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CHAPTER 9

SHAPED CHARGE PROBLEMS

9.1 Introduction

Shaped charges are used to penetrate hard targets such as tanks, concrete
walls, or oil well pipes. A typical shaped charge consists of a metal shell
liner (cone, hemisphere, or disk) and high explosive contained inside a metal
cylindrical case. Usually, the high explosive is detonated at a single point.
Occasionally, there are ring or surface detonations for special design pur-
poses. The most important factors for designing a good shaped charge are
the geometry, the grain size and the thickness of the liner, and the amount
and uniformity of the high explosive. For oil well perforators, the geometry
and materials used for the casing are also very important.

9.2 Shaped Charge Calculations by Lagrangian
Method without Slip

The first problem calculates the jet formation of a shaped charge with a
hemispherical titanium liner. Figure 9.1 shows the initial dimensions of
the test problem with the hollow hemispherical titanium liner of thickness
0.43 cm and outside diameter of 8 cm. The bared PBX-9404 high explosive
with an outside diameter of 10 cm is detonated by a single point initi-
ated at point A. There are 33 zones in both the Z and R directions with
45 sectors (each sector is 2◦). Therefore, we have L = 1, 2, 3, . . . , 34 and
K = 1, 2, 3, . . . , 46 for the logical meshes. The titanium is divided into 8
uniform zones, and the PBX-9404 is divided into 25 zones. The calculated
meshes at time t = 0.0, 10.0, and 20.0 µs are shown in Fig. 9.2. The dimen-
sions of the titanium liner are shown in Fig. 9.3 at times 25 µs and 30 µs.
However, since the present calculation does not use the sliding line treat-
ment, there is a long thin zone near the interface region between the liner
and the high explosive.
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Figure 9.1. Schematic of the hemispherical titanium shaped charge.

9.3 Calculation of Shaped Charge Problem
with Slip by Lagrangian Method

The shaped charge used for the slip study is described in Fig. 9.4. The
aluminum conic liner has an outside diameter of 12 cm and a thickness of
0.7023cm, and it is divided into six zones. The shaped charge is detonated
with a EX-12 detonator which initiates the detonation-sheet explosive. The
detonation wave in the detonation sheet propagates radially outward until
it detonates the LX-14 explosive that is divided into 40 zones. The foam
wave shaper prevents the detonation wave from pre-igniting the LX-14 in
the interior region. This wave-shaping method changes the angle of the
incidence of the detonation wave on the liner, providing for an extremely
high collapse and jet tip velocity. Figure 9.5 shows the zoning of the current
simulation including the aluminum liner and the LX-14 only. Due to the
axisymmetry, we only model half of the problem. There are 40 zones in the
radial direction and 46 zones in the axial direction. The high explosive has
a ring detonation located at R = 6 cm and Z = 11.529 cm.
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Figure 9.2. Lagrangian mesh of the explosive and the titanium liner at time 0.0,
10 and 20µs.
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Figure 9.3. The dimension of the titanium liner at time 25 and 30 µs.
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Figure 9.4. Shaped charge design configuration for code calibration and
verification.

Figure 9.5. The 2D Lagrangian grid at time 1 µs with 40 zones axially in the
high explosive, 6 zones axially in the aluminum liner and 40 zones in the radial
direction. The slip surface is from A(k = 7, � = 41) to B(k = 7, � = 1) which is
also the material interface.
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Figure 9.6 shows the sequential calculations at time 20, 30, and 40 µs
with and without slip treatment. When one uses a 2D Lagrangian code
without slip for material interfaces to simulate the shaped charge problems,
the zones located at the outside ring surface, i.e. DA as shown in Fig. 9.5
for this problem, always present some difficulties for calculation. Part of the
problem is due to the turbulent nature of burned product gas of the high
explosive near the interface. Most of the existing 2D Lagrangian code for
calculating the metal-explosive interaction does not include the turbulent
physics or separation due to turbulence. The other problem is due to the
lack of slip at the material interface that results in high shearing stress
inside the metal zones. This fact is observed at locations D (k = 1, � = 4)
and C (k = 1, � = 8) at time 40 µs on the left column of Fig. 9.6. The final
jet velocity and the shape of the calculations with slip option are much
closer to the experimental data.

Figure 9.6. The grid formation of the aluminum liner and the high explosive at
time 20, 30 and 40 µs with slip treatment (right column) and without slip (left
column). At time 40 µs, the liner surface at D(k = 1, � = 41) and C(k = 1, � = 8)
are much closer to experimental data for the calculations with slip.
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9.4 Shaped Charge Calculations using Eulerian Method

It is more accurate to calculate the shaped charge jet formations by using
the Eulerian code. In the following sections, the calculations of 10 different
shaped charges are presented, showing the formations of the jet and other
pertinent physics.

9.4.1 Viper Shaped Charge

The Viper shaped charge was designed by the Warhead Division of Gen-
eral Dynamics in the mid-1970s as a light, shoulder-launched, anti-armor
weapon for the U.S. Army, but was never fielded. Mason and Hanger contin-
ued to produce 3,000–4,000 Viper warheads per year as a standard charge
for ballistic testing. The Viper shaped charge employs a 77 g, 44◦ coni-
cal copper liner 0.12 cm thick at the hemispherical apex and 0.10 cm thick
elsewhere. The high explosive charge consists of 427 g of LX-14 pressed
over the liner after which it is lightly machined at room temperature to a
final 65mm diameter [9.1]. The booster initiator is made of PBX-9407. The
upper plot of Fig. 9.7 shows the initial setup of the Viper shaped charge.
The white square is the PBX-9407 booster, the yellow region is the main
charge made of LX-14, the copper liner is in red and the purple region is
the air. The computer simulations are confined in −16.0 cm ≤ z ≤ 16.0 cm
and 0.0 cm ≤ r ≤ 5.0 cm with 61 and 297 zones in the r and z directions
respectively. Very fine zones are assigned to the rectangular region defined
in 0.0 cm ≤ r ≤ 0.5 cm and −8.0 cm ≤ z ≤ 0.0 cm.

The lower plot of Fig. 9.7 shows the jet formation at time t = 15.0 µs after
the HE detonated. The liner jets at time t = 31.4 µs and t = 35.0 µs are
shown in Fig. 9.8. The X-ray radiograph of the Viper jet at time t = 31.4 µs
is shown in the upper plot of Fig. 9.9 with the corresponding jet forma-
tion from the code calculations shown in the lower plot of Fig. 9.9. The
discrepancy of the jet length and the jet tip velocity between the calcu-
lation and the experiment is about 2%. Figure 9.10 shows the calculation
of the Viper jet at time t = 10 µs by using 2D Eulerian code which uti-
lizes adaptive mesh refinement (AMR) and SLIC [9.3] methods for mate-
rial interface tracking. The jet formation at time t = 20.0 µs is shown in
Fig. 9.11. At time t = 31.4 µs, the jet length of the calculations (the upper
plot of Fig. 9.12) is very close to the experimental results. However, the
calculated shape of the jet tip section is different from the experimental
radiograph.
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Figure 9.7. Viper shaped charge before and after high explosive LX-14 burned.
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Figure 9.8. Viper shaped charge at time 31.4 µs (same time as in Fig. 9.9) and
35 µs.

9.4.2 Tantalum Hemi-spherical Shaped Charge

A good shaped charge should have high material density and dynamic duc-
tility so that the stretched jet can endure a maximum length before it breaks
up. This is why tantalum is an attractive material for making the shaped
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Figure 9.9. Viper shaped charge X-ray radiograph at time 31.4 µs (top) and the
Eule 2D calculation (bottom). The discrepancy of the length and the tip velocity
is about 2%.

charge liner. The upper plot of Fig. 9.13 shows the initial configuration
of the hemi-spherical tantalum shaped charge which has a liner of 0.15 cm
thick with inside diameter 10.70 cm and outside diameter 11.0 cm. The bare
cylinder of diameter 13.4 cm is the main charge of PBX-9501 which was det-
onated at r = 0.0 cm and z = −24.5 cm. The shape of the liner jet and its
density at time 60 µs are shown in the lower plot of Fig. 9.13. The high den-
sity of about 17.5 g/cm3 is located near z = 2.0 cm while the low density
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Figure 9.10. The Viper jet formation at time 10 µs as computed by SLIC
method.

Figure 9.11. The formation of the copper jet at time 20 µs.
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Figure 9.12. Viper jet formation at time 31.4 µs as computed by SLIC method
(top) comparing with the experimental radiograph at the same time and scale
(bottom).

of 15.7 g/cm3 is at z = 4.0 cm. The formation of the tantalum jet particles
at time t = 550 µs is shown in the upper plot of Fig. 9.14 for both exper-
imental data and code calculations. The velocity distribution of the same
jet particle can be seen in the lower plot of Fig. 9.14 for both experiments
and calculations. The particle velocity and the jet length are surprisingly
good for the code calculations.

9.4.3 Bi-conical Copper Shaped Charge

This bi-conical copper liner shaped charge is similar to the family of HELL-
FIRE [9.2]. As shown in the upper plot of Fig. 9.15 the bi-conical liner is
made of copper with a hemi-spherical apex. The blue block is the LX-10
booster, the green block is the lead wave shaper, the yellow block is the LX-
14 main charge, and the red block is the steel case. The lower plot is the jet
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Figure 9.13. Tantalum hemi-spherical shaped charge before the high explosive
PBX-9501 burned (top) and the formation of the tantalum jet at time 60 µs
(bottom).
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Figure 9.14. The formations of the tantalum jet particles at time 550 µs for the
calculation and the experimental results are shown in the top plot. The velocity
distributions for the same jet particles are shown in the bottom plot.
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Figure 9.15. The initial set-up for the bi-conical copper liner with hemi-spherical
apex is shown in the top plot. The main charge is LX-14 with booster explosive
LX-10 and wave shaper lead. The formation of the jet at time 20 µs is shown in
the bottom plot.
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formation at time t = 20.0 µs. Figure 9.16 shows the jet formation (upper
plot) and the pressure contour at time t = 30.0 µs (lower plot). Along the
liner the highest pressure is located at z = 34.0 cm while the lowest one is
at z = 44.0 cm.

