s™") DOP/mm
1 80 6510 199
2 80 6510 203
Average 80 6510 201
3 254 6510 254
4 254 6510 258
Average 254 6510 256

In the latter caseliquid-filled structure is placed between shaped charge and
witness target as shown kigure 3.5 below. The structure is placedat 80 mm
standoff distanceandthetotal gap between witness target ainelshaped charge is

254 mm. The penetration depth results are as givéabie3.2.

Multi-cell
Detonator ~Shaped Standoff structure-filled-liquid Interval Witness
/ charge cylinder target cylinder target
|
] \& | /

—1 7777
| 777777

\\\ Velocity sensor

80 84 90

Figure3.5 The SchematidRepresentation dhe Liquid-Filled Structure Shaped
Chargelet RenetratiorExperiment 8]

Table3.2 The PenetratiorDepths withLiquid-StructureArmor [28]

Velocity of SC] that penetrated the liquid-filled structure target and residual

penetration.
Number Vjo/(m-s~1) Vie/(m-s~1) Hour/mm
1 6510 5375.0 78.0
2 6510 5318.0 81.0
Average 6510 5346.5 79.5

Note: vjg is the velocity of the S(] tip, vje is the velocity of the tip of the escaped SC],
and h, is the residual penetration.
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In conclusion, the ligid-filled structure reduces penetration depth at the witness

target from 19256 mm to 7881 mm, which is aremarkable effect

In the reference 29], a liquidilled structuresimilar to the previous research,
consistingof a bulk steel plate with matrigf blind holes filled with liquid and
closed with a steel front plate, is investigated at different obliquity angles. The
design of the structure is as given Rigure 3.6 LH side. In this research, the
materials of the main target body and the front plate are #45 and Q235 steels,

respectively, and diesel oil is injected into the holes.

S . SROROR
e B e e rew hole
o /. SR R Seal groove
°3é:::::: DIl T A Liquid
L B 2 iy o ooy
'%o O O O O O O
A o © A
T—'«gao ol -
sflo o)
000 0 0 0 O
30 202
Shaped

Detonator  charge Standoff cylinder Filled-liquid compartment Interval cylinder Witness thrget

strutcture /

Figure3.6 The hematicRepresentation dfiquid Filled Structure Shaped
Chargelet PenetratiorExperiment 9]
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The liquidfilled compartment structure target is placed as showhigare 3.6.

The standoff distace from the charge to the armmodule is 80 mm. The impact

angle(i.e., Nato angled i s defined by the angle bet
structure and the shotline of the shaped charge jet. The standoff from the base of

the shaped charge to the witness target is 330 mm.

The liquidfilled structure and shaped charge jet interactawe the same as
explained at the beging. The shock waves reflecting frotime bottom plate and
compartment wallsas shown irFigure 3.7, disturbthe jet. In this case, tHeuid-
filled structure has an inclination angadthe shape charge jet needs to perforate
more than one compartment wall which naffect penetration depth at the witness
target.

Liquid

Back plate  Disturbed jet

Figure3.7 The Schematiof thePropagatiorPath of theShockWave(LH Side),
The Representation dfiquid-Filled StructureShapedChargelet Penetration
Experiment R9]

The residual penetration and crater diameters in the witness target, as well as those
of the front and back plates of the ligditled structure, were measured after each
firing at various impact angles, as detailed able3.3. The results indicate that the
crater diameters (Dti and Dto) on the ligdiilled compartment target increase with

the impact angle, whereas the crater diameter (Dwi) of tireess target decreases

as the impact angle rises. Additionally, the radial scatter of the particulated jet
elements grows with the impact angle. Penetration depth into the witness target
varies noAamonotonically with impact angle, reaching a minimum atirapact

angle of OA.
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Table3.3 The PenetratiorDepths aDifferent ImpactAngles[29]

Experimental results,

No. gl P/mm Dyyifmm Dg/mm Dyofmm

1 0 59 18 x 24 21 x 21 103 x 42
2 0 62 18.5 x 245 20x 21 98 x 42

3 20 108 15 x 15 16.5 x 26 108 x 53
4 20 116 16 x 10 22 x 22 112 x 55
5 30 89 14 x 10 24 x 20 125 x 60
6 30 83 15 x 95 21 x 22 122 x 63
7 45 69 18 x 21 18 x 21 136 x 55
8 45 64 18 x 25 185 x 24 134 x 53
9 60 76 10 x 16 55x 25 149 x 42
10 60 77 10 x 16 54 x 23 143 x 42

In conclusion, the protection provided by the ligilted structure reaches its peak
when the impact angle is 4 awhich is an unegxected resultcompared to
conventional armor plates. This result is obtained ewben the jet needs to
penetrate more mdtalates and liquids at higher angles, as shown kigure 3.8,
which may indicatehatthe structure material strength may not play a vital irole

protection.

////////‘//////////////////// '/‘

VAT

L LGP g IITITIITTL

N

Figure3.8 Penetration GannelGeometry otthe ShapedCharge 8t Under
DifferentimpactAngles [B]

In thereference 30|, the effectsof the chamber radius of the diight diesel fuel

filled structure as shown irFigure 3.9, on the depth of penetration on the witness
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plateareinvestigatedThe «56 mm shapedharge is placed @n 80 mm standoff
distance (from the base of the shaped charge) from dieddleadl structure and

330 mm from the witness plate.

\
Shaped charge [ |
A x|~ Virtual origin

Metal confinement Shock wave

|
|
I
it
| / Iy
|
I

\

h

Diesel fuel I S~

Figure3.9 Schematid/iew of ShockWavePropagation in th®ieselFuel (LH
Side), Air-tight DieselFuel Filled Structure Middle), ExperimentalSetup RH
Side) [30]

The analytical solutions show that the penetration depth increased with the
increasing chamber radius. However, the penetration depth ceased to increase after
the chamber radius exceeded a certain valugh@sn inFigure3.10 [30].

