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Abstract: The thickness of a shaped charge liner is one of the essential parameters
that must be considered when optimizing penetration depth into a target material.
In this paper, experimental and analytical studies have been implemented using
shaped charges having copper liner thicknesses ranging from 0.7 to 1.3 mm
in an optimization study of the influence of jet characteristics on the achieved
penetration depths into steel targets. The shaped charges were filled with equal
masses of PETN-polyurethane based PBX explosive charges and fired against
steel targets placed at 29 mm stand-off distance. The experimental measurements
show that the depth of jet penetration into steel targets increased with liner
thickness up to a thickness of 1.1 mm, after which the penetration decreased again.
A numerical study was also carried out using the hydrocode Autodyn to model
the jets used in the optimization analysis, which accounted for the variation of
penetration depth using different liner thicknesses. This analysis also showed why
the penetration depth achieved with a liner thickness of 1.0 mm was not optimum
due to its non-coherent formed jet. Instead, a liner with a wall thickness of 1.1 mm
exhibited the optimum penetration depth of 12.8 cm.
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1 Introduction

Shaped charges consist of a confined cylinder explosive charge containing a cavity
lined with a ductile metal such as OFHC copper at one end and a detonator at the
opposite end. Based on the explosive type initiated by the detonator, a detonation
wave starts to propagate within the explosive at a velocity of about 9 km/s [1].
When the detonation wave strikes the liner, it starts to collapse by flowing towards
the charge’s centerline under a high pressure loading. Part of the collapsed liner
material forms a jet that moves with a high tip velocity (7-9 km/s) [2, 3]. The jet
so formed elongates due to the existence of a velocity gradient along its length.
The stand-off distance between the charge base and the target surface allows
the jet to elongate until either it is completely consumed during penetration or
it breaks up into small fragments. A continuous long jet is capable of achieving
a large penetration depth into the target material depending on its solid state
and porosity [4]. The penetration is mainly caused by the lateral displacement of
target material due to the pressure generated by the impacting jet, which is very
high compared with the strength of the target material [1].

Much research has been performed to investigate the effect of explosive-liner
mass ratio, explosive type and the effect of liner thickness on the jet formation
process and its subsequent penetration potential into monolithic targets and
various alloy material targets [5].

Nan et. al [6] investigated experimentally and numerically the penetration
performance of shaped charges composed of three different types of explosives,
namely RDX, HMX and CL-20. They performed cylinder expansion tests to
estimate the JWL parameters and the Gurney velocity for each explosive that
they studied. The JWL equation of state was used in Autodyn hydrocode to model
the studied explosives. The results they obtained for shaped charges loaded with
CL-20 based explosives achieved respectively 17 and 3% higher penetration
depths into steel targets than those loaded with RDX- and HMX-based explosives.
They attributed the higher penetration of shaped charges containing CL-20 to
its higher velocity of detonation, C-J pressure and Gurney constant compared
with the other two explosives.

Saran et. al [7] experimentally investigated the performance of shaped
charges with liners of various shapes (conical, trumpet) manufactured out of
different aluminum alloys of three different thicknesses (4, 6 and 8% of the
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charge diameter (CD)). The aluminum alloys they used were in the 5000, 6000
and 7000 series. They tested the shaped charges against both sand and SAE 1020
steel targets. The set of the tested charges was located either at a moderate stand-
off distance (3 CD) or large (15 CD). They found that liners of small thickness
penetrated deeper but with slightly smaller crater diameters (e.g. conical shaped
charges with liner wall thicknesses of 4, 6 and 8% of CD achieved penetration
depths of 2.41, 1.46 and 1.13 CD into steel targets, respectively, when fired at
a stand-off distance of 15 CD.

Dehestani et al. [8] also studied the effect of stand-off distance and liner
thickness on the penetration performance of shaped charge jets. Their simulated
liners had conical shapes with a charge diameter of 30.2 mm and liner
thicknesses of 0.5, 0.6, 0.8, 1.0, 1.2, 1.4 and 1.6 mm. For each liner thickness,
both the jet formation process and its penetration into AISI 1045 steel target
were predicted using ABAQUS finite element software. They validated their
predicted penetration depths with experimental firings of some shaped charges
having liners with various wall thickness. The results they obtained showed that
decreasing the liner thickness from 1.6 to 0.6 mm increases the jet tip velocity,
which in turn increases the penetration depth from 40 to 65 mm as shown
in Figure 1. On the other hand, a shaped charge with a liner wall thickness
of 0.5 mm achieved a penetration depth of only 63.9 mm, which may be attributed
to the jet breaking up before starting to penetrate the target. This means that if the
liner wall thickness is decreased below a certain critical value, the penetration
potential begins to decrease again. This means that an optimization study
has to be performed to determine the optimum liner wall thickness.
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Figure 1. Plot of the dependence of jet penetration depth on liner wall thickness
(data taken from [8])