9.4.4 Oil Well Perforator P-C

This oil well perforator P-C uses a copper liner consisting of a spherical apex
section with a hole along the axis of symmetry and the tangent truncated
conical section. The case is made of stainless steel where the high explosive
is composed of RDX. Figure 9.17 shows the initial setup (upper plot) and
the jet formation at time t = 24.0 µs (lower plot). The jet formation at time
t = 36.0 µs (upper plot) and 46.0 µs (lower plot) are shown in Fig. 9.18. On
both plots, one can see the hollow section along the z-axis (center of the
jet cylinder) near the jet tip positions, i.e. z = 9.0 cm for the upper plot
and z = 14.0 cm for the lower plot. Some of the burned high explosive gas
is pushed out by the liner jet.

9.4.5 Copper Hemi-spherical Liner with PBX-W-113
(Energetic Explosive)

Figure 9.19 shows the copper hemi-spherical liner that has an outside
radius of 8.89 cm (center at r = 0.0 cm and z = 0.0 cm) and thickness
of 0.47489cm. The outside aluminum cylinder case is 0.635 cm thick with
a diameter of 21.59 cm, i.e. GF , and length of 21.635cm, i.e. EF . The
high explosive PBX-W-113 is detonated at the whole circular area along
the line AB. Figures 9.20–9.22 show the copper jet formation by using the
Particle-in-Cell (PIC) 2D Eulerian code at time t = 40.0, 70.0 and 100.0 µs
respectively. The cumulative mass versus velocity at time t = 100 µs is
shown in Fig. 9.23.

The same problem is calculated by using a multi-fluid 2D Eulerian code
(different from PIC code) which uses SLIC [9.3] scheme for material inter-
face tracking. The jet formations at time 40.0, 70.0, and 100.0 µs are shown
in Fig. 9.24. The results are very similar to the PIC code calculations.

9.4.6 Calculations of the Hemi-spherical Copper Shaped Charge

This hemi-spherical copper liner shaped charge also was calculated by
Harrison [9.4]. The initial dimension of this problem with the hollow
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Figure 9.16. The material interface at time 30 µs is shown in the upper plot,
while the pressure contour is shown in the lower plot.
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Figure 9.17. Copper liner consisting of the spherical apex section with a hole
along the axis of symmetry and the tangent truncated conical section is shown in
the upper plot, while the jet formation at time 24 µs is shown in the lower plot.
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Figure 9.18. The jet formations of the shaped charge defined in Fig. 9.17 at time
36 µs (top) and 46 µs (bottom).
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Figure 9.19. The initial setup of the copper hemi-spherical shaped charge with
energetic explosive PBX-W-113 is shown.

Figure 9.20. The jet formation at time 40 µs is shown.
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Figure 9.21. The jet formation at time 70 µs.

Figure 9.22. The jet formation at time 100 µs.
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Figure 9.23. The cumulative mass versus velocity plot is shown for time 100 µs.

hemi-spherical copper liner 0.206 cm thick and 6.35 cm outside diameter are
shown in Fig. 9.25. The bare 75/25 OCTOL high explosive with a 6.985 cm
outside diameter was detonated by a single point initiated at point A. We
use a 2D Lagrangian code to set up the input and run the problem up
to 15 µs when the liner becomes about 0.52 cm thick. The Eulerian code
calculations start at 15 µs and stop at 90 µs using a window of 7.5 cm (r-
direction) X 30 cm (z-direction). The grid size is a 0.15 cm square mesh
equivalent to a grid number of 50 X 200. For 75/25 OCTOL, the following
JWL equation of state is used

P (Mbar) = A

[
1 −

(
ω

R1V

)]
e−R1V

+ B

[
1 −

(
ω

R2V

)]
e−R2V +

ω(E − E1)
V

(9.1)

where A = 7.486Mbar; B = 0.1338Mbar; R1 = 4.5; R2 = 1.2; ω = 0.38;
E1 = 0.272 Mbar cm3/cm3; V is the specific volume; and E the deto-
nation energy. For the Chapman-Jouguet parameters: ρ0 = 1.821 g/cm3;
detonation velocity D = 0.849 cm/µs; E0 = 0.098 Mbar cm3/cm3; and
Echemical = E0 + E1 = 0.37 Mbar cm3/cm3. A quadratic equation of state
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Figure 9.24. The jet formations of the same problem defined in Fig. 9.19 are
shown as computed by a multi-fluid 2D Eulerian code using SLIC scheme for
material interfacial tracking. The results are very similar to those by using
PIC code.
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Figure 9.25. The initial dimensions of the copper liner shaped charge with 75/25
OCTOL as high explosive.

is used for copper liner as

P (Mbar) =
A1µ + A2µ |µ| + (B0 + B1µ + B2µ

2)ε + (C0 + C1µ)ε2

ε + D0

(9.2)

where µ = ρ/ρ0 − 1; ε = ρ0I (Mbar cm3/cm3); A1 = 4.9578323; A2 =
3.6883726; B0 = 7.4727361; B1 = 11.519148; B2 = 5.5251138; C0 =
0.39492613; C1 = 0.52883412; D0 = 0.6000001; and ρ0 = 8.899 g/cm3.
The necessary parameters for copper, as described in Ref. [8.4], are: spal-
lation pressure = −10.; G0 = 0.477; Y0 = 0.0012; β = 36; n = 0.45;
Ymax = 0.0064; b = 3.14465; h = −0.000377; q = 1.0; f = 0.001; g = 0.001;
R′ = 0.00001164; Tm0 = 1790; γ0 − a = 0.52; a = 1.5; α0 = 0.68462;
α1 = −0.00868; α2 = 0.26429; α3 = 0.0068119; β0 = 1.0; β1 = 0.00903;
β2 = 0.170902; and β3 = 0.0417657.
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The initial grid setup for the 2D Lagrangian code is shown in Fig. 9.26.
There are 31 zones in the HE region and 11 in the liner along the z-axis
and 90 sectors (1◦ in one sector) for the first quadrant. At 15 µs, the liner
has become about 0.52 cm thicker near the z-axis, as shown in Fig. 9.27,
and the HE region has slipped way below the liner wring. The geometry
of the collapsing copper liner and jet formations at the times of 20, 30,
40 and 50 µs are shown in Fig. 9.28. The velocity distribution along the
z axis for the liner are provided in Fig. 9.29, which shows that the jet
slug section is moving in the positive z direction, and that many velocity
fluctuations exist inside the jet between the slug and tip. The observed
cumulative mass versus jet velocity is plotted in Fig. 9.30, along with the
computer simulations of HOIL code [9.4] and the PIC code calculations.
Experimental data show that the tip velocity is 0.422 cm/µs, compared
with the PIC code of 0.43 cm/µs.

Figure 9.26. The initial grid setup for the 2D Lagrangian code has 31 zones in
HE, 11 in the liner and 90 sectors in the first quadrant.
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Figure 9.27. The copper liner has a thickness of approximately 0.52 cm along
the z-axis at time 15 µs.

9.4.7 Bi-conical Copper Shaped Charge with PBX-9404

The copper liner has the initial dimension of spherical apex centered at
x = −19.77136 cm and y = 0.0 cm as shown in the upper plot of Fig. 9.31.
The inside wall of the apex region starts at x = −20.25142 cm and
y = 0.0 cm and stops at x = −19.88779 cm and y = 0.4662653, while
the outside wall starts at x = −20.42668 cm and y = 0.0 cm and stops
at x = −19.94097 cm and y = 0.6329906 cm. The position of the first
inside conical wall begins at x = −19.88779 cm and y = 0.4662653 cm
and stops at x = −14.98828 cm and y = 1.690606 cm. The second conical
inside wall starts at x = −14.98828 cm and y = 1.690606 cm and stops at
x = −0.9907803 cm and y = 7.06374 cm. The horizontal inside wall starts
at x = −0.9907803 cm and y = 7.06374 cm and stops at x = 0.0 cm and
y = 7.06374 cm. The first conical outside wall starts at x = −19.94097 cm
and y = 0.6329906 cm and stops at x = −14.77613 cm and y = 2.016906 cm.
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Figure 9.28. The jet formation for times 20, 30, 40 and 50 µs.

Then, the second conical outside wall stops at x = −1.191956 cm and
y = 7.23138 cm. Then, the outside wall extends vertically to the point
at x = −1.191956 cm and y = 7.30758 cm and finally stops at x = 0.0 cm
and y = 7.30758 cm.

The contour of the lead wave shaper is defined by four points, i.e. (x =
−21.94506 cm and y = 0.0 cm), (x = 21.94306 cm and y = 1.41859 cm),
(x = −21.16328 cm and y = 1.41859 cm), and (x = −21.16328 cm and
y = 0.0 cm). The outside wall of the PBX-9404 is defined by five points, i.e.
(x =−23.14448 cm and y =0.0 cm), (x = −23.14448 cm and y = 1.7145 cm),
(x = −13.58088 cm and y = 7.23646 cm), (x = −13.58088 cm and y =
7.30758 cm), and (x = −1.191956 cm and y = 7.30758 cm). The outside
wall of the aluminum case is defined by 10 points, i.e. (x = −25.0 cm and
y = 0.0 cm), (x = −25.0 cm and y = 2.30124 cm), (x = −22.38294 cm
and y = 2.30124 cm), (x = −16.50696 cm and y = 5.693742 cm),
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Figure 9.29. The velocity distributions at time 60 µs are shown for the liner
along the z-axis.