210

Jll_l .-

'l 'l L L 1 L i
10 13 20 23 30 35 40

r(mmj

Figure3.10 The Depth ofPenetratiori ChambemRadiusGraph[30]
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These research show that gteel chamberflled with liquids areeffective against
shaped charge jetsy causing instability and particulatioA detailed tessurvey
and numerical analysis supporting the test resultare intendedto show the
protection capability of liquidfilled structuresat different chamber parameters
such as differentliameters)engths and sidewallthicknesseslt aims to provide
knowledge to make an optimatmor design with minimum weight and maximum
protection by using this conceptsee if this mechanism works the same with
different parametersand make a detailed investigation on the particulation of
shaped charge jets when penetrating through the ligitidthe helpof numerical

analysis software.

3.4  The Scope of the Research

The main objective of this study is to investigate the effecigatérfilled chamber
parameters on the penetration depth of the shape charge jet in the witness plate, as
schematicdy shown in Figure 3.11 The numerical simulations that use time
dependent, explicit FEM are conducted in order tohs®e changingparameters

affect the resultant depth of penetration (DOH)e numerical simulation results

are correlated witkests. The parameters to be tested arengivéhe list below:

1 Chamber diameter (d)
1 Depth of the liquid chamber (L)
91 Sidewall thicknesdt,,)

The rest of the parameters, such as standoff distances, § ,amgper and lower
plate thicknesses, and t,, and the munition (shaped charge) parameters, are kept

constant.
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Figure3.11 The Schematic View of the Experimental Setup

53



54



CHAPTER 4

NUMERICAL ANALYSIS

4.1 The Geomdry and the Parameters of the Shaped Charge

M85 bomblets are used in this reseaml$h shown irFigure4.1. The semiproduct

is used in the testshe fuse assembly (a trigger mechanism that is aetivahen

the munition impactshe ground) and ribbon are not installed. Thus, the munition
can be detonated atstandalone position with a detonator. It hak2.1 mm outer
diameterand a62 mm total length. 14.3 mm gap beémethe cone edge and open

endprovides the standoftlistanceo the munitionin normal operation

Ribbon retaining clip

Ribbon

Fuze assembly
Booster
Explosive charge
Steel rings

Aluminium casing liner

I Copper shaped charge liner

Figure4.1 The Cross Section of M8omblet B1]
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The available alternatives this shaped charge munition have much larger charge
diametes and penetration capabibs, which increase théest setupcosts and
reducethe chances ofonducting a largeumber of tests in a limited interval of
time. The test surveywasdone with thesupport of the companylechanical and
Chemical Industry CorporatiatMKE), which provided the munition, test areand

personnel to conduct the tests.

In the numerical analysis, the geometry of the cassngimplified so as to be
cylindrical with no stepat the upper corner. The casing is assumed to be made of
single piece of 4140 steel. The liner is oxydexe high thermal conductivity
copper (OFHC). The liner geometry is not a simple cone. ThuRTa/2 mold
silicone is used to obtain its geometry.eTbone shapé molded with silicone
rubber. This molded rubber geometry is 3D scanned and modeled to be used in
numerical analysjsas shown irFigure4.2. The coppefiner thickness is taken as

0.4 mm. The total wall thicknesstaskenas 4.7 mm ang assumed to beonstant

at all surfaces. The spaces betwdecopper liner and casirgrefilled with RDX
explosive. The detonation staftom the center of the circular surfasdere the

booster is located

Figure4.2 The Simplified3D ModelGeometry of theShapedCharge
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4.2  Modeling and Material Parameters

The geometric modglof the munition and the test setwpere created with
computeraided design softward-igure 4.2 & Figure 4.3) The 3D modelof the
test setupwas transfeed D preprocessing software to create the finite element
model. The finite element model was transfdrto LS-prepost Figure 4.4 in
order to define the ALE solution algorithm, constraints, equation of statels,
material models2D MMALE (Multi -Material Arbitrary Lagrange Eulegode was
implemented by using L®YNA software. Then, the analyss carried outwith

the LSDYNA solver Wu et al.,2019 B2] show that the ALE algorithm gives
accurate resultsegardingthe impact ofa shapedcharge jeton ductile materials,

such as medium carbon steel.

The CAD and FEMmodesk of the test setup arghown inFigure 43 and Figure

4.4. 0.5 mm square quad meshes are used apart from the liner and the zones that are
close to the liner0.4 mm thick liner is dividednto three layers of mesh. Thus,

mesh sizearereducel to 0.13 mm arountheliner. The water is assumed to be
inviscid f | uaredlso@¥umed to beTd phase changes within the

water @ue to avitationor evaporation)

Figure4.3 The Dimensions of th&etup The Munition is at the LHSide, the
Waterfilled Chamber ign theMiddle, theTarget is at the RIS%ide
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The standff distances S (distance between SC and Chambed)S; (distance
between SC and witness plate) valaes constant at each ca3éeir proportions
are taken the same as the cagb@article [28], which are 1.43 x Charge Diameter
(CD) = 46 mm for S and 4.53 x CD =145 mm &t The charge diameter (CD) is

taken as 32 mm.

Figure4.4 2D Axisymmetric ALE FEM Model

The Null material model is used to define the behavior of fluid materials, such as
water and air. In L®DYNA, the Null material model (MAT_NULL, Material Type

009) is primarily used to model neatals that do not have any specific material
stiffness, such as fluids, gases, or void regions, where structural strength or
resistance to deformation is not a concern. It also assumes the material has no
resistance to shear forces. Therefore, it doescoatpute any shear stresses,
making it ideal for materials that behave like fluids or gases, where shear resistance
is negligible. However, this model can still handle pressure transmission if coupled
with other elements, using Equation of State (EOS) ispdehich define the
pressurevolume relationship. The Null material is often employed with an EOS to
represent interactions like explosions dhad-structure interactior{14], [33],

[34].
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The key parameters for the Null model include density and dangpiefjicients.

Since the Null material itself does not carry any mechanical properties, its utility
lies in its ability to allow LSDYNA to simulate the effects of phenomena like fluid
flow or large deformations without causing numerical instabilitieggions where
material stiffness is not required, such as surrounding elements subjected-to high
pressure conditions in fluid simulations. This model is essential in problems
involving multi-material interactions where different constitutive behaviors teed

be represented without stiffness and yield stress. In the case of dynamic viscosity

applied, the governing equations arda®ws [14], [33], [34]:
GF 9P (48)
¥ js the deviatoric strain rate afus the dynamic viscosity.