Using the LS-DYNA code, Ou et al. [9] numerically studied the effect of the
design parameters of a shaped charge on its penetration process. The parameters
they studied were the cone apex angle, the liner wall thickness, the stand-off distance
and the detonation point. Each design parameter was investigated individually.
They used the Taguchi method to evaluate the effectiveness of each parameter
by identifying its signal to noise ratio. Then they predicted the optimal parameter
level using statistical equations. Their analysis showed that the design parameter
with the most effect was the initiation point which contributed about 23%
of the predicted penetrated depth, whereas the liner wall thickness had only
an 11% effect of the depth of penetration. Figure 2 is a plot of the predicted
penetration depths of jets formed from liner thicknesses of 0.05, 0.75, 1.05, 1.35
and 1.6 mm (i.e. 0.7 to 2.3% of the CD) based on the data retrieved from [9].
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Figure 2. Plot of the jet penetration depth with liner wall thickness (data taken
from [9])

It can be concluded from the research published in Refs. [7-9] that there
is evidence of an effect of liner wall thickness on the performance of shaped
charges in terms of their jet mass and velocity as well as the penetration depths
achieved into different targets.

In the present research, an experimental program was conducted to test
a few manufactured small size shaped charges loaded with the same amount
of PETN-based polyurethane PBX charges. These shaped charges were tested
against steel targets in order to investigate the effect of different copper liner
wall thicknesses on the jet penetration depths. The Autodyn hydro-code was also
used to simulate the tested shaped charges with different liner thicknesses so as
to predict the main parameters associated with jet formation and its penetration
potential into steel targets. Moreover, based on the extensive jetting analysis
results obtained using the Autodyn hydrocode, jet breakup times and penetration
depths were predicted for all the shaped charges tested, allowing the optimized
liner wall thickness to be selected and then tested experimentally.
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2 Experimental Work

2.1 General information

An experimental program was conducted to manufacture PETN-polyurethane
based PBX explosive and to assemble small size shaped charges with different
liner wall thicknesses and to test their penetration potential into steel targets.
In what follows, the manufacturing techniques for both the liner and the explosive
are presented together with the charge assembly and field testing.

2.2 The liner

The liners were made of Oxygen Free Electrolytic Copper (OFEC) sheet with a high
purity 0f 99.99% Cu. This material has very low oxygen and phosphorus contents
giving it the high ductility needed for the jet material to sustain a long break-up
time and a better cohesive performance [ 10]. The copper liners were manufactured
using a shear forming technique, which starts with cutting circular copper discs
which are then annealed at 400 °C for 30 min prior to plastic deformation to
decrease the strain hardening and to maintain the material ductility during the
flow forming process [11]. The manufactured copper liners had a trumpet shape
with a base diameter of 33 mm and uniform liner wall thicknesses. The liner wall
thicknesses used were 0.8, 0.9, 1.0, 1.1 and 1.2 mm.

2.3 The explosive charge

The explosive charges that were used were a cast cured plastic bonded explosive (PBX)
based on PETN and polyurethane with a total average mass of 40.0 g. The PETN
main powder was bimodal with the coarse crystals having an average particle
size ranging from 150 to 200 um and the fine crystals being about 38 um in size.
This powder was produced by Anjana Explosives Ltd. (India). An inert thermoset
binder hydroxyl terminated poly butadiene (HTPB) with a 0.78 NCO/OH ratio
cured using hexamethylene diisocyanate (HMDI) obtained from Shandong
Yucheng Yiao Technology Co. Ltd. (China) was also used in the formulation.
Dioctyl azelate (DOZ) was used as a plasticizer to decrease the viscosity of
the mixture and make the mixing and casting process easier. The formulation
was processed using a cast cured technique (solvent-less technique), in which
the polymeric binder (HTPB), plasticizer (DOZ) and MAPO were transferred
under vacuum using a vertical stainless steel mixer at 60 °C for 7 min to ensure
uniform distribution. The PETN powder was then added in small portions 2-3 times
during mixing without vacuum at 60 °C for 2-3 h. The mixing operation then
continued for 30 min under vacuum at 60 °C to ensure complete coating of the
explosive grains after complete addition of the high explosive. Then the temperature
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of the mixture was cooled down to 40 °C, the HMDI was then added and then
mixed for about 25 min to obtain a uniform dough. 40.0 g of the dough was then
cast into each shaped charge steel case, after which the liner was inserted manually
in an upright position inside the charge casing to make sure its axis coincided with
that of the charge casing. Mild hydraulic pressing (15-20 MPa) was applied slowly
allowing time for trapped air to escape. This avoids non-uniformity in the distribution
of the explosive charge load which would result in a non-homogenous detonation
velocity and unpredictable performance. These steps in the explosive-liner and
casing assembly are shown in Figure 3. The charges filled with PETN-polyurethane
based PBXs were then left to cure for 10-15 days at 55-60 °C. The formulation of
the PETN-HTPB PBX we used is shown in Table 1. Theexperimental facilities of
the Abo-Zabal Company for Chemical Industries (Egypt) were used for preparing
this explosive type.