(x = −16.50696 cm and y = 7.30758 cm), (x = −15.04392 cm and y =
7.43458 cm), (x = 1.9 cm and y = 7.43458 cm), (x = 1.9 cm and y =
2.75143 cm), (x = 5.0 cm and y = 2.75143 cm), and (x = 5.0 cm and
y = 2.60143 cm). The rest of the aluminum inside wall is defined by the
following 4 points, i.e. (x = 1.65 cm and y = 7.06374 cm), (x = 1.65 cm and
y = 2.75143 cm), (x = 1.9 cm and y = 2.60143 cm), and (x = 5.0 cm and
y = 2.60143 cm). The high explosive is detonated at x = −23.14448 cm
and y = 0.0 cm. The jet formation at time t = 32.0 µs is shown in the
lower plot of Fig. 9.31. The cumulative mass versus velocity plot at time
78 µs is shown on the top plot of Fig. 9.32, while the jet formation at time
t = 152 µs is shown on the lower plot.

9.4.8 Calculations of the BRL Precision Copper Shaped Charge

This problem consists of a shaped charge loaded with COMP B. It has a
conical 42◦ copper liner that is 0.20574cm thick. Both experimental and
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Figure 9.30. The cumulative mass vs. velocity plots are given for the experiment,
HOIL and the PIC code calculations.

computational charges were confined with aluminum bodies and had cone
diameters of 8.382 cm as shown in Fig. 9.33. The explosive region was det-
onated at the single point A for the modeling calculations. We used the
JWL EOS for the high explosive.

The experimental measurements recorded were the collapse angles along
the inside and the outside surfaces of the liner wall, βin and βout,
respectively, and the distance L from the stagnation point to the rear of the
slug. The radiographs of the collapse process were taken at delay times 25,
31, and 37 µs after the initiation of the charge. Due to the detonator/booster
assembly in the experiment, there is a difference of 9.5 µs between the
data and the calculations. Table 9.1 shows the comparison among the data,
HEMP [9.5], and present code calculations. The HEMP code calculations
and the detailed geometry of the shaped charge are reported in Ref. [9.6].
The cumulative mass versus jet velocity, which is plotted in Fig. 9.34,
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Figure 9.31. The initial setup for the bi-conical copper shaped charge that has
PBX-9404 as the explosive and a disk of lead as the wave shaper is shown in the
upper plot. The jet formation at time 32 µs is given at the lower plot.

compares well with the experimental data. The computed tip velocity is
0.73 cm/µs as compared to the experimental value of 0.77 cm/µs. The code
simulation also shows that the jet starts to break at 106 µs (see Fig. 9.35)
as compared to the data of 106.4 µs [9.6].

9.4.9 Shaped Charges of Tungsten-copper Alloy

In this section, two shaped charges, one with a hemispherical liner and the
other with an elliptical liner, are calculated. The high explosive used in
these charge was pressed and bonded with explosive PBX-9501. The JWL
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Figure 9.32. The cumulative mass vs. velocity plot at time 78 µs is shown on
the top figure, while the jet formation at time 152 µs is shown on the bottom one.
The penetration of this jet into the steel block is about 76 cm.

EOS was used for the explosive with parameters; ρ0 = 1.84; E0 = 0.05543;
D = 0.88; ω = 0.25; A = 8.5445; B = 0.20493; R1 = 4.6; and R2 =
1.35. The liners were made of annealed, fine-grain, tungsten-copper sheet
which had been cast, deep drawn, annealed at 600◦C for about 15min, and
machined on tape-controlled milling machines. The constants for the liner
equation of state, i.e. Eq. (8.10), are A1 = 2.4562457; A2 = 4.6163216;
B0 = 4.3432909; B1 = 0.76214541; B2 = 6.4410793; C0 = 0.31988993;
C1 = 0.46744784; D0 = 2.2; and ρ0 = 18.983. The parameters used for
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Figure 9.33. Sketch of the 8.382 cm BRL precision shaped charge.

the constitutive relations, i.e. Eqs. (8.20) and (8.21), are G0 = 0.844; Y0 =
0.0012; β = 1.6×104; n = 0.26; Ymax = 0.0168; b = 4.739; h = −0.0008056;
q = 1.0; f = 0.001; g = 0.001; R′ = 0.00000663; Tm0 = 1710; γ − a = 0.92;
and a = 1.5. Figure 9.36 shows the initial setup for the hemispherical shaped
charge which has a bore cylindrical explosive of outside radius of 5.0 cm and
height of 16 cm. The liner has a thickness of 0.1 cm and an outside radius of
4.0 cm. The calculated liner jet (solid line) and the radiograph at t = 40 µs
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Table 9.1. Collapse sequence for a 42◦ Comp. B charge X-ray observations
versus code calculations.

Elapsed Time Collapsed Angle La

(µs) (deg) (mm)

(1) X-rays 25.0 βin = 35, βout = 32 20
HEMP 15.5 βin = 35, βout = 32 26
Present study 15.5 βin = 35, βout = 32 21

(2) X-rays 31.0 βin = 42, βout = 39 44
HEMP 21.5 βin = 42, βout = 36 50
Present study 21.5 βin = 42, βout = 39 45

(3) X-rays 37.0 βin = 53, βout = 49 58
HEMP 27.5 βin = 54, βout = 47 76
Present study 27.5 βin = 53, βout = 49 68

X-ray time lagging = 9.5µs

aL is the distance from the stagnation point to the rear of the slug.

Figure 9.34. Cumulative mass versus velocity plots for present study, HEMP
and data.

(dash line) are shown in Fig. 9.37. The same information for t = 60 µs is
shown in Fig. 9.38. The calculated lengths and widths of the liner are in
excellent agreement with the experimental data.

The next problem is a 0.1-cm-thick, elliptical-liner-shaped charge which
has a short outside radius (along the radial direction) of 6.0 cm and a long
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Figure 9.35. The jet starts to break at time 106 µs (only 24.2 g of jet are
shown).

outside radius of 10.0 cm (along the axial direction) as shown in Fig. 9.39.
The computed liner jet and the radiograph at t = 74.0 µs are shown in
Fig. 9.40. The tip shape and the length of the liner jet as calculated by
present method are in good agreement with the data. Figure 9.41 shows
the cumulative mass versus velocity plots as calculated by present code
(solid line) and as obtained by Harvey [9.7] (dash line) using the SLIC [9.3]
method.
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Figure 9.36. The initial conditions of the W-Cu hemispherical shaped charge
with PBX-9501 as the high explosive.

Figure 9.37. Calculated jet formation (solid line) and the radiograph data
(dashed line) at time 40 µs.

 

http://www.worldscientific.com/action/showImage?doi=10.1142/9789812707130_0009&iName=master.img-326.png&w=226&h=226
http://www.worldscientific.com/action/showImage?doi=10.1142/9789812707130_0009&iName=master.img-327.png&w=274&h=183


February 27, 2006 15:11 SPI-B356: Computer Simulation of Shaped Charge Problems ch09

214 Computer Simulation of Shaped Charge Problems

Figure 9.38. Calculated jet formation (solid line) and the radiograph data
(dashed line) at time 60 µs.

Figure 9.39. The initial conditions of the W-Cu elliptic shaped charge with
PBX-9501 as the high explosive.
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Figure 9.40. Calculated jet formation (dashed line) and the radiograph data
(solid line) at time 74 µs.

Figure 9.41. The cumulative mass versus velocity plots for the elliptic liner prob-
lem as computed using PIC (solid line) and SLIC (dashed line) methods at time
70 µs.
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CHAPTER 10

EXPLOSIVE FORMED PROJECTILE

10.1 Introduction

The explosive formed projectile (EFP) family includes a self-forging frag-
ment, the Misznay-Schardin charge, and the P-charge. Like the shaped
charge, EFP is made by a metal disk and high explosive with the single
initiation point filled inside a cylindrical case. About 50–60µs after the
high explosive has detonated, the EFP disk forms a flared rod that has a
velocity of 2–3km/s. The rod will hit the tank from the top (either tank
cap or body) where the metal is thin. EFP is very efficient in punching a
large hole to a relatively soft target.

10.2 Calculation of Explosive Formed Projectile with
Combination of Lagrangian and Eulerian Codes

This self-forging fragment has a copper liner, an aluminum, a steel case, and
an Octol 75/25 high explosive. This problem is calculated using the Eulerian
code and a two-dimensional Lagrangian code with the high explosive ini-
tiated at z = 6.8834 cm on the z-axis. For the equation of state, we used
JWL EOS for the high explosive and the quadratic formula (Eq. (8.10))
for aluminum, steel, and copper. Figure 10.1(a) shows the initial setup grid
for the Lagrangian code; there are 31 zones in the z direction and 90 sec-
tors between the coordinates. Figure 10.1(b) shows the liner grid at time
12µs, and Figs. 10.1(c) and (d) show velocity vectors for the high explo-
sive at time 12µs. Figure 10.2 shows the particle plots of the fragment
at time 20, 40, 60, 80, and 100µs. Figure 10.3 presents the comparison of
the calculation and the experimental data for the fragment at time 164µs.
For calculations, we tried several models for the yield strength and shear
modulus (including elastic-perfect plastic) and found that the constitutive
models detailed by Eqs. (8.20) and (8.21) produced the best results.