Mesh ConvergenceAnalysis ensures that the numerical solution of a problem
becomes stable and accurate as the mesh is refined. It occurs when further mesh
refinement leads to negligible changes in the solution, indicating thaesult is

close to the true solution. This analysis is applied to the FEM model of the test
setup that is mentioned above dbeck the seléed element sizeThe chamber

length (L) and diameter (D) are 64mm and 20 mm, respectively.

The mesh size aund the munition is kept awstant since these elements are fine
enough (0.13mm)and smaller sizes require smaller time steps, which canise
unfeasibly long analysis time for a homw@mputer

The mesh convergencevaluation criteon is the depth of penetrath (DOP) and
checked for the mesh sizes shown irmmable4.1 andFigure4.5.
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Table4.1 The Resultant DOP in the Witness Target with Different Element Sizes
when D=20 mm, L=64 mandt,=5 mm

Element | Depth of Penetration
Size in the Witness Targel
[mm] (DOP)[mm]
1 19
0.7 45
0.5 57.5
0.4 59
70
& 60
2 5
c
2 40
Ql—|
=g 30
g E
2 20
G 10
e
= 0
A 04 05 06 07 08 09 1
Element Size [mm]

Figure4.5 Element Size vs DOP when D=20 mm, L=64 mm, b mm

The mesh convergencgtudyrevealsthata 0.5 mm element size is very nehe
optimal size Sincethe effect of using finer meshes DOPis minor. They cause

anincreasan thecomputation timeslue totheincreased number of elements.

The time step sizein LS-DYNA explicit simulations is determined by the
CourantFriedrichsLewy (CFL) condition which ensures numerical stability. The
time step is influenced byhé¢ size of the smallest element in the mesh and the

speed of wave propagation through the material (sound speed).
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The CFL condition states that, for a st al
be small enough so that waves gagating through the dwain donot travel more

than one element or grid cell in a single time step. Mathematically, the CFL
condition is expressed as:

qt O (49)

Where:
1 oot i's the time step.
9 his the characteristic element size or the distance between nodes

1 cis the wavepropagation speed (the speed of sound).

The CFL condition ensures that during each time stesttheswvavestravel only
within a small region of the mesh, preventing instabilities that could occur if the
wave travels too far in one step. To sum upretvpnts the numerical solution from
leaping over elements or grid cells, which would lead to inaccuracies and

numerical instabilities.

In LS-DYNA, the critical timestep is calculated for each elemesinggi.=h/c.
Then, thenexttime step of thecalculation is determined by the smallest element
such that,

qt" *2 a A gy, ot 05, gy (50)

Where N is the number ofelemeniser e i s a scal e factor ia
This factor is known athe Time Step Scale Factor (TSSFA@)dis typically set

to 0.90 as default. In the case of a blast loading,rduemmendedefault value is

lowered to 0.67Infact, having a lower value for this factor increases the accuracy

of the solution.Within the context of this study, thehaped chargget hasa

velocity much higher thatihe speed of sound of all materialsidiikely thatdue to

this reason, the valuef this factor is reduced to 0.0gb thatthe analysiscan

continue without stop due to errors caudaginstability [35], [36].
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The equation of state (EOS) and material flow parameters used in the numerical

simulations are given as follows:

Mie-GruneisenEOS as stated in EquatioB4 in Section 2.3.lis used mainly for
solid materials such as copper, stegld aluminum 29]. Zhang etal., 2017 B7]
and Steinberg, 1983§] claim that MieGruneisen EOS is also applicabdevater.
The MieGruneisen EOS parameters tfe copper liner (oxygenfree high
conductivity) upper and lower caps (1006), steaking(4140) witness plate and

chamber (4340Q)nd watethat are used in the survey are giweiable 4.2

Table4.2 Mie-Gruneisen EO®arameters o€opperLiner, SteelCasing Upper
and Lower Caps, WateGhamber and Witness Pld&l], [39], [40]

Intercept Gruneisen o E
Co (mls) =1 =2 = Parameten, (I/kg)
Copper| 3940 1.49 0.6 0 1.99 0.47 0
4340
4578 1.33 0 0 1.67 0 0
steel
4140
4578 1.33 0 0 1.67 0 0
steel*
1006
4569 1.49 0 0 2.17 0.46 0
steel
Water 1480 2.56 1.986 | 1.2268 0.5 0 0

*The steel materials with similar alleyare assumed to have the same EOS

parameters

The JWL equation of statas stated in Equatiod®6, has been used to accurately
describe the pressum®lumeenergy behavior of the detonation products o
explosives in metal acceleration applicatiohke JWL EOS parameters of RDX

explosivearegiven inTable4.3.
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Table4.3 JWL EOS Parameters of RDxplosive g1]

J A B

kg | oPa)| [Py | & | R | ¥ | EDmM]

RDX 1836 | 801.8| 52.64 | 5 2.1 | 0.340 8.5

The linear polynomial equation of states stated in Equatidd, is used to model
gases [9]. The linear polynomial EOS parameters of air are givefahle 4.4.

The parameters, which are not mentioned are equal to@gro,( % )4 ¢

Table4.4 Linear Polynomial EOS Parameters for &ie[21]

Energy per
M
o/’ o) Cy4 Cs unit volume
m ]
[kg/m”] EDf ]

Air 1.025 1.403 0.403 0.403 25x%x1 0

The Johnsoi€ook material model is a function of Von Mises tensile flow stress,

which is characterizedby strain hardening, strain rate hardening, and thermal
softeningJohnsolCo ok 6 s f or mul ati on of Eduatonf | ow s
38. JohnsorCook flow parameters ahe copper linersteelcasing and steel target

that are used in the survey are agivin Table 4.5 JohnsorCook fracture

parameters of the copper liner and steel target are givieabie 4.6
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Table4.5 Johnson Cooklow Parameters othe CopperLiner, SteelCasing Upper
and LowerCaps, Chamber and Witness Plgt4], [42]

c
A [MPa] B [MPa] n Strain m
M . ) Thermal | Thei{ Tr oo
Yield Hardening | Hardening Rate i
[kg/m?] | Softening| [ eK| [ eK
Strength| Modulus Coef. Sensitivity
Coef.
Coef.
Copper| 8960 90 292 0.31 0.025 1.09 1356 | 293
4340
7830 792 510 0.26 0.014 1.03 1793 | 293
Steel
1006
7890 350 275 0.36 0.022 1.00 1811 | 293
Steel
4140
Steel 7850 | 1450 910 0.45 0.034 0.328 | 1809 | 293
ee