Table 1.  Compositions of the prepared PETN based PBXs

Ingredient PETN HTPB HMDI DOZ MAPO
Content [wt.%] 78 17.08 0.96 3.46
Extrusion and loading Liner insertion into casing Manual pressing

of the PBX

Figure 3. The explosive loading and the liner assembly (hydraulic pressing
step not shown)

2.4 Density and detonation velocity measurements

The manufactured PETN-based PBX density was measured using the Laboratory
Facilities of the Abou Zabal industrial factory and was found to be 1.45 g/cm?.
The detonation velocity of the PBX was measured using a hand-held detonation
velocity tester Model VOD-812 produced by OZM Research (Pardubice,
Czech Republic) [12]. The tested specimens were cut in the form of a sheet
with 1 cm thickness, 2 cm width and 15 cm length. The time interval taken by
the detonation wave to cover the distance between the start and the end fiber
optic probes was measured, which gave the detonation velocity to high precision.
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Each specimen type was tested three times, giving an average measured
detonation velocity of 6970 m/s with a standard deviation of 45 m/s.

2.5 Calculation of the detonation characteristics

The theoretical detonation characteristics such as the detonation pressure and
the heat of detonation of the manufactured PETN-based PBX explosive were
calculated using the EXPLOS5 thermodynamic code [13]. The BKW Equation
of State (EOS) parameters were applied. The values of these parameters were:
- a=0.5,

- f£=0.298,
- k=10.50, and
- 6=6620.

The calculated detonation characteristics of the PETN-based PBX explosive
showed that the detonation pressure was 17.2 GPa, and the detonation heat
was 5268 J/g. The calculated detonation velocity was 6996 m/s, which was lower
than the experimentally measured value by about 0.37%. This fact gives
confidence in and verification of the used code. The JWL EOS coefficients
relevant to our PETN-based PBX formulation composition were also calculated
and are listed within the numerical material model section [14, 15].

2.6 The charge assembly and the static firing

Each manufactured tested liner was assembled with a casing made of 4340 steel.
Then the same amount of explosive charge was loaded and a base detonator
fastened to the end of the charge using the experimental facilities of the shaped
charge laboratory of the Research Center of the Armed Forces (Cairo, Egypt).
Five small size shaped charges with different liner thicknesses ranging from 0.8
up to 1.2 mm with an increment of 0.1 mm were prepared.

The selected target material was steel 52 grade consisting of laminated
layers; each layer having a thickness of 25.4 mm. The layers of the steel target
plates were welded together at their peripheries where the total thickness of the
target was greater than the jet penetration depth of the shaped charges used.
The hardness of the target material was measured using the laboratory facilities
of the Cairo Research Center. Three measurements were recorded after grinding
the target surface. The hardness was measured at different points on the
surface of each specimen and their average values were found to be 195 HB
with standard deviation of 3 HB. The measurements were carried out using
an Ultrasonic Portable Hardness Tester Non-Destructive Model PHT-6000 series.
Material bulk modulus and related mechanical properties were obtained using
the matweb database [16].
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The ballistic static firing of the prepared shaped charges was carried out in
the shooting range of the Cairo Research Center. The ballistic set-up consisted
mainly of:

—  detonator,

—  power supply,

prepared shaped charge, and

— laminated steel target.

The steel target was placed at a stand-off distance of 29 mm below the
tested charge. A photograph of the ballistic set-up is shown in Figure 4. For each
tested shaped charge, the ballistic measurements were mainly concerned only
with the depth of jet penetration into the steel target and the crater shape inside
this target material. These measurements were made after cutting longtudinal
half sections of the formed craters using a vibrator saw.