217
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Figure 10.1. The Lagrangian meshes and the velocity vector (the coordinate
units are in cm). (a) The initial Lagrangian meshes with 1 zone in aluminum,
4 zones in steel, 22 zones in high explosive, and 4 zones in copper liner. (b) The
liner meshes at time 12 µs. (c) The velocity vector plot for high explosive. (d) A
blowup of the velocity vectors near the upper right corner.

10.3 Copper EFP with Foam

The dimensions of the copper liner are defined inside the region of 0.0 ≤
r ≤ 14.224 cm with

Z1 = 18.2 −
√

331.24− r2 (10.1)

and

Z2 = 0.4306 + 0.0118769 · r + 0.0267 · r2 (10.2)
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Figure 10.2. Computer simulations of the fragment at 20, 40, 60, 80 and 100 µs.

Figure 10.3. Computer simulation and the radiograph of the fragment at time
164 µs.

 

http://www.worldscientific.com/action/showImage?doi=10.1142/9789812707130_0010&iName=master.img-026.png&w=308&h=148
http://www.worldscientific.com/action/showImage?doi=10.1142/9789812707130_0010&iName=master.img-027.png&w=219&h=272


February 27, 2006 15:11 SPI-B356: Computer Simulation of Shaped Charge Problems ch10

220 Computer Simulation of Shaped Charge Problems

Figure 10.4. The dimensions of the EFP copper liner are described by Z1 and
Z2 as given in Eqs. (10.1) and (10.2).

The locations of r, Z1, and Z2 are described in Fig. 10.4 with all units in
cm. The steel case has a length of 11.4935cm, a thickness of 1.3335 cm,
an outside diameter of 15.494cm and an inside diameter of 14.224 cm. The
high explosive OCTOL is detonated with one point located at r = 0.0 cm
and Z = −11.4935cm. This copper EFP has a diameter of 14.224cm with
the liner sandwiched between the high explosive and the low density foam
(polyurethane with density between 0.1 g/cm3 to 0.2 g/cm3) as shown in
the upper plot of Fig. 10.5.

The pressure contour at time t = 10.0µs is shown in the lower plot
of Fig. 10.5 with the maximum pressure located at the detonation shock
front. The velocity vectors at time t = 10.0 µs are shown in the upper plot
of Fig. 10.6. Again, the maximum velocity vectors coincide with the shock
front. The pressure contour at time t = 25.0 µs is given in the lower plot of
Fig. 10.6. Near the central region, the interaction of the reflection wave from
the stainless steel case and the copper liner produces an interesting picture.

At time t = 410.0 µs, the calculated results of the EFP are shown in
the top plot of Fig. 10.7 along with the experimental results shown in the
bottom plot of Fig. 10.7. The bottom plot of Fig. 10.7 shows the internal
and external contours determined by the least square fitting an analytical
model to the film density profile. The tomography reconstruction in the
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Figure 10.5. Honeywell copper EFP initial setup (upper) and pressure contour
at time 10 µs (bottom).
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Figure 10.6. Honeywell copper EFP velocity vector at time 10 µs (upper) and
pressure contour at time 25 µs (bottom).
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Figure 10.7. Honeywell copper EFP at time 410 µs. The discrepancy of the liner
length between the experiment and code calculation is about 4%.
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Figure 10.8. Initial setup for Honeywell EFP (upper) and the formation of the
liner at time 100 µs (bottom) as computed by the 2D Lagrangian code.
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Figure 10.9. The EFP formation at time 150 µs (upper) and time 411 µs (lower).
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center plot of Fig. 10.7 represents a gray-scale map of the EFP’s material
densities in a cross-section view.

10.4 Copper EFP without Foam

The dimensions of the copper liner are the same as those described in
Sec. 10.3 except that there is no foam attached to the liner. Here, the
formation of the EFP by using only the 2D Lagrangian code is computed.
The initial setup is shown in the upper plot of Fig. 10.8 with the EFP
formation at time t = 100 µs at the lower plot. Again, the EFP formations
of time t = 150 µs and 411 µs are shown in the upper and lower plots of
Fig. 10.9. The shape of the EFP formation at time t = 411 µs is very close
to the experimental results.

10.5 Non-axisymmetric Tantalum EFP Warhead

The non-axisymmetric tantalum EFP warhead consists of an open-sided
cylindrical case of steel, a charge of OCTOL explosive, and a rectangular
shaped liner of tantalum, approximately 80 by 120mm and nominally 2 mm
thick as shown in Fig. 10.10. The computer simulation of this problem

Figure 10.10. The tantalum EFP warhead. It consists of an open-sided cylindri-
cal case of steel, a charge of OCTAL explosive, and a rectangular shaped liner of
tantalum, approximately 80 by 120 mm and nominally 2mm thick.
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is performed using a 3D Eulerian code with the same numerical method
described in Chapter 12. The gray-scale plots of the material densities in a
planar cut through the major axis of the warhead are shown in Fig. 10.11.
The high explosive is detonated at the center of the curved face opposite the
liner. After 5 to 10µs, the spherically diverging detonation wave impacts
the liner, launching it in a trajectory perpendicular to the cylindrical axis
of the warhead. The shock wave front and the shapes of the EFP liner at
times 0.0, 5.0, 10.0, 15.0, 20.0, and 30.0µs are shown in Fig. 10.11. The
synthetic radiograph of the computer simulation at time 22.0µs is shown in
Fig. 10.12. The Eulerian 3D code calculations of the EFP formation at time
0.0, 50.0, and 100.0µs are shown in Fig. 10.13. Again, Fig. 10.14 shows the
formation of the EFP at times 200.0, 400.0, and 750.0µs. The liner material
along both the major and minor axes folds backward and stretches to form
a projectile which attains equilibrium shape in about 500.0µs. Figure 10.15
shows the synthetic framing camera record from the code calculation for
density at time t = 750.0 µs.

Figure 10.11. The gray-scale plots of the material densities in a planar cut
through the major axis of the warhead. The high explosive is detonated at the cen-
ter of the curved face opposite the liner. After 5 to 10 µs, the spherically diverging
detonation wave impacts the liner, launching it in a trajectory perpendicular to
the cylindrical axis of the warhead.
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Figure 10.12. The synthetic radiograph of the code calculation at time 22 µs.

Figure 10.13. The Eulerian 3D code calculations at time 0, 50 and 100 µs.
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Figure 10.14. The Eulerian 3D calculations at time 200, 400 and 700 µs. The
liner material along both the major and minor axes folds backward and stretches
to form a projectile, which attains an equilibrium shape in about 500 µs.

Figure 10.15. The synthetic framing camera record from the code calculation
for density at time 750 µs.
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Figure 10.16. The results of radiographic experiments on two identical pene-
trators are shown on the left side. The two images correspond to radiographs
taken in orthogonal views of the somewhat flattened penetrator (traveling from
left to right). The top view was taken through the thick lateral dimension
and the bottom view shows the thin dimension. In both cases, the EFPs were
about 9 cm long and had a velocity of 2.3 km/s. The Eulerian 3D code cal-
culations are shown on the right. The synthetic radiographs agree very well
with those in the experiment in the forward portion of the body. The flattened
nose of the EFP, shown at top left, resulted from an inadvertent experimental
problem.

The results of radiographic experiments on two identical penetrators
are shown on the left side of Fig. 10.16. The two images correspond to
radiographs taken in orthogonal views of the somewhat flattened penetrator
that travels from left to right. The top view was taken through the thick
lateral dimension and the bottom view through the thin dimension. In both
cases, the EFPs were about 9.0 cm long and had a velocity of 2.3 km/s.
The Eulerian 3D code calculations are shown on the right. The synthetic
radiographs agree very well with those in the forward portions of the body
in the experiment. The flattened nose of the EFP, shown at top left, resulted
from an inadvertent experimental problem. Figure 10.17 shows the X-ray
radiographs at different time frames. The front views are shown at the left
and the side view on the right.
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Figure 10.17. The X-ray radiographs at different time frames. The front views
are shown at left and side views on the right.
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CHAPTER 11

THE PENETRATION OF SHAPED CHARGE JET

11.1 Introduction

The penetration of the target from a shaped charge jet is primarily due to
the penetration stress exceeding the material strength of the target. The
heat generated during the penetration process also helps to soften the tar-
get and causes the erosion of the target and penetrator. Penetrators can be
classified as conical, trumpet, bell, and hemispherical shaped charges and
explosive formed projectiles (EFP). A conical shaped charge can penetrate
the target very deeply but the hole diameter is generally small, while an
EFP can create a large hole with a shallow penetration depth. A hemispher-
ical shaped charge, somewhere between EFP and conical shaped charge, will
form a thick jet with a tip velocity around 5–6km/s. Therefore, a hemi-
spherical shaped charge is suitable for long standoff targets. Some of the
copper hemispherical charges have been observed with low density along
the center core of the thick jet.

In the following sections, the calculations of the penetration due to high
speed rods and the shaped charge jets will be discussed.

11.2 Calculations of Tungsten Rod Penetrating
Aluminum Target

The first test problem is the calculation of a tungsten rod (diameter =
0.28 cm, length = 2.8 cm, and velocity = 3.4km/s) penetrating a semi-
infinite aluminum block. The experimental data are given by Hohler and
Stilp [11.1], and the computer simulations have also been studied by Cullis
and Nash [11.2] using HULL code.