Table4.6 Johnson CookractureParameters of th€opperLiner, Chamber and
Witness Plat¢43]

D, D D, D, D,
Copper | 054 | 4.89 | -3.03 | 0.014 | 1.12
4340 Steel | 0.05 | 3.44 | -2.12 | 0.002 | 061

4.3  Simulation of Standalone Shaped Charge Jet Formation

The jet formation is observed before the impact analysis to see if the jet is formed
properl y. At 2 4nitidlien ofithe detonation, a éhfet iecreatedh e
with araindrop-shaped tipasshownin Figure 46. The velocity gradient is shown

in Figure4.7.
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50s
11Gs . 15Gs
l 2465 \

Figure4.6 The Formation of SClet; Copper isShown inRed, Steel Casingand

TargetMaterial isDark Grey, andExplosiveDetonationProducts aréshown in

Turquoise

Figure4.7 The Velocity Gradienfm/s)of the Jein Axial Direction; TheJetTip
Velocity Reaches up to 9K3n/s
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The variablevelocity of the linerparticlesdue to the decreasing thickness of the
explosivein the steel casingreats a jet witha high tip and low tail velocitylt
constantly stretads,asshown inFigure 46 and Figure4.7. The simulabn result

of a jet formation matcls with the variable collapse velocittheory defined by
PERtheory, explaineih Chapter 1. The jet tip velocity can reach the magnitude of
9.3 km/s, which is close to the value given by Walters et al.,1989 [1] that claims
the jet tip velocity can exceed 10 km/Bhus, the jet that is created in the
simulation matches with the theory of the shaped charge jet formasoa.next
step, its collision with the standalone witness target and the combination of water

filled targes with different parametersanbe simulated.
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CHAPTER 5

TEST SETUP

5.1 The Design of the Test Setup

The test setupompriseghe muniton, alignment part, watdilled chamberand a
target as shown irFigure 5.1.All the chamber anthe withesstarges were made
of t he s a mdiamétel4B4D steemrodduring the whole survey An
alignment partis placedbetweenthe munition and the chamber to maintéahe
concentricity and a certain distanocetween these two componentfie open end
of the alignment part is designed to beachnce fit with the munitio®d maximum
0.2 mm gap betweethe munitiond suter surface anthe alignment pad s;ner
surface is filled with sellotape that is wrappeduard the munitiorso that these
parts can be precisely centerédsteel pipewith a4 mm wall thicknesgrovides
the gap betwen the chamber and the targéll the test partsincluding the
chamber, pipe, targetand alignment past are machined for good geometric
accuracy instead of welding (N Om2 mm
surface roughnessf o u r I 6 mm elflanbes of algmment parts and
chambers are drilled wita CNC vertical machining center to obtatime highest
concentricity between the alignment part and the chamiireasonable costsThe
upper and lower caps are made of 3 mm thick St37 shetiwith 0.08% carbon
content, which is the equivalent of 1006 steeldarecut as square plate®7 mm

x 97 mm) from the same sheet and kegststandardwhatever the test parameter
are selected Pure wateris taken from the same bottle and has exactlystmae
properties throughout the surveélhe ubber material is used as gaskets between
theupperand lower caps and the chamid&sur M6 steel rodscut from Standard 1

m stud boltsfix all alignment pad, upperndlower caps, and the chamber. These
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parts areas long aghe chambeitself so that they caabsorb the shock load and

keep the chamber components together without failure.

Alignment part

4 x M6
steel rod

Upper and lower caps

Waterfilled (St37)

chamber.
(4340)

Pipe
Witnhess

Target
(4340)

Figure5.1 TheDesign of theTestSetup

The tests without chamber and without water (w&ise chamber) are domith
sheet plates anspacer pipesas shown irFigure5.2. The distances between the
munition and the target (SO distance), munitiand upper caps are the same as
those in waterfilled chamber experimentgFigure 5.3) and are always kept
constantThe wateffree chamber test is conducted for a length of only 64 mm.
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Figureb.2 TestSetups thaRepresenthe Caseswvithout Chamber (LHSide), with
Chamber w/0Nater (RHSide)

b7’
V., A

Figure5.3TestSe t u p s wimtDiameteBafd 64 mmengthChamber(LH
S de), wi Digmeterar 64mmbhengthChambe(RH Side)
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CHAPTER 6

RESULTS AND EVALUATION

The effects of differentdiameter, lengthand sidewall thickness parameters are
investigated with simulatiaand tests. The simulation andteesults fodifferent
lengths, diametes andsidewall thicknesseare shown ifTable6.1, Table6.2, and

Table 6.3 respectively. The graphical demonstraticare shown in Figure 6.1,
Figure6.14, andFigure6.18.

Table6.1 Effect of ChambembDiameter and.ength onPenetratiorDepth

Simulation Results

S‘Q;S'ﬁﬂ‘;” Diameter (D) [mm] with

. w/o

(Side wall chambel chamber,
(] 10| 15 | 20 | 24 | 27 | 35 | 43 |50| 70 w/o water
— |32 73 97

£

£

= |48 68 98
= 118

< |64| 67| 59 |57.563.5/65.5| 68 |715|77| 76 102

C

(<))

— |88 66 108
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Table6.2 Effect of ChambemDiameter and.ength onPenetratiorDepthTest

Results
Test Result i with
?gidesvs;lls DIErEler (DY) i) w/o [ chambel
thickness chambell w/o
ty=5mm) 10 20 35 50 70 water
59

32 (55.7, 62, 57)
=B 63.5
E | 48 (66.9, 60.1, 109
) 63) (125,
3 64 | 62 49 70.5 767 | 5| 93 (fg4
S 55+ | (45, 48, 54) | (65.5, 75,5) (98, 55.3) —_y
3 )

88 57,7

Thevalues are averagef the test resultthat are given in paranthesis
*The test isre-done with 15 mnsidewalledchambey since the chamber failgith

5 mm sidewall thickness.