RHA Steel Target

Figure 4. Ballistic test setup of the constructed shaped charges and the
testing facility

3 Numerical Simulation

3.1 General information

An Autodyn-2D numerical hydrocode was used to investigate the influence of
shaped charge liner wall thickness on the relevant jet characteristics and their
impact on the penetration depths achieved into steel targets. Descriptions of the
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shaped charge elements, their material models consisting of their equations of
state and strength models, are introduced briefly. Moreover, a mesh sensitivity
analysis study was also performed in order to investigate the effect of mesh size
on the produced jet characeristics and relevant jetting parameters.

3.2 Material models for the shaped charge elements and the steel
target

The equation of state for the 4340 steel casing was selected to be linear whereas

the initial elastic behavior was expressed by Hooke’s Law [17]. The casing

material used had a density of 7.83 g/cm® and a bulk modulous of 160 GPa.

The adopted strength model used for the 4340 steel was Johnson-Cook (J-C) [18].

The J-C parameters were:

— the yield strength 4 = 792 MPa,

— the strain-rate constant B = 510 MPa, the hardening exponent n = 0.26,

the strain-rate constant C = 0.014, the thermal exponent constant; m = 1.03

and the normalized effective plastic strain-rate = 1.

The OFHC copper liner material with a density of 8.93 g/cm® was modeled
by the shock equation of state with sound speed value (C,) of 3940 m/s,
slope value (S) of 1.489 and reference temperature of 293 K. The adopted strength
model was J-C [18]. The J-C parameters were:

— the yield strength 4 = 90 MPa,

—  the strain-rate constant B =292 MPa,

— the hardening exponent n = 0.31,

— the strain-rate constant C = 0.025,

— the thermal exponent constant m = 1.09, and

— the normalized effective plastic strain-rate = 1.

Interested readers should consult Ref. [18] for a detailed explanation and
discussion of the J-C model and its modifications (J-C-M) [19].

The EOS for the high explosive employed was the Jones-Wilkins-Lee (JWL)
equation. For the explosive used, experimental constants were determined from
sideways plate push dynamic test experiments [20] and the cylinder expansion
test [21-23]. The PBX explosive loading density was 1.45 g/cm?. Parameters in
the JWL EOS were:

A 6.098 - 10 kPa,

- =1.298 - 107 kPa,

- R1 = 45,
— Ry=1.4, and
- w=0.25.

In addition, the measured detonation velocity of 6970 m/s, the detonation pressure
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of 17.2 GPa and C-J energy per unit volume of 7.6386 - 10° kJ/m? were fed
into the code.

The equation of state for the steel target material was selected to be linear
with a density of 7.83 g/cm?® and a bulk modulus of 1.6 - 108 kPa [16]. The strength
model was neglected because of the tremendous stagnation pressure generated
during the jet-target interaction [1].

3.2 Numerical algorithms of shaped charge

3.2.1 Jetting analysis algorithm

The standard jetting analysis, the jet formation and its penetration algorithms are
the two main algorithms used in the Autodyn hydrocode. Detailed descriptions
of these algorithms are reported in [2]. The jetting analysis is the simplest
process that predicts the parameters associated with the jet formation
process; i.e. during the liner collapse until the jet is formed. Jetting analysis
calculations are based on the Pugh-Eichelberger-Rostoker (PER) theory of jet
formation [24, 25]. Figure 5 illustrates the constructed shaped charge including
the 4340 steel case, the explosive and the trumpet liner with fixed apex node.
This is considered to be a complete representation of the jetting analysis process
in the Autodyn hydrocode. The main steps used to simulate the jetting analysis
process are reported in [3, 26, 27].

PBX
STEEL 4340

CU OFHC

Figure 5. Initial model of the jetting analysis process

3.2.2 Jet formation and penetration algorithm

The jet formation process shows the profile of the formed jet as a function of time,
in addition to the contours of different jet parameters, the jet break-up and its
particulation phenomena. The cut-off velocity was also determined using this
algorithm when the target material was added to the jet within the same part.
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The jet is allowed to penetrate the target material as deep as it can, while the cut-
off velocity is identified as the point when the penetration progress stops.
In addition, the performance of the formed jet, which is strongly affected by
the detonation wave front incident upon the liner surface, can also be shown
in this algorithm. The initiation method, which affects the detonation wave shape
and the associated pressure, was also considered as one of the factors influencing
the shaped charge performance using this jet formation algorithm. The complete
procedures for simulating the jet formation process and describing the initiation
point for the explosive charge are reported in [3, 17].