The equation of state for both tungsten and aluminum is the quadratic
form of Eq. (8.10). For tungsten, the coefficients are: A1 = 21.67419;
A2 = 14.93338; B0 = 10.195827; B1 = 12.263234; B2 = 9.3051515; C0 =
0.33388437; C1 = 0.48248861; D0 = 7.0; and ρ0 = 19.17. For aluminum,
A1 = 1.1867466; A2 = 0.762995; B0 = 3.4447654; B1 = 1.5450573; B2 =
0.96429632; C0 = 0.43381656; C1 = 0.54873462; D0 = 1.5; and ρ0 = 2.806.

233
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The constitutive relations for the shear modulus G, and the flow stress Y ,
are given by Eqs. (8.20) and (8.21). For tungsten, the coefficients are: G0 =
1.6; Y0 = 0.022; β = 7.7; n = 0.13; Ymax = 0.04; b = 1.375; h = −0.0001375;
q = 1.0; f = 0.001; g = 0.001; R′ = 0.000008671; Tm0 = 4520; γ−a = 0.27;
and a = 1.4. For aluminum, G0 = 0.276; Y0 = 0.0029; β = 125.0; n = 0.1;
Ymax = 0.0068; b = 7.971; h = −0.0067159; q = 1.0; f = 0.001; g = 0.001;
R′ = 0.000008326; Tm0 = 1220.0; γ − a = 0.49; and a = 1.7.

Figure 11.1 shows the initial problem geometry with the tungsten rod
of diameter 0.28 cm and length 2.8 cm located between z = 1.7 cm and
z = 4.5 cm. The aluminum block has a dimension of 14.28 cm × 18.0 cm
(r × z) indicated by ABCD. Because this is an axisymmetrical problem,
we only simulate the half plane between r = 0.0 cm and r = 8 cm with
160 zones or grid size ∆r = 0.5mm. The computational window in the

Figure 11.1. Initial conditions of the tungsten rod and aluminum target.
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Figure 11.2. The crater sizes and the penetration depths at time 12.8 and
25.6 µs.

z-direction is between z = −20 cm and z = 6.0 cm with 260 zones, or grid
size ∆z = 1 mm.

The crater sizes and penetration depths at time t = 12.8, 25.6, 38.4,
and 44.7µs are shown in Figs. 11.2 and 11.3. Some instability of the crater
surface near z = −0.5 cm starts to grow at t = 44.7 µs.

The maximum penetration depth reaches 10 cm at time 45µs as com-
pared with the experimental data of 10.1 cm and HULL calculation of
10.6 cm. The crater diameter also has a steady-state value of 1.4 cm that is
in good agreement with the HULL calculation (also 1.4 cm) as well as exper-
imental result of 1.27 cm. The total kinetic energy is approaching zero at a
time greater than 80µs, while the total internal energy reaches a maximum
of 0.025Mbar− cm3/cm3 (see Fig. 11.4).

11.3 Calculations of Copper Rod Penetrating Steel Plate

The second problem is a copper rod (diameter = 2 cm, length = 27 cm,
and velocity = 5km/s) penetrating a motionless steel disk that is 5 cm
thick and 30 cm in diameter. The initial condition and setup are shown
in Fig. 11.5. The equation of state for the copper is given by Eq. (8.10)
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Figure 11.3. The crater sizes and the penetration depths at time 38.4 and
44.7 µs.

with the parameters: A1 = 4.9578323; A2 = 3.6883726; B0 = 7.4727361;
B1 = 11.519148; B2 = 5.5251138; C0 = 0.39492613; C1 = 0.52883412; D0 =
0.6000001; and ρ0 = 8.899. The formulations of the constitutive relations
for shear modulus and yield strength are given by Eqs. (8.20) and (8.21)
and the necessary parameters for copper are: G0 = 0.477; Y0 = 0.0012;
β = 36; n = 0.45; Ymax = 0.0064; b = 3.14465; h = −0.000377; q = 1.0;
f = 0.001; g = 0.001; R′ = 0.00001164; Tm0 = 1790.0; γ − a = 0.52;
a = 1.5; α0 = 0.68462; α1 = −0.00868; α2 = 0.26429; α3 = 0.0068119;
β0 = 1.0; β1 = 0.00903; β2 = 0.170902; and β3 = 0.0417657.

For steel, the coefficients for the Mei–Grüneisen equation of state, i.e.
Eq. (8.1), are: ρ0 = 7.9; C0 = 4.57; s = 1.49; and γ0 = 2.17. The constitutive
parameters used for Eqs. (8.40)–(8.41) for steel are: G0 = 0.77; Y0 = 0.0034;
β = 43.; n = 0.35; C = 2.26; m = 0.000455; and Tmelt = 0.0.

The initial problem setup for the PIC code has a window of 15 cm× 40 cm
(r × z) with a computational mesh of 75 × 200 zones (uniform grid size of
2mm). Figure 11.6 shows the shapes of the projectile and the target at
time 16 and 32µs. At time 16µs, the rugged surfaces on both the upper
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Figure 11.4. The total kinetic and internal energy.

and lower sides of the steel plate indicate that the spallation occurred near
the surface of the plate. This phenomena is more pronounced at time 32µs.
The copper rod has penetrated through the steel plate at time 40µs (see
Fig. 11.7) with some perforated residue of steel. The code calculations were
stopped at time 56µs after the rod had punched through the plate. The
length of the copper rod is only 15.26 cm with 11.74 cm eroded. There are
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Figure 11.5. The initial conditions for the copper rod and the steel plate.

some branches at the upper part of the rod indicating that the rarefaction
waves have produced spallation.

11.4 Tantalum Shaped Charge Penetrates into Steel Block

As shown in the upper plot of Fig. 11.8, the shaped charge uses RDX as
explosive and uses the conical tantalum as liner, which is thicker near the
apex section. The steel case is as thick as the high explosive that detonates
at r = 0.0 cm and z = −4.0 cm. The distance between the shaped charge
and the steel block is 2.5 cm (stand-off distance). The constant pressure
regions at time 30µs are shown in the lower plot of Fig. 11.8 with the
maximum pressure located inside the steel block and in the front of the
jet tip as expected. The low pressure regions are located at the crater area
inside the steel block and at the slug section of the tantalum jet. The
penetration of the jet into the steel at time t = 50.0 µs is shown in the
upper plot of Fig. 11.9 and the constant pressure regions are shown in
the lower plot for time t = 70.0 µs. The lowest pressure region is located
near the free surface of the steel block between z = 5.0 cm and z = 10.0 cm.
This suggests that a spallation may take place inside this area.
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Figure 11.6. The shapes of the penetrator and the target at times 16 and 32µs.

11.5 Tantalum Shaped Charge Penetrates into Steel Plate,
Water, and Another Steel Plate

This tantalum shaped charge is identical to the one described in the previ-
ous section as shown in the upper plot of Fig. 11.10. The distance between
the shaped charge and the first steel plate is also 2.5 cm. The thicknesses are
0.37 cm for the left steel plate, 2.69 cm for the water column, 0.65 cm for the
right steel plate, and 4.91 cm for the air column located between z = 5.09 cm
and z = 10.0 cm. The constant density regions at time t = 18.0 µs are shown
in the lower plot of Fig. 11.10 along with the tantalum jet penetrating the
left steel plate.

Figure 11.11 shows the constant pressure plot (upper one) at time t =
28.0 µs and the material type plot at time t = 40.0 µs (lower one). The size
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Figure 11.7. The shapes of the penetrator and the target at time 40 and 56 µs.

of the hole in the left steel plate is much smaller compared with that of the
right steel plate.

11.6 Copper-lead Shaped Charge Penetrates into Steel Block

The upper plot of Fig. 11.12 shows the initial setup of the copper-lead
liner shaped charge which has a hole near the apex region. The detailed
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Figure 11.8. Tantalum shaped charge penetrates into the steel block with initial
setup (top) and pressure contour at time 30 µs (bottom).
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Figure 11.9. Tantalum shaped charge penetrates into the steel block at time
50 µs and pressure contour at time 70 µs.
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Figure 11.10. Tantalum shaped charge penetrates thin steel plate, water and thick
steel plate with initial setup (top) and density contour at time 18 µs (bottom).
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Figure 11.11. Tantalum shaped charge penetrates steel plates and water. Pres-
sure contour at time 28 µs (top) and material type at time 40 µs (bottom).
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Figure 11.12. The stand-off is 5 cm with the initial setup showing in the upper
plot and the jet formation at time 20 µs in the lower plot.
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dimensions of this shaped charge are given in Chapter 12, Sec. 12.5 with
the distance of 5 cm between the shaped charge and the steel block.

The jet formation at time t = 20.0 µs with a separation gap along the
z-axis is given at the lower plot of Fig. 11.12. The penetrations of the steel
block by the jet are given in Fig. 11.13 for time t = 40.0 µs (upper plot)
and t = 70.0 µs (lower plot).

11.7 Bi-conical Copper-lead Powder Shaped Charge Penetrates
into Steel Block

The liner of this bi-conical shaped charge is made of copper-lead powder
with initial setup shown in the upper plot of Fig. 11.14. The RDX explosive
is detonated at one point located at r = 0.0 cm and z = −4.0 cm with the
stand-off of 2.5 cm from the steel block. The material type plot and the
crater created by the jet penetration at time t = 30.0 µs are shown in
the lower plot of Fig. 11.14. Figure 11.15 shows the jet penetrations at time
t = 60.0 µs (upper plot) and t = 100.0 µs (lower plot).