6.1 Effect of Chamber Diameter (D) on Depth of Penetration

Firstly, the effect oftie chamber diameter is evaluateden the other parameters

are kept constanfexcept for D=10 mm due to the explosion of the chamber)
Figure 6.1 shows the depth of penetration in witness targets versus different
diameters of watefilled chambers, which are shown kigure 6.2. The cases of

the watetfree chamber and without chamb@&igure 5.2) are also shown in the
same graphdr comparisonThe test results (DOP) are determined by facing the
witness target on a lathe from the bottom surface (opposite the shot surface). The
machining stops when the copper liner or the hole is reaEigtte6.3 andFigure

6.4 below show the SC jet penetrated test setups with waled chambers that

have different diameters, however, with standard length and sidewall thicknesses,
64 mm and 5 mm, respectively (except second test with 10 mm chamber diameter,

but 15 mm sidewall thickness Figure6.4 LH side). The remaining heights of the
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witness plates indicate the penetration of the shaped charge jet into these targets

after penetrating the chamber above the witness plate.

Chamber Diameter vs Penetration Depth
130
X
120 =
110 *
'€ 100
£ X
= 4
s X
g %0
© X
2 80
& X
S 70
e
a X
]
A 60 -
X\ ¥ X
50
sidewall
tw=15 mm <
40
30 T T T Ir
0 20 40 60 8( wio with
i Chamber Chamber,
Chamber Diameter (mm) wio
Water
X Individual Test Results —#=Avg. Test Results =—l=Simulation Results

Figure6.1 Depth ofPenetration v®iameter (D)Graph when th€hambellLength
(L) is 64 mmand the Sidewall Thicknesg,J is 5mm
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Figure6.2TestSet up s wi 8% 50iminDiamet@Chambers (LHSide
Pi ¢t ur ®ipmeten IH@nSidewallCh a mb e r  amnuDiameter 7 0
Chamber (RHSide Picturefrom Left to Right, Respectivelyith a Standaré mm
Sidewall Thckness ExceptMentioned)and64 mm Length

The number of tests for each parameter varies between one and three. (For
instance, one for D=10 mirfor both sidewall valuesthree for D=20 mm, two for
D=35 mm, two for D=50 mm, and one for D= 70 mm). Dudh® nonprecise
nature @ the explosion process, up &out20% deviationis expected to occur
between the maximum and minimum values of the results of the same parameter.
That deviation may also increase due to environmental factors, such as the
munitiors being kept for many years. Thus, five or more tests are ideally required
to obtain reliable results. However, doing so many tests is too costly and not
feasible due to the availability of the test facility. The numerical simulations are
used to supporhe test results. If both the test average and simulation results are
consistent within laout 10% deviation no more tests are done for this parameter,
and available resources are used for the other parameters, which have

inconsistencies between the testrage and the simulation result.
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Figure6.3 Test Results with Different Diameteiis10 mm, 20 mm, 35 mm and 50
mm, the DOP of th&VitnessTargets (théHeight of theMachinedTarges from the
Bottom) are 62 mm, 48 mm, 75.5 mm, 98 mm froeft to Right, Respectively
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Figure6.4 Test Results with Different Diameteits10 mm(15 mm sidewall
thickness)20 mm 50 mm and70 mm, the DOP of the Witne3argets (the Height
of the Machined Target from ti&ottom) are55 mm, 48 mmpb5.3mm, 75mm
from Left to Right, Respectively
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At large diameters such as 35 namd 70 mm, in the cases without chamber and
chamber without water, the average of the test results matches well with numerical
analysis less tham 10% deviatior). Test resultsvithout chamberwhich are 125

mm and 93 mm, also matchwell with King et al.[31], who claim the munition is
capable of penetrating 1420 mm steel armorAt 50 mm diameterthe test
average isalsovery close to the simulation result. Howeutie scatter of the test
resultsis relatively high, such as 53 and 98 miirhe test resultstamall diameters

such as D=10nm and 20mm, tendto be lower than the simulation results. That
deviationreaches up to526 at D=20mm andis thought tooccur due to very tiny
nortconcentricity(less than 1 mm) betweenthe munition and chambewyhich is

caused by geometric inaccuracies of the test setup. While the jet is passing through
the chamber, the pressure wave reflections, which are mentioned in the preceding
sections, are not returning back to thewgh a perfect balance as it is simulated.
This imbalanceis causing the jet material to spread sidewags can alsde
realized fromtheb ot t om sur f ace of, whichis cole@®witmm c har
copperparticles as shown irFigure 6.3 and Figure 6.4, second from the lefand
causing the DOP to be lower than expected from simulatidris effect beconse

much more obvious at tis diameter, which causes moparticulation than other

parameters.

The optimum value for thehamberiameter to minimize the depth of penetration

is 20 mm, as shown iRigure6.1. When the diameter increases from 20 to 50 mm,

the effect of theoressue wave reflections in thehamber diminishes gradually and
remains constant when it is greater than 50 mm. There is a transition region
between these diameter values. As the chamber diameter increases from 20 to 50
mm, the longesectionof the fastest ahthe most effective part of thet leaves the
chamber unharmed since the disturbed region of thgrgetuallyshifts backward
(Figure 6.5). The pressure wave reflections affect the medium velocity regions
(between 2.8- 4 km/s) in the middle of the jet with less disturbance and
particulations compared to lowehamber diametersuch as 20 and I5m. Thus,

thej e pededration capabilitgn the witness plate increases
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Figure6.5 The Jet Velocity Distribution (m/s) and the Disturbances Created on Jets
Leaving D=43 mm (Upper), D=35 mm (Middle) and D=27 mm (Lower) Chambers
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The reduction of diameter from 20 to 10 mm also increases the penetration depth of
the copper jet. The failuredplosion of the chamber occurs with the pressurized
water created at the jet tip, as showrrigure6.6 LH side The simulation and the

test are don#&r the D=10 mm chamber when the wall thickness is increased to 15
mm (Figure6.6 RH side)to sedf lower DOP can be obtainedithout failure of the
chamber. The simulation results dropped from 67 to 61 mm. The test result
dropped from 62 to 55 mm, which is closer to the results for D=20 mm (57.5 mm
simulation, 4 mm testaverageresults). However, the test and simulation results
for D=10 mm are still slightly higher thathosefor D=20 mm evenwhen the
sidewall thickness is very higfrigure6.1).