3.3 Mesh sensitivity

It is known that the mesh size and its shape affect the accuracy of the numerical
results obtained [28, 29]. Using a fine mesh gives accurate results, but it takes much
more time than if a coarse mesh is used. The mesh sensitivity study was performed
for the jetting analysis algorithm so as to study the sensitivity of the characteristics
of the jet produced (such as jet mass, velocity and kinetic energy) to the initial
mesh size used. In this sensitivity study, a Euler common space of both explosive
charge and steel casing was represented in the algorithm by grids with uniform
square cell sizes. The jetting model was run until complete jetting was obtained
using 10 different mesh sizes of 0.5, 0.33, 0.25, 0.2, 0.167, 0.142, 0.125, 0.111,
0.09 and 0.077 mm. The output data were assembled after terminating the jetting
analysis trial, in which all the liner elements were collapsed and directed towards
the charge axis forming both a jet and a slug. A summary of the used mesh sizes
and relevant jet characteristics is presented in Table 2 and shown in Figure 6 as
an example for the convergence of the solution to a steady jet mass at a value
of 3.05 g for a shaped charge with a liner thickness of 1 mm.

Table 2.  Predicted jet mass using different mesh sizes for shaped charges
with a liner thickness of 1 mm

Lines [mm] 2 3 4 5 6 7 8 9 11 ] 13

Mesh size [mm] | 0.5 [ 0.330.25]| 0.2 [0.167/0.142]0.125]0.111 0.09 [0.007

Jet mass [g] 3.57313.204|3.450{3.005]3.205]2.980{3.050|3.019{3.002|2.997

Time consumption |51 15| 50 | 35 | 60 | 90 | 140 | 200 | 350 | 580
[min]
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Figure 6. Jet mass and time consumption versus mesh size for shaped charge
with a liner thickness of 1 mm

Based on Table 2 and Figure 6, there is a mild dependence of the calculated
jet mass on the mesh size used, but the dependence is crucial when the calculation
time is also considered. The calculation time is an essential parameter and
it could not be neglected in this study as it is almost an exponential function of
the mesh size used. A mesh size of 0.125x0.125 mm predicted an increase in jet
mass of about 0.053 g compared with a calculation performed using a mesh size
0f' 0.007%0.007 mm; i.e. it increased by about 1.76%. Moreover, the time saved
in running the program using a mesh size of 0.125%0.125 mm was about 440 min
compared to when a mesh size of 0.007x0.007 mm was used. Therefore, a mesh
size of 0.125%0.125 mm was selected for the rest of the calculations due to its
affordable calculation time.

To show the area of the liner material affected by performing jetting analysis
with different mesh sizes, Figure 7 plots the dependence of cumulative jet mass
with relative axial distance from the liner apex. The figure shows that near the
apex of the liner, a common behavior is obtained with very similar cumulative
jet masses, but differences due to the different mesh sizes begin to occur at
about 80% of the relative axial distance from the apex. This means closer to
the liner base, the greater the percentage of the liner mass that flows inwards to
form the jet. The overall convergence was shown to be above 90% for the finest
mesh of 0.007x0.007 mm.
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Figure 7. Cumulative jet mass versus jet axial coordinate obtained from
the jetting analysis using different mesh sizes for a shaped charge
with a liner thickness of 1 mm

4 Results and Discussion

4.1 Jetting analysis results

The liner thickness has a great influence on jet formation and penetration process.
It affects the jet velocity and its mass affecting jet penetration since it is directly
proportional to jet momentum and relevant kinetic energy. Table 3 lists the jetting
analysis results including jet velocity, momentum and relevant kinetic energy
for each shaped charge with liner wall thickness ranging from 0.7 to 1.3 mm.

It can be seen from Table 3 that both the jet mass and momentum increase
with increasing liner wall thickness. On the other hand, both the jet tip velocity
and associated kinetic energy behave differently as they decrease with increasing
liner wall thickness.

Because jet penetration into the target depends mainly on the jet mass and its
kinetic energy, it is necessary to find the shaped charge design that gives optimum
penetration performance. A simple 2-D optimization problem is presented in
Figure 8 with the real limits of jet mass ranging from 2.31 to 3.59 g and jet kinetic
energy (K.E.) ranging from 43.11 to 48.52 kJ. The two lines cross at a liner wall
thickness of 1.05 mm which is the shaped charge liner wall thickness that gives
the optimum depth of penetration into target. A more sophisticated optimization
study is presented and discussed in Section 4.4.
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Table 3. Jet masses, velocities, momentum and K.E. for different
liner thicknesses