11.8 Bi-conical Copper Shaped Charge Penetrates into Thin
Steel Plate, Water, Thick Steel Plate and Rock

The upper plot of Fig. 11.16 shows the initial dimensions of the copper
shaped charge and the steel plates that are identical to Fig. 11.10 except
that, in this problem, the column between z = 5.09 cm and z = 10.0 cm
is Berea rock and the liner is made of copper powder. The RDX explosive
also detonated at the point located at r = 0.0 cm and z = −4.0 cm. The
lower plot of Fig. 11.16 shows the material type at time t = 15.0 µs. The
double inverse velocity gradients produce a small hole in the left steel plate
and a large hole in the right steel plate. Figure 11.17 shows the penetration
of the copper jet into the steel plate and the Berea rock at time t = 30.0 µs
(upper plot) and t = 40.0 µs lower plot).

11.9 Viper Shaped Charge Penetrates into Steel Block

The initial dimensions of the Viper shaped charge are described in Chap-
ter 9, Sec. 9.4.1. In this penetration calculation, the Viper charge is set at
12.50 cm from the target, i.e. the steel block. At time t = 30.0 µs after the
LX-14 detonated, the copper jet just touches the target as shown in the
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Figure 11.13. The same penetration problem as described in Fig. 11.12 at time
40 (top) and 70 µs (bottom).
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Figure 11.14. The formation of the copper-lead powder bi-conical liner jet is
shown for the initial setup (top) and its penetration into the steel block at time
30 µs (bottom).
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Figure 11.15. The same problem as described in Fig. 11.14 at times 60 (top)
and 100 µs (bottom).
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Figure 11.16. Bi-conical shaped charge with double inverse velocity gradient
which produces a small hole in the gun wall and large hole in the casing wall with
the initial setup (top) and the penetration at time 15 µs (bottom).
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Figure 11.17. The penetrations of the jet into other materials for the same prob-
lem as described in Fig. 11.16 are shown for times 30 µs (top) and 40µs (bottom).
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Figure 11.18. The penetrations of Viper shaped charge jet into the steel block
at times 30 µs (top), 40 µs (center) and 50 µs (bottom).

top plot of Fig. 11.18. The penetrations of the jet into the steel block are
shown for time t = 40.0 µs (central plot) and t = 50.0 µs (bottom plot).

11.10 Computational Assessment of LEAP Performance
with Different Lethality Enhancements

The hydro code used, EULER3D, is a 3D Eulerian code developed for
use on massively-parallel computers. The code was written using a data
parallel strategy in Connection Machine FORTRAN (FORTRAN 90 with
extension). It was developed for the CM-2 Connection Machine, and is now
available on the CM-200’s and CM-5.
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EULER3D has been applied to simulations involving conventional muni-
tions and armor, theater missile defense, high explosive safety of weapon
systems, and civilian applications, such as oil well perforations. EULER3D
has a variety of models to describe the behavior of explosives, gases,
and solids subject to elastic/plastic deformation, damage, and fracture.
Material interfaces are followed using an accurate Youngs-type interface
reconstruction method [11.3]. The required small mesh sizes to resolve
phenomena of interest, coupled with the large spatial extent of full-
system simulations, force the use of EULER3D onto the largest and fastest
massively-parallel computers.

The Army LEAP Kinetic Kill Vehicle (KKV) was developed by
Hughes Missile Systems company under the Lightweight Exo-Atmospheric
Projectile (LEAP) program, sponsored by the Ballistic Missile Defense
Organization and executed by the U.S. Army Space and Strategic Defense
Command. The current configuration Army LEAP KKV incorporates a
long wave infrared (IR) seeker with a 128×128 HgCdTe staring focal plane
array, high-density dual-processor electronics, and a fiber optic inertial mea-
surement unit (IMU) into a lightweight guidance unit. While Hughes has
successfully integrated this guidance unit with both liquid bi-propellant and
solid propulsion system, this section deals with an analysis of only the solid
propulsion driven unit.

Although a series of tests demonstrated that Hughes had met the chal-
lenge of integrating a lightweight autonomous kill vehicle, they were faced
with the task of demonstrating that a kill vehicle can both be lightweight
and lethal. Hughes has been conducting a detailed study of lethality in
kinetic hit-to-kill intercepts since 1993. The goals of this study are to
evaluate lethality of current LEAP design and to investigate methods of
improving KKV lethality against theatre ballistic missile targets including
stressing multiple submunitions. Based on the results of this study, Hughes
plans to implement lethality enhancement in future LEAP KKV designs to
ensure maximum kill capability.

Figure 11.19 shows the kinetic kill projectile with the rod attached to
the main body of the projectile. The initial positions of the target and
the kinetic kill vehicle are shown in Fig. 11.20 with an angle of attack of
21◦. The chemical submunition bottles are assumed to be packed in the
white section of the target, while the red section of the target primarily
contains the guidance system. Since all rods are attached to the projec-
tile, the kinetic kill vehicle behaves like a heavy single rod. Therefore, the
crater of the target created by the impact of the projectile is small and
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Figure 11.19. The kinetic kill projectile with all of the rods attached to the main
body.

Figure 11.20. The initial positions of the target and the projectile are shown
with the angle of 21◦ between the target and the projectile.

deep at time 300µs as seen in Fig. 11.21. The red and yellow fragments
shown in the lower section of Fig. 11.21 belong to the projectile. At time
600µs, the crater of the target is larger with some perforation as shown
in Fig. 11.22. Figure 11.23 shows that the target is almost broken into two
pieces at time 1,000µs. The blue fragments represent the severe damage
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Figure 11.21. The damage of the target at time 300 µs.

Figure 11.22. The damage of the target at time 600 µs.
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Figure 11.23. The damage of the target at time 1,000 µs.

to the chemical submunition from the target. Figure 11.24 shows the ini-
tial position of the target and the projectile with dispersed rods that are
detached from the main body. Again, the angle between the target and the
projectile is 21◦. At time 300µs, two small craters are formed in the cen-
ter section of the target due to rod and projectile penetrations as shown
in Fig. 11.25.

In Fig. 11.26, two larger craters are formed at time 600µs, while a third
crater near the lower section of the target is created from the damage by a
separate rod. Figure 11.27 shows the damage of the target at time 1,000µs
with the broken submunition in blue color. The calculations end at time
1,040µs with severe damage to the target as shown in Fig. 11.28.

11.11 Lethality Assessments for Ascent-phase Interceptor
Impacts on a Generic Chemical Submunition Target

Two idealized hypervelocity (8 km/s) missile intercepts are simulated using
a 3D Eulerian hydrodynamics code that runs on the massively parallel
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Figure 11.24. The initial position of the target and the kinetic kill projectile are
shown with all of the rods detached from the main body.

Figure 11.25. The damage of the target at time 300 µs.
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Figure 11.26. The damage of the target at time 600 µs.

Figure 11.27. The damage of the target at time 1,000 µs.
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Figure 11.28. The damage of the target at time 1,040 µs.

CM-200 computer. Calculations for both intact and fragmented missiles
were run from 0 to 500µs against a hypothetical chemical-submunition
target. Images of the 3D output for both calculations illustrate the evolu-
tion, extent, and distribution of the damage produced in the target. The
calculations lead to the conclusion that roughly half of the incident trans-
verse momentum is transferred to the target by the fragmented missile
and that this value is approximately four times larger than the momentum
transfer by the intact missile.

Figure 11.29 shows the damage of the target from an intact missile pro-
jectile. At time 0µs, the missile has just touched the target, therefore, no
penetration has occurred yet. The white circular area is the real end of
the missile. At time 60µs, about 1/3 of the missile has penetrated into
the target. At time 120µs, a bell-shaped crater is formed outlined by blue
fragments representing the submunition canisters. At time 180µs, the crater
size is increasing and a slit-like perforation hole is visible. At time 240µs,
more canisters are destroyed by the projectile. At time 300µs, both the
perforation and the crater sizes are increasing.
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Figure 11.29. The top view of a single intact missile impacting the target at
times 0, 60, 120, 180, 240 and 300 µs.

The side view of the same intact missile impacting the target as described
in Fig. 11.29 is shown in Fig. 11.30. At time 120µs, a crater is formed on
the side of impact. At time 180µs, target fragments are departing from
the main body. At both times 240µs and 300µs, complete perforations are
formed.

The cross-sectional view of a single intact missile impacting the target
is shown in Fig. 11.31. At time 0µs, the chemical submunition canisters
are properly aligned. At time 60µs, the missile has penetrated the target
and damaged some of the canisters. At time 120µs, a crater is formed
and the missile has completely penetrated the target. At time 180µs,
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Figure 11.30. The side view of a single intact missile impacting the target at
times 0, 60, 120, 180, 240 and 300 µs.

fragments are separated from the main body of the target. At time 240µs,
the missile has completely penetrated the target further damaging the can-
isters. At time 300µs, the crater created by missile perforation becomes
larger.

The side view of the fragmented missile impacting the target is shown
in Fig. 11.32. At time 60µs, there are four pieces of fragmented missiles
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Figure 11.31. The cross-sectioned view of a single intact missile impacting the
target at times 0, 60, 120, 180, 240 and 300 µs.

approaching the target. At time 120µs, all fragments have penetrated
the target. At time 180µs, some of the chemical submunitions are visible
through the opening of the damaged target. At both times 240µs and
300µs, the impact region becomes larger resulting in a perforation through
the target.

The top view of the fragmented missile impacting the target is shown
in Fig. 11.33. At time 0µs, the fragmented missile impacts the surface of
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Figure 11.32. The side view of the fragmented missile impacting the target at
times 0, 60, 120, 180, 240 and 300 µs.

the target. At time 120µs, four craters are formed upon missile impaction.
At time 180µs, the chemical canisters can be seen along the horizontal
opening. At time 240µs and 300µs, the craters are much larger with a
perforation created by the right horizontal missile.
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Figure 11.33. The top view of the fragmented missile impacting the target at
times 0, 60, 120, 180, 240 and 300 µs.