Figure6.6 Test Secimens and Witness Plates Bbx10 mm Chamber Diameter,
t,=5 mm Sidewall Thickness (LH Side),=15 mm (RH Side)
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The effect of the wave reflections on the jet disappears at large diameters such as
D=50 and 70 mm since it takes such a long time for the reflecting wave to come
back and hit the jet, as shown kigure 6.7. In the meantimethe fast and the
effective part of the jet exits from the chamber without getting particulated.

Reflectingwave

Departing wave

-:Detonation product’: Casing.: Copper Iiner,-: Upper, lower cap’ :Chamber, target

Figure6.7 The Reflecting Pressure Waves (GPa) in Water @2 & O0s af t er
Detonation when the Chamber Diameters D=50 (Upper Figurenn2(Lower
Figure)

With small diameters such as D=20 mm, pressure wave reflections from the
chamber bottom and sidewalls can reach the jet and cause the particulatitreafter

tip of the jetleaves the chamber, as shownFigure 6.8. However, there is no
particulation in 50 mm diameter chamber. Besides, at large diameters, the
detonation gases also leak through the open hole made by the jet and create an
additional protective layer before the reflecting wave reaches the jet.
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LR3
B

: Copper Iiner,.: Upper, lower cap’:Chamber, target

-:Detonation productd#: Casing

Figure6.8 The Difference of Jet Particulations between 20 mm (Lower Figure) and
50 mm (Upper Figure) Diameter Chambers (L=64 mntistance t=38s after the

Start of Detonation

When the diameter is small, such as 10 mm, the jet pushes the water through the
chambelike a piston as it passes through. The water particles move with the jet tip
and compress to very high pressures, such@a&®a in front of the jet, as shown

in Figure 6.9 middle and lower picturefor botht,=5 mm and 15 mm sidewall
chambers Thus, the jet leaves the chamber with an explosion of the bottom cap
due to compressed water at extreme pressure. After the explosion of the bottom
cap, pressure reliefausessome portion of the jetip, with a high velocity, to
shatter into small pieces and to scatter in the radial dire@igore 6.12 middle
andlower pictures). It causes material loss from the fastest and the most effective
part of the jet. Thiseffect becomes much more apparent when the sidewall

thickness ) of the 10 mm diameter chamber is increased to 15 Riguie6.12
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lower picture) These scattered jet particles hit the upper surface of the witness
target. Their marks on the upper surfaces can be séagure6.6 andFigure6.11

LH side. Copper jet material is spread to a relatively larger surface, regardless of
the sidewall thickness. It creates larger dents than the other diameters on the upper
surface of the witrgs plates, as shown iRigure 6.3 and Figure 6.4 LH side
specimens.Figure 6.11 shows two chambers inFigure 6.4 LH side and the
difference of their jet exit holes closer from two angles. The case for D=10 mm,
t,=15 mm is shown on the LH side in each picture, whereas D=20 mm is shown on
the RH side. For the D=10 mm case, the jet punches quite a large hoke in th
bottom cap during the jetds exijetttipdue t o t
However, when D=20 mm, the bottom cap keeps its shape for a while. Thus,
pressure wave reflections from the bottom cap and then the sidewalls cause
additional particulations when the jet leaves the chamber and starts penetrating the
target 36 Os a fstarts,ras shdwe iRiguee®6.b3nAs ta iresuit, the

particulations spread to a longer part of the jet when D=20 mm.

While the jet passes through the chamber, the pressure wave created in the water
travels to the side of the chamber. When D=10 mm and sidewall thicle$s

mm, it reflets earlier, which causes particulations at the portions closer to the tip
(Figure6.9, Figure6.10red circles in the lower picturégigure6.10is the same as
Figure 6.9, high pressure zones at the jet tip are masked to make pressure wave
reflections visible, and Figure 6.13 lower picturg. The reflected pressure levels

are above 1 GPa, higher than D=10, 20 mm casegysthmm sidewall thickness

(0.4-0.5 GPa) Figure6.9, Figure6.10red circles in the upper and middle picture).
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Figure6.9 The Difference of Pressure DistributionsWaterbetween 20 mm
(UpperFigure)and 10 mm (Middle and Lower FigurB)ameter Chamberat
t =240s
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.024
Pressure

Figure6.10 The Difference of Pressure Distributions in Water between 20 mm
(Upper Figure) and 10 mm (Middle and Lower Figure) Diameter Chambers at
t = 2 {4S@rse as Figure 6.Blowever High PressureRegions arélasked)
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Figure6.11 The Difference ofExit Holes betweei®=10 mm t,=15 mm(LH side
Specimenin EachPicture) andD=20 mm t,,=5 mm(RH Side Specimenin Each

Picture) DiameterChambers fronTwo Different Angles
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-:Detonation product’: Casing.: Copper Iiner,.: Upper, lower cap.:Chamber, target

Figure6.12 TheDifference ofJet Tip Scatterafter Leaving20 mm UpperFigure)
and10 mm Middle and LowerFigure DiameterChambersat t =3 3 Os
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Figure6.13 The Difference of Jet Particulation after Leaving 10 mm (Middle and
Lower Figure ) and 20 mm (Upper Figure
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6.2 Effect of Chamber Length (L) on Depth of Penetration

Figure 6.14 shows the depth of penetration in witness targath respect to
different lengths of watediilled chamberswhen the other parameters are kept
constant The test parts areshown inFigure 6.15. The cases of the watéee
chamber and without chambédfigure 5.2) are also shown in the same graph for
comparison Similar to the diameter tests, the test results (DOP) are determined by
facing the witness target on a lathe from the bottom surface (opposite the shot
surface). The machining $t® when the copper liner or the hole is reackéglre