Liner Output
thickness | Liner |Jet mass Ratio of.] et J?t up Jet Jet K.E.
[mm] | mass [g] [e] mass to liner | velocity | momentum [kJ]
mass [%] [m/s] [kg-m/s]
0.7 13.45 2.31 17.17 8776 13.988 48.52
0.8 15.38 2.55 16.60 8393 14.499 47.89
0.9 17.29 2.79 16.19 8290 14.874 47.20
1.0 19.22 3.05 15.60 8170 15.287 46.62
1.1 21.08 3.18 15.10 8120 15.576 45.83
1.2 23.00 3.40 14.78 7870 15.788 44.80
1.3 24.92 3.59 14.40 7656 16.005 43.11
ln\\ 3
2811 - "‘“\\ ~o—Jet K.E. - 3.51
. ——Jet Mass
i | - 3.31
4711 - \‘\\
- 3.11
3 4611 - =
:j I - 2.01 §
X i E
B 4511 4 I " K
4t - I L 2.51
23.11 . . - \4 . r R
0.7 0.8 0.9 1 1.1 1.2 13

Liner thickness [mm]

Figure 8. Prediction of liner wall thickness of 1.05 mm that gives the optimum
penetration depth into target

A sample of the unsteady PER theory results based on the standard
Autodyn jetting analysis algorithm is presented. The predicted change of jet tip
velocity with cumulative jet mass for different liner wall thicknesses is plotted
in Figure 9 for liner wall thicknesses 0of 0.9, 1.0, 1.1 and 1.2 mm. For each liner
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wall thickness, the jet velocity obtained from the standard jetting analysis at
the tip area is corrected based on the formula suggested by Chou and Flis [30]
and verified by Giirel [28] considering the inverse velocity gradient near
the apex region.

The present figure gives the same trends as those obtained analytically using
the BASC code for the studied Aseltine shaped charge with a charge diameter
of 81.3 mm and emphasized by X-ray trials [31]. The present figure confirms
the validity and verification of the PER based jetting model, in which the jet
velocities will be used for further analytical penetration calculations.
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Figure 9. The jet tip velocities as function of cumulative jet mass
for different liner wall thicknesses according to a standard jetting
analysis algorithm

4.2 Breakup time

In addition to the numerical standard jetting analysis based on unsteady
PER theory, other parameters should be examined in order to determine the best
shaped charge w.r.t. penetration performance. These parameters include post-
numerical analytical work that determines the jet breakup time and its penetration
depth into a steel target. Hirsch [31] estimated the breakup time (#,) of a jet
element using Equation 1:
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2r
=3 (1)

where 7 is the initial radius of the jet element when the jet forms, which can
be measured using flash X-rays or estimated analytically using Equation 2:

r = ,/2RT; sin (g) (2)
where R is the initial inner radius of the liner element, 7} is the thickness of the
liner wall and /£ is the elemental collapse angle of the collapsed liner element
calculated from jetting analysis (PER model) [25].

VpL is a characteristic plastic velocity representing the average velocity
difference between the neighbouring collapsed jet elements [32]. The reciprocal
of Ve (i.e. 1/Vp) represents the specific breakup time of copper [32] and
zirconium jets [33]. For copper jets, the specific breakup time can be estimated
using Equation 3:

1_ _ T
L =13.886 — 101.149 (%), 3)

PL

For a given value of T;/CD, the breakup time of the copper jet was estimated
based on both scaled (T./CD) values and 1/VpL.

4.3 Prediction of penetration depth into steel target

Once the breakup time of the jet formed from each shaped charge studied has been
estimated analytically, the penetration depth into a steel target is predicted based
on the virtual origin model suggested by Allison and Vitali [34], discussed by
DiPersio et al. [35] and summarized by Schwartz [36]. They presented three
piecewise explicit functions that could be used to calculate the following:

—  penetration before jet breakup,

—  penetration when jet breaks up on entry into the target, and

—  penetration when jet completely breaks up before reaching the target.
Further discussions and modifications of the virtual origin method
are reported in [36].

It was found that the piecewise function conditions show that all the currently
studied shaped charges starting from a liner thickness of 0.7 up to 1.3 mm undergo
the second case penetration, in which jet breakup occurs during penetration into
the target material. Therefore, the following equation was used to estimate the
jet penetration depth into target [36].
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14
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where P is the penetration depth into the target, y is the ratio of the square root of
target density to jet density, V] is the jet tip velocity, #, the average breakup time,
Ve is the cut-off velocity and Z, is the effective length of jet (i.e. the stand-off
distance plus the distance from the virtual origin to the liner base). This length
is bounded by Equation 5:

1

Vetn) (59) <2, < @t )