The cross-sectional view of the fragmented missile impacting the tar-
get is shown in Fig. 11.34. At time 0µs, the first fragmented missile
has just touched the target. At time 60µs, the first missile has com-
pletely penetrated the target just as the other three fragmented missiles
are arriving. At time 120µs, several chemical canisters are damaged
by the four fragmented missiles. At time 180µs, the first fragmented
missile has reached the bottom of the target. At time 240µs, perfora-
tion of the target has occurred resulting in many damaged canisters.
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Figure 11.34. The cross-sectioned view of the fragmented missile impacting the
target at times 0, 60, 120, 180, 240 and 300 µs.

At time 300µs, more extensive damage to the chemical submunitions is
noticeable.

The 3D interface plots of fluid payload assemblies at time 300µs with
intact missile are shown in the upper plot of Fig. 11.35. Most of the damaged
canisters are located at the lower section of the payload due to the perfo-
ration of the target. The lower plot shows that the fragmented missiles
have damaged the chemical submunitions more severely as compared to
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Figure 11.35. The 3D interface plots of fluid payload assemblies at time 300 µs
with intact missile (upper) and fragmented missile (lower). The AA cross-sectional
view will be shown in the next plot.

the intact missile. However, the perforation size at the lower end of the
target is smaller for the fragmented missile.

The 3D interface plot of payload assemblies at time 300µs with intact
missile is shown on the upper plot of Fig. 11.36. The sectioned-view from
the rear tier shows a large perforation at the lower end of the target. The
lower plot of Fig. 11.36 shows that the fragmented missiles have damaged
the interior section of the target more severely as compared with the intact
missile.
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Figure 11.36. The 3D interface plot of payload assemblies at time 300 µs with
intact missile (upper) and fragmented missile (lower).
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CHAPTER 12

OIL WELL PERFORATOR DESIGN USING
2D EULERIAN CODE

Notations

a Tillotson parameter
A JWL parameter (Mbar)
A1 Tillotson parameter
b Tillotson parameter
B JWL parameter (Mbar)
B1 Tillotson parameter
C0 parameter used in Mie-Gruneisen equation of state
BI burn interval (µs)
BT burn time (µs)
D detonation velocity (cm/µs)
E detonation energy per unit volume (Mbar-cm3/cm3)
G shear modulus of elasticity (Mbar)
I specific internal energy per unit mass (Mbar-cm3/g)
Is Tillotson parameter
k, �, m, n Johnson-Cook parameters
k1, �1, m1, n1 Steinberg-Guinan parameters
P pressure (Mbar)
Pc, PE pressures used in Tillotson equation of state (Mbar)
r radial coordinate (cm)
R1, R2 nonlinear coefficients used in the JWL equation of state
s parameter used in the Mie-Gruneisen equation of state
Sij stress deviator tensor (Mbar)
Srr, Szz, Srz, Sθθ stress deviator components (Mbar)
t, T time (µs)
T ∗ reduced temperature used in the Johnson-Cook model
u velocity in r direction (cm/µs)
Up particle velocity used in the Mei-Gruneisen equation of

state (cm/µs)
Us shock velocity used in the Mei-Gruneisen equation of

state (cm/µs)

269
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v velocity in z direction (cm/µs)
V specific volume (cm3/g)
W rate of energy source due to work hardening
Y 0 yield stress in simple tension (Mbar)
z axial coordinate (cm)

Greek Letters

α, β Tillotson parameters
γ parameter used in the Mie-Gruneisen equation of state
Γ energy source (Mbar-cm3/g-µs)
εp equivalent plastic strain
ε∗ nondimensional plastic strain rate
η normalized density (= ρ/ρ0)
µ normalized density minus one (= η − 1 = ρ/ρ0 − 1)
ρ density (g/cm3)
σij stress tensor (Mbar)
σrr, σrz, σθθ, σzz stress tensor components (Mbar)
ω JWL parameter

Subscripts

0 initial value
e elastic regime
p plastic regime
r derivative with respect to r coordinate
t derivative with respect to time
z derivative with respect to z coordinate

Superscripts

n time at n time-step, i.e. tn = t0 + n · ∆t

12.1 Introduction

In the oil industry, a method of completing a well is to first run the casing
pipe through the oil sand formation, set it below the producing horizon,
and then cement it in place as shown in Fig. 12.1. Then the casing is
perforated to allow the oil or gas to flow into the wellbore. Perforating is
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Figure 12.1. The setup of the well head, pressure control, gun, casing, cement,
and shaped charges arrangement.

accomplished with a gun pipe equipped with shaped charges. Figure 12.1
shows the application of a typically one shaped charge per 2.54 cm in the
pipe length direction. Any two-neighboring shaped charges are separated
with an angle of 120◦ in the azimuthal direction. The gun, a circular con-
tainer that fits inside the casing, has electrically fired cartridges that dis-
charge small high-velocity jets. These jets penetrate the casing wall, the
outside cement, and the oil sand. By doing this, channels are opened up
through which the oil or gas can flow into the production pipe.

The main concept of modern perforators is to create a small hole in
the gun pipe and a large hole in the casing wall. As shown in Fig. 12.2,
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Figure 12.2. The formation of the double velocity inverse gradients and the hole
sizes in the gun and casing walls.

at time t = 0.0 µs, the perforator is located inside the gun with water
between gun and casing walls. The outside of the casing is surrounded
by oil shale or granite. At t = 20 µs, the shaped charge jet has already
punched through the gun wall with a hole size between 0.6 cm and 1.15 cm.
The jet inside the water region has three different velocity vectors, i.e.
v1 > 0, v2 < 0 and v3 > 0. The resulting bulge forms between points 1
and 2. The bulge reaches the casing wall without impact at 25µs which
is also the maximum diameter of the bulge. At t = 50 µs, the jet will
penetrate through the casing wall and create a hole with a size between
1.30 cm and 2.40 cm.

The concept of using shaped charge for oil well casing perforation was
introduced by McLemore [12.1] in 1946. For more than half a century, most
of the shaped charge designs for the oil industry have been designed by trial
and error through laboratory experiments. Recently, the two-dimensional
Eulerian code similar to the particle code [12.2] has been used to simulate
the shaped charge jet formations as well as the jet penetration into the
casing wall and the surrounding rocks. The computed results are within 8%
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error in comparison with the experimental data. Such successful simulations
should be attributed to the development in numerical methods for solving
a system of partial differential equations with a well-defined equation of
state and constitutive law for real material in the last decade.

For an engineering problem which involves high explosive and a metal
shell, e.g. shaped charge or an explosive formed projectile, one can use a
good computer code to design a new device, provided this new device is
of small deviation (e.g. less than 5%) from an existing one which has been
well tuned with pertinent parameters against the experimental data. All
of the shaped charges described in this chapter are based on this concept.
These oil well perforators include the charge diameters of 3.6 cm, 4.4 cm,
6.5 cm, and 8.2 cm using copper as the liner and RDX as the main charge
with smaller charge diameter (e.g. 3.6 cm) used for deep well-bore perfora-
tion. Most of the liners are made from metallic powder and pressed into
conical, hemispherical, trumpet, or bell shapes. For the small conical liner
angle, penetrations into the rock outside the casing are deeper. However,
the hole diameters are smaller. Hemispherical and bell-shaped liners tend
to produce a larger hole that is shallow in penetration depth. A trumpet
liner is somewhat in-between conical and hemispherical ones. In general, a
larger hole in the casing wall and the outside rock is more desirable since
this may allow more oil or gas to flow into the well-bore. The thickness and
the shape of the outside steel case for the shaped charge also have some
effect on the performance of the copper jet.

Since the clearance between the gun wall and the casing wall is small,
the stand-off for the shaped charge is limited. As a result, the copper liner
has limited time to form a jet which must posses a double inverse veloc-
ity gradient. The high explosive also has to sustain a harsh environment;
that is, the temperature in the deep down-hole is usually above 260◦C.
These restrictions make the design of the oil well shaped charge much more
difficult compared with the one used in a conventional weapon.

In this chapter, eleven perforators are presented with their important
characteristics pertinent to the optimum design for oil well perforation
applications. Section 2 describes the 2D Eulerian code; section 3 gives the
formula of the equation of state and constitutive relation; section 4 dis-
cusses the general requirements for a good perforator; section 5 presents
comparisons of jet formation and penetration of some perforators between
calculations and experiments; sections 6 and 7 present the penetration cal-
culation of eight perforators; section 8 discusses the results; and the last
section gives the conclusions.
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12.2 Description of the 2D Eulerian Code

The present study uses Lagrangian phase, or the predictor step, and remap
phase, or the corrector step, to solve the dependent variables such as density,
velocity, internal energy, and deviatoric stress. For a cylindrical coordinate,
the governing equations are split into three parts. The first part is the
Lagrangian phase which simultaneously solves the dependent variables in
both radial (r) and axial (z) directions. The second part solves the remap
phase in radial direction and the third part solves the remap phase in axial
direction. However, in order to maintain better accuracy, the calculations
in parts 2 and 3 are alternated in directions for each computational cycle,
e.g. r − z − z − r or z − r − r − z. For example, the equations solved in the
Lagrangian phase are:

Mass

ρt = −ρ

r
(ru)r − ρvz . (12.1)

Momentum

ut = −1
ρ
Pr +

1
ρ

[
Srr

r +
1
r
(2Srr + Szz) + Srz

z

]
, (12.2)

vt = −1
ρ
Pz +

1
ρ

(
Srz

r +
1
r
Srz + Srz

z

)
. (12.3)

Energy

It = −P

ρ

[
1
r
(ru)r + vz

]
+

1
ρ

[
(Srrur + Srzvr)