6.16 shows the SC jet penetrated test setups with viillest chambers that have
different lengths, however, witla standard diameteof 20 mm and sidewall
thicknessef 5 mm. The remaining heights of the witness plates indicate the
penetration of the shapagharge jet into these targets affgssing througlhhe

waterfilled chambes above the witness plate

In Figure6.14, the simulations with a watéitled chamber sbw that the increase

in the chamber length reduces the depth of penetration between 32 mm and 64 mm,
as expected. However, an increase in chamber length between 64 mm and 88 mm
does not reduce DOP since the lower cap is very close to the witness target (5
gap). An enough distance between the chamber and the witness target is required
for the jet to particulate after leaving the chamber. Thus, it is harder for the jet that
is leaving 88mm long chamber to particulate, as showrFigure 6.17, which
increases the resultant depth of penetration on the target compared to 64 mm long
chamber.
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Penetration vs Chamber Length
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A Avg. Test Result with Chamber w/o Water
=@=Simulation Results with Water Filled Chambers and w/o Chamber

=@=Simulation Results with Chamber w/o Water

Figure6.14 The Depth ofPenetration vd ength when th®iameter is 20 mnand
Sidewall Thickness is 5 mm
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Figure6.15 Test Setups with Different Length Chamb&2mm, 48 mm an@&8

mm from Left to RightRespectively with a Standard 5 mm Sidewall Thickness

andil 20 mm Di amet er

The increase in length of the wafeze chamber reduces its protection (or
increases the DOPas shown irFigure 6.14 with the green graph, since the gap
reduces between the witness plate and the chamber bottom plate. When this gap
becomedarger(the chambebecomes shorter), the shattered pieces of the jet, after

it penetrates through the bottom cap, scatter to a wider area on the witness plate.

Thus, the jetds energy is dissipated,
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Figure6.16 Test Results with Different Length Chambers; 32 mm, 48 mm, 64 mm
and 88 mmthe DOP of the Witness Targetee57 mm, 63 mm,45mm, 57,7 mm
from Left to Right, Respectively
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Figure6.17 TheJetthat is Leaving the Chambef Different LengthsL= 64 mm
and88 mmat t=351s

At 32 mm length, thalifferencebetween average teahd simulatiorresults(59

and 73 mm, respectivelygf waterfilled chambers is relatively larger than other
chamber lengths. T large deviation betweenthe simulation and test results

likely due to a strong interaction between geometric inaccuracies of the test setup
and the gap between the chambred &he witness plate. The 32 mm long chamber
has the largest distance to the witness plate. A very timcaonoentricity between

the munition and the chamber causes the wave reflections not to return to the jet
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with a perfect balance as it is simulatetdlafTimbalance and the large gap between
the chamber and the witness plate may be causing the jet particles to spread around
more and also causing the DOP to be less than 48 mm long chamber.

6.3  Effect of Sidewall Thicknesgt,,) on Depth of Penetration

Table6.3 Effect of Sidewall Thickness orPenetratiorDepth when th®iameter
(D) is 20 mm and theChambelLength(L) is 64 mm

Sidewall Thickness(t,,) [mm]

Test Results Testl| Testll| Testlll [Avg.

(Diameter 20

mm, Length S o 45 48 54 49 428 43
64 mm
Simulation | 575 58 | 58
Results

Figure 6.18 shows the depth of penetration in witness targeth respect to
different sidewall thicknesses of wafdled chambersvhen the other parameters

are kept constant. The test set@we show in Figure 6.19. Figure 6.20below

shows the SC jet penetrated test setups with viidlet chambers that have
different sidewall thicknesses, hovezy with the samelength and internal
diameter, 64 mm and 20 mm, respectively. The remaining heights of the witness
plates indicate the penetration of the shaped charge jet into these targets after

penetrating the chamber above the witness plate.
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Depth of Penetration (mm)
N w S a1 (2] ~ o ©
o o o o o o o o

[N
o

o

Sidewall Thickness vs Penetration

=T est
Results

== Simulation
Results

X Individual

Test
Results

T T 1

5 10 15
Sidewall Thickness (mm)

Figure6.18 The Depth ofPenetration vSidewall Thickness (D=20Gnm and L=64

mm)

Figure6.19 Test Setups with Different Sidewall Thickness Chambers; 1553,
and 10 mm from Left to Right, Respectively with a Standard 64 mm Length and

I 20 mm Di ameter
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Figure6.20 Test Results with Differerfidewall Thickness Chamberk5, 3, 5,
7.5, and 10 mm, the DOP thfe Witness Targets are 83, 68, 54, 42.8, and 43 mm
from Left to Right, Respectively

95



An increase in the sidewall thickness from 1.5 mm to 5 mm causes a reduction in
the penetration depth, as showrFigure6.18. As the wall thickness increases, the

incoming pressure waves cause less plastic deformation at the chamber walls
Therefore,a smaller portion of the energy is absorbed by the chamber sidewall

Therefore, it reflects more energy back to the jet. However, the thickness has no
remarkable effect when it is higher than 5 mm, which shows that 5 mm thickness is
able to reflect enough amount of energy for the maximum possible particulation, so

the ircrease in thickness above this value has no remarkable effect on the result.

The size of the higjpressure areas indicated with green zones (>400 MPa) in
Figure6.21is larger when the wall is thickeFhese results shothat the reflected
amount of energy from the walls is higher when tm® compared to tE5 and3

mm. It causes more particulations whtre jet leaves the chamber, as shown in
Figure 6.22.
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Thicknesgsat t=281s (D=20 mm and-=64 mm)
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Figure6.22 TheDifference ofJet Particulationand Disturbancelsetweenl.5,3
and 5 mmSidewall Thicknesses at t=8s (D=20 mm and L=64 mm)
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CHAPTER 7

CONCLUSIONS

7.1  Summary and Conclusions

This thesis evaluateshe protective capability of the watditled cylindrical
chamber made of 4340 steel with different diameters, lengthd sidewall
thicknesses against M&haped charge ammunitionThe effects of these
parameters on the penetration depth in the 4340 sitedss plate placed behind

this chamber are investigated by conducting numerical FEM analysis and tests for

the critical parameters.