Figure 10 shows the real representation of the back projection method
applied for a liner thickness of 1.1 mm to determine the location of the virtual
origin point allowing the effective jet length used in Equation 4 to be calculated.
Z, was determined using the same method reported in [29], where the shaped
charge jet formation is used for further back projection to determine the location
of the virtual origin point using two points. These two points are the stagnation
point and the jet tip element. A sample of this relocation of the liner thickness
of 1.1 mm is shown in Figure 10. Similarly, the same method has been implemented
with the entire liner thickness to calculate the jet penetration analytically.
The jet contours, the stretching shape and the time and axial distances for both
the jet tip and the stagnation points were obtained using the shaped charge jet
formation algorithm. The cut-off element velocity V. was also determined by
when jet penetration stops. The standard jetting analysis results obtained using
the Autodyn hydrocode are listed in Table 4 together with the calculated breakup
times and the penetration depths obtained using the virtual origin concept.
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Figure 10. The back projection method used to determine the location of
the virtual origin point and effective jet length for a 1.1 mm liner

wall thickness
Table 4.  Jetting analysis results obtained using Autodyn hydrocode, the calculated
penetration depths were obtained by the virtual origin method and the
corresponding measured depths of the shaped charges tested
Average . Measured
[mTan 1 [rnV/Js] [nI)//Cs] [n%r(;l] break-up time, | y P;e[(i;l (i;e]d P, Pey,. E[roz)(jr
foav. [11S] [mm]
0.7 [8776|2283|44.0 18.17 0.934| 88.88 — —
0.8 [8393/2050(43.5 19.79 0.934| 93.14 82 -13.59
0.9 [8290|1779(43.5 20.41 0.934| 98.93 90 -9.93
1.0 |8170[1622|42.5 21.33 0.934| 103.00 98 =5.10
1.1 |8120|1427]|42.5 24.00 0.934| 113.64 128 11.22
1.2 |7870|1350]| 39.5 25.00 0.934| 111.33 114 2.34
1.3 7656|1299 36.5 26.00 0.934| 109.02 - -
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4.4  Optimization of the liner wall thickness results

The objective of this optimization study was to determine the optimum value of
the liner thickness 71, at which the maximum penetration depth can be predicted.
Table 5 lists the input factors and their response values for the optimization study,
while Table 6 lists the optimization boundary constraints, limits, goals and
importance aspects of the design expert software used to do the optimization
calculations for the factors studied. The selected effective design parameters in
the optimization are the liner wall thickness 71, the jet kinetic energy, the jet
mass (m;) produced and the calculated penetration depth. The response parameters
that will be considered are the penetration depth (to be maximized) and both the
jet kinetic energy and the liner mass (to be within the specified range).

Table 5.  The input factors and their response values for the optimization study

Liner thickness Ti. | Jetmassm; |y g g 7] | Caleulated P [mm]
[rmm] [e]
0.7 231 43.52 88.88
0.8 2.55 47.89 93.14
0.9 2.79 47.20 98.93
1.0 3.05 46.62 103.00
Ll 3.18 45.83 113.64
1.2 3.40 44.80 111.33
13 3.59 1311 109.02

Table 6.  The optimization constraints, limits and importance aspects

Parameter Goal Lower limit | Upper limit | Importance
m; [g] in range 2.31 3.59 +
Jet K.E. [kJ] in range 43.11 48.52 +
Calculated P [mm] maximize 88.88 113.64 +++

To illustrate the dependency of the penetration depth on both the jet mass and
relevant kinetic energy, both the desirability and the contour of the 3-D penetration
curves are shown in Figures 11 and 12, respectively, which are the optimization
results obtained using the design expert software. These graphs illustrate areas
at which the desirability could be very high and approaches unity. It is seen
from Figure 11 that the preferred areas of the highest desirability (i.e. close
to unity) are represented by red colours, whereas the blue colour area refers to
the undesirable area. Any combination between the jet mass and kinetic energy
determines the values of the desirability from Figure 11 and the penetration depth
from Figure 12 depending on the objective function formed by the input data.
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Figure 11. 3-D surface of the calculated desirability for the optimization problem
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Figure 12. 3-D surface of the calculated penetration depth for the optimization
problem

Table 7 lists the results obtained from the optimization run. The five solutions
in this table are arranged according to their desirability, which is observed to
be almost unity for the whole range. This represents a high degree of accuracy
between the expected response calculated by the statistical objective function
based on the fitting data of the input factors and that presented as an estimated
penetration depth. In general, desirability with zero value represents a completely
undesirable response, while the desirability value of unity represents an ideally
desirable response [37].
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Table 7.  The optimization output and the selected, relevant and predicted
penetration depth based on design expert software

Llner Kinetic | Penetration o
Number | thickness |Jet mass [g] energy [kJ] | depth [mm] Desirability

[mm]

1 1.050 3.08 49.44 118.04 1

2 1.055 3.09 49.13 116.93 1

3 1.110 3.15 45.90 114.75 1

4 1.036 3.05 48.37 113.21 1

5 1.026 3.03 47.90 112.44 1

6 1.003 2.98 48.18 111.91 1

Generally, the outputs of the optimization process are arranged in descending
order according to the desirability value. The first two values for liner thicknesses
of 1.050 and 1.055 were expected to achieve the largest penetration depths.
However, the higher values of the kinetic energy needed for both designs
should be highlighted. Higher kinetic energy requires more explosive loading,
which is not acceptable in our design. On the other hand, increasing the kinetic
energy requires increasing the jetting related velocities, which may encounter
instability during the early stage of jet formation, i.e. the flow velocity of the
copper liners should satisfy the stability condition:

Vflow, max S 123 Co (5)

where Vaow, max 1S the maximum flow velocity from all of the collapsed liner
elements and C, is the sound speed in the copper (C, = 3940 m/s) [38].

4.5 Comparison between the predicted and measured
penetration depths

Figure 13 plots the predicted penetration depth obtained using the virtual
origin concept and its dependence on liner thickness. The corresponding
measurements of penetration depths are plotted on the same figure. It can
be seen in Figure 13 that the predicted penetration depth is a maximum for
a liner thickness of 1.1 mm. This depth is slightly less than that predicted by the
optimization analysis, which gave an optimum liner wall thickness of 1.05 mm.
For liner wall thicknesses ranging from 0.8 to 1.2 mm, the measured penetration
depths into steel targets are compared with the corresponding predictions:
good agreement was generally obtained. The maximum absolute difference
was found to be 13.59% for a liner thickness of 0.8 mm. This may be attributed
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to the accuracy of the charge filling process and assembly of the shaped charge
elements in addition to the ductility of the used copper material. The ductility
has an important role in increasing the breakup time of jets, which in turn affects
the resulting penetration depth. Typical images of the measured penetration
depths of shaped charge jets formed from liner thicknesses of 0.8-1.2 mm into
steel targets can be seen in Figure 14.
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Figure 13. Comparison between predicted penetration depth and corresponding
measurement for each liner thickness of the shaped charges used
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T

Figure 14. Typical views of the jet penetration depths into steel targets for liner
thicknesses 0f 0.8, 0.9, 1.0, 1.1 and 1.2 mm
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It can be seen from the measured depths that the penetration of a jet is very
sensitive to its ductility and particulation as well as the jet drift phenomena.
Another crucial parameter that has a significant influence on the measured
penetration depth is the flow velocity of the collapsed liner element;
Viaow, as discussed in Section 4.4 [39].

The maximum predicted flow velocities were calculated to be 4960
and 4560 m/s for liner thicknesses of 1.0 and 1.1 mm, respectively, which means
that the jet produced from a liner with a thickness of 1 mm is non-coherent during
its stretching. This accounts for the liner thickness of 1.1 mm, which is considered
to be the maximum instead of the 1 mm-thickness liner. The coherency criterion
has been confirmed by the measured penetration depths shown in Figure 14,
where the maximum penetration depth is obtained from the shaped charge design
having a liner thickness of 1.1 mm. This design achieved a penetration depth of
more than 12 cm in a steel target despite all the drawbacks due to manual loading
and assembly as well as testing of shaped charge designs that have a negative
effect on penetration.

It could be concluded that shaped charges with a liner thickness of 1.1 mm
may give better performance when automatic loading (filling) of the explosive
is applied. It could also give a very large promising penetration when more
powerful explosives with higher detonation velocity (such as HMX-based PBXs)
that can be pressed during loading instead of extruded or cast.

5 Conclusions

¢ The effect of shaped charge liner wall thickness on the penetration
depth into a laminated steel target was investigated both experimentally
and numerically. An experimental program was performed to construct and
test the shaped charge jets formed from different liner thicknesses against
steel targets. An Autodyn hydrocode was used to predict the jetting analysis
data necessary for applying the virtual origin concept. The main conclusions
of the present research are summarized as follows:

¢ Both the jet mass and its kinetic energy have a significant effect on the
predicted penetration depth. An optimization study using design expert
optimization software indicates that the optimum liner wall thickness that
achieves the maximum penetration depth into steel target lies between 1.0
and 1.1 mm.

¢ Aliner thickness of 1.1 mm achieved the greatest measured penetration depth
into steel targets. An analytical study excluded liner thicknesses of 1.0 mm
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due to their non-coherent flow velocity, which exceeds the threshold coherent
velocity limit.

¢ The maximum absolute error between the measured and the predicted
penetration depths was found to be 13.59% for a liner thickness of 0.8 mm,
which may be attributed to the manual filling and assembly process
of the shaped charges.
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