The shaped charge jet is formed by the collapse of the conical copper liner with the
detonation of the explosive with a weafrom the tip of the cone to the bottom. The
nature of this collapse procesauses velocity gradient within the jet from the tip

to the tail. Ths velocity gradientresults inthe jet stretchingand eventually
particulate an important phenomen affecting its penetration capability. The
liquid media can transmit the energy to the chamber side and bottom walls by
pressure waves. The reflection of thgsessurewaves causes disturbances and
particulationswhen radial pressa isappled to the jet. Within the scope of this
thesis,the main aim igo observe how the different chamber parameters affect

these particulations and the resultant DOP on the witness plate.

The numerical FEM simulations are carried out wah Multi-Material ALE
algorithm which usually gives consistent ressliwith the tests. This verifighat

the method is convenient to use with the shape charge jet impact with a liquid
mediasuch as watetiquid-solid interactionsandthe behavior ofductile materials
underhypervelocity impact, such as 4340 steetl OFHC coppeis also claimed

by Wu et al., 201932).
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The effect of the diameter is investigated betw&@rmmand 70 mmwhen the
chamber lengthand sidewall thicknessare kept constant, 64nm and 5 mm,
respectively The optimum value for the chamber diameter to minimize the depth
of penetration is 20 mnWhen the diameter increases from 20 to 50 mm, the effect
of thepressure wave reflections in tbkamber diminishes gradualiynce thg et 6 s
affectedregionsfrom pressure wave reflectiorshift towards the tail of the jet
Thus, the disturbances and particulatians the jetoccur in relatively lower
velocity regions whereashigher velocity regionkeep their integrity. The DOP
remains constant whahe chamber diametés greater than 50 misince it takes
such a long time for the pressure waves to reflect and return to the jeheAll
effective part of the jet hits the target without any distuckaor particulationst

these diameters

With small diameters such as fim, there igoo little gaparound the jet for the
water to flow to the back side of the jet tip. Thus, the wadeticles move with the
jet tip and compress to high pressurasound 45 GPa. This extreme pressure
causes failure of the 5 mm thick chamber sidewalls. Thus, anettervds also
done with 15 mm sidewall®f the same dmeter and lengthThe highly
pressurzed water at the jet tipauses the bottom cap open with an explosion
when the jet leaves the chamb€&his pressure relief causeemejet particlesat

the tip b scatteiin theradial direction.The hole is so large that the bottom cap can
not reflect any pressure waves the sidewalls and then to the jeta20 mm
diameter chamber. Thus, the particulations occur only at a small region close to the
tip and camot spread to the wider region as don@ 20 mm diameter chamber.
Thus,the resultant DOP is higher than those for 20 mm dianmeteoth tests and
simulations even with a very high thickness.

At small diameterssuch as 10 and 20 mrihe testesults tend to be lower than the
simulation results. Thisleviationenlarges up to 15% at 20 mm diameted is
thought to occur due to very tiny naoncentricity (less than 1 mm) between the
munition and chamber, which is caused by geometric inaccarattbe test setup.
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While the jet is passing through the chamber, the pressure wave reflections are not
returning back to the jet with a perfect balance as it is simulated. This imbalance is
causing thget material to spread sidewagad causing the DO® be lower than

expected from simulations.

The effect of chamber length is investigated between 32 mm (ap@i@ty 1 x

CD) and 88 mmfor which there remains onl$ mm gapo the witness platevhen

the chamber diameter asdlewall thickness are kepbmrstant, 20 mm and 5 mm,
respectively.The simulations show that the increase in the chamber length reduces
the depth of penetration between 32 mm and 64 asnexpectedHowever, an
increase in chamber length between 64 mm and 88 mm does not reducenB®P si
the lower cap is very close to the witness tar§eenoughdistance between the
chamber and the witness target is required for the jet to particulate after leaving the
chamber. Thus, it is harder for the jdiat is leaving88 mm long chamber to
particulate which increases the resultant depth of penetration on the target

compared to the 64 mm long chamber.

The effect of sidewall thickness is also investigated between 1.5 mm to 18mm.
increase in the sidewall thickness from 1.5 mm to 5caoses a reduction in the
penetration depth. As the wall thickness increases, the incoming pressure waves
cause less plastic deformation at the chamber willisrefore,a smaller portion of

the energy is absorbed by the chamber sidewalls. Thereforiéedtsamnore energy

back to the jet causing more particulationHowever, the thickness has no
remarkable effect when it is higher than 5 mm, which shows that 5 mm thickness is
able to reflect enough amount of energy for the maximum possible particulation

which can minimizeéhe DOP.
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7.2 Future Work

This thesisshows that the watdilled structuresarea new typeof armorthatcan
be effective against SC munitions. It algsovides some basic knowledgad
experienceto create awaterfilled armor systenaganst this type ofmunitions.
However, there area lot more studies/investigations to be done to devalop

effectivearmor system in various operational conditions.

A small warhead diameter SC munition is used in this investigation dbe ¢oss
and awilability of the test facility. Howevethe threats of armored vehicles are not
limited to this kind of shaped charge. A larger munition such as LAW or RPG

munitions may be studied.

This investigation is done imn axisymmetric conditionHowever,the munition
does not have to lmncentricand perpendiculao the chambemn an actual armor
application. The cases considering the eccentricity amdination angleof the
munition to the chamber and the combination of both scenarios sheuld b
investigatedto develop an armor These cases can not be modeled with 2D,
axisymmetric FEM algorithms. A 3D model is to be usHukse cases may also be
studied with combinations of different chamber diameters and lengths as well.

The different standéfdistances betweethe chamber, munitigrand the witness
targetandmunition,as well aghe differentcombinatios of these parametersay

be studied to optimize the effectiveness of this kind of armor sy&terthermore,
different liquid materials chamber materials, and chamber shapes and their

combination may also bevaluate.
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APPENDICES

A. The Photos ofThe TestSetups Testedwith Different Diameter Chambers

Figure Al TestSetupsTestedwith Chamberghat havel0, 20, 35 Above) 50,
and 75 mmBelow) Diameterand 64mm Length
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