− u

r
(Srr + Szz) + Szzvz + Srzuz

]
+ Γ . (12.4)

The equations of state are:
Pressure

P = g(ρ, I) . (12.5)

Elastic regime

Srr
t =

2
3
G
(
2ur − u

r
− vz

)
, (12.6)

Szz
t =

2
3
G
(
−ur − u

r
+ 2vz

)
, (12.7)

Srz
t = G(vr + uz), (12.8)
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and

Sθθ = −(Srr + Szz) . (12.9)

Plastic regime

(
Sij

t

)
p

= (Sij)e −
[

3G

(Y 0)2

]
ẆSij . (12.10)

Solving Eqs. (12.2)–(12.10) produces the time level (n + 1) quantities of ũ,
ṽ, Ĩ, and S̃ij for each cell, based on previous known quantities at the (n)th
time step. The time-averaged velocities are

ū =
1
2
(un + ũ) , (12.11)

and

v̄ =
1
2
(vn + ṽ) . (12.12)

In part 2, the dependent variables are solved in the r-direction using the
averaged velocity ū. They are

ρt = −ūρr , (12.13)

ut = −ūur , (12.14)

vt = −ūvr , (12.15)

It = −ūIr , (12.16)

Srr
t = −ūSrr

r , (12.17)

Szz
t = −ūSzz

r , (12.18)

and

Srz
t = −ūSrz

r . (12.19)

Similar equations are obtained for the z-direction in part 3 if the average
velocity ū is replaced by v̄ and the derivative r is replaced by z in the right
hand side of Eqs. (12.13)–(12.19). Some of the detailed procedures used
in the remap phase are described in Ref. [12.2]. A modified SLIC [12.3]
method is used for tracking the material interfaces.
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The energy released from the high explosive is treated as a programmed
burn with a JWL equation of state [12.4] which is

P = A

[
1 − ω

R1V

]
· e−R1V + B

[
1 − ω

R2V

]
· e−R2V +

ω(E − E0)
V

.

(12.20)
For the present study, we use RDX (with 2% weighted wax) as the
main charge with the parameters, A = 6.45614 (Mbar); ω = 0.3; R1 =
0.04833; B = 7.2 (Mbar); R2 = 2.24; E0 = 0.0562 (Mbar-cm3/cm3);
ρ0 = 1.6 (g/cm3); D = 0.81 (cm/µs). In a high-explosive programmed burn,
the basic assumption is that the detonation wave front travels in all direc-
tions at the Chapman-Jouguet detonation velocity. Information concerning
the energy released from the high explosive such as burn time (BT ) and
burn interval (BI ), is pre-calculated and stored in the code at time t = 0 µs.
During the run, when the problem time T n, at cycle n becomes greater than
the BT value of a high-explosive cell but less than (BT +BI ), a fraction of
the specific energy for the particular HE is deposited in the cell. This frac-
tion is given by (T n −BT )/BI . On the next cycle, at T n+1, if T n+1 is still
less than (BT + BI ), another fraction (T n+1 − T n)/BI of specific energy
is deposited in the cell. This process continues until the cell is completely
burned. The burn calculations depend on the Huygen’s construction for the
burn distance. In Fig. 12.3, if A is the detonation point, then the burn dis-
tances to point 1 and 2 are the line-of-sight distances from the detonation

Figure 12.3. Huygen’s construction for burn distances.
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point, i.e. lines A1 and A2. However, the calculation of the burn distance
to point 3 is more complex because point 3 is located in the shadow region
from point A. In this case, the burn distance is obtained from the shortest
distance of the high-explosive wave paths including a new spherical wave
centered at point B. One possible solution of the burn distance for point 3
is the total distances of line AB, chord BC, and line C3.

12.3 Equation of State and Constitutive Relation

In the present studies, we use the Mie-Gruneisen EOS (Equation of State)
[12.5], for all materials except oil shale. The Mie-Gruneisen EOS is

Us = C0 + sUp , (12.21)

γ =
1
ρ

(
∂P

∂I

)
ρ

, (12.22)

and

γ0 =
1
ρ0

(
∂P

∂I

)
ρ0

. (12.23)

The Mie-Gruneisen parameters are given in Table 12.1.
For the oil shale, we use Tillotson EOS [12.6] which is

P = Pc =

[
a +

b
I

I0η2 + 1

]
Iρ + A1µ + B1µ

2, for I < Is , (12.24)

P = PE = aIρ +

[
bIρ

I
I0η2 + 1

+ A1µe−β( ρ0
ρ −1)

]
e−α( ρ0

ρ −1)2

, for I > I ′s ,

(12.25)

Table 12.1. Parameters for the Mie-Gruneisen EOS.

Material ρ0(g/cm
3) C0(km/s) s γ0

Stainless steel 304 7.9 4.57 1.49 2.17
Copper OFHC 1/2 hard 8.93 3.94 1.49 1.96
Water 0.9979 2.393 1.333 0.50
Granite 2.672 3.712 1.086 0.90
Bronze 8.733 3.814 1.452 2.12
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and

P = [(I − Is)PE + (I ′s − I)Pc]/(I ′s − Is), for Is < I < I ′s . (12.26)

The parameters used for oil shale are a = 0.5; b = 1.0; A1 = 0.28; B1 = 0.11;
α = 5.0; β = 5.0; I0 = 0.11; Is = 0.032; I ′s = 0.16; and ρ0 = 2.3 (g/cm3).
The constitutive relation for the granite and the oil shale is the Johnson-
Cook [12.7] model which is:

Y = Y0(1 + kε�)(1 + n · ln ε∗)(1 − T ∗m) . (12.27)

The parameters are Y0 = 0.00048 (Mbar); k = 1.0; � = 1.0; n = 0.0;
ε∗ = ε̇p/ε̇0; ε̇0 = 1.0 s−1; m = 0.5; and T ∗ = 300K.

The constitutive relation for other material is the Steinberg-
Guinan [12.8] model which is

Y = Y0(1 + k1εp)�1 [1 + m1Pη1/3 − n1(T − 300)] , (12.28)

and

G = G0[1 + m1Pη1/3 − n1(T − 300)] . (12.29)

The parameters used in the present studies are given in Table 12.2.

12.4 Shaped Charge Jet Characteristics

A good oil well perforator should produce a bulged or high-density section
along the liner jet between 20 and 25µs after the main charge ignites. It is
assumed that the average water gap between the gun wall and the casing
wall is about 2.0 to 2.5 cm, and the stand-off between the shaped charge
and gun wall is approximately 1.0 cm. The conical perforator P -A, shown
in Fig. 12.4, uses copper as liner, RDX as main charge, and steel as case.
The double-inversed velocity gradients or the bulged sections are indicated
by A and B as shown in Fig. 12.5 for time 20 and 25µs. The liner density

Table 12.2. Parameters for Steinberg-Guinan model.

Material Y0(Mbar) G0(Mbar) k1 �1 m1 n1

Stainless steel 304 0.0034 0.77 43. 0.35 2.26 0.000455
Copper OFHC 1/2 hard 0.0012 0.477 36. 0.45 2.83 0.000377
Bronze 0.00123 0.409 39. 0.27 3.03 0.000411
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Figure 12.4. The initial setup for the conical perforator P -A with copper liner,
RDX main charge, and steel case.

Figure 12.5. The liner jet formation at time 20 and 25 µs with the bulged sections
indicated by A and B.
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Figure 12.6. The liner density distributions along the z-axis (i.e. r = 0) for time
20 and 25µs with the bulged sections indicated by A and B.

distributions along the z-axis (where r = 0.0 cm) for time 20 and 25µs are
shown in Fig. 12.6 with the bulged sections marked by A and B.

Figure 12.7 shows another popular oil perforator P -B, using the same
material as described in Fig. 12.4 for the case, the explosive, and the liner.
This bell-shaped liner has a non-uniform thickness with thicker liner near
sections A and C and a thinner one at section B. The liner jet formations are
shown in Fig. 12.8 for time 20 and 25µs with the bulged sections indicated
by A and B which are also shown in Fig. 12.9 for the density distributions
along the z-axis.

12.5 Jet Formation and Penetration as Compared
with Experimental Data

Figure 12.10 shows a 6.5-cm-charge diameter perforator with copper-lead
as liner, RDX as high explosive, and steel as case. The apex section of the
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Figure 12.7. The initial setup for the bell-shaped perforator with copper liner,
RDX main charge, and steel case.

liner has a hole with diameter of 0.927 cm. The thickness of the liner at the
end point B is 0.05202cm, where at A, the thickness is 0.14136cm.

High-explosive burn is initiated at point D (r = 0.0 cm, z = −6.4 cm).
The formations of the liner jet at time 24, 34, and 44µs are shown in
Fig. 12.11. In general, the lengths of the jet from the code calculations
match the data quite well. However, the location of the puff-shaped jet tip
from the data is slightly different from the calculation. At time 44µs, the
experimental result shows a broken section of jet formed near z = 4.5 cm
which is not seen from the calculation. The jet velocities from the compu-
tation are in good agreement with the data. The penetration of the liner
jet into the steel block is shown in Fig. 12.12 for code calculation (solid
line) at time 200µs and the experimental data (dashed line). The initial
configuration and the initial location of the perforator are also shown. The
stand-off, i.e. the distance between the perforator and the steel block, is
5.0 cm. The penetration depth is 8.3 cm as obtained by both experiment
and calculation. The crater diameter at z = 5.0 cm is approximately 4.0 cm
for the experiment and 5.0 cm for the calculation. Although the crater size
at z = 5.0 cm has a 25% discrepancy compared with the data, the penetra-
tion depth is in excellent agreement. The copper liner (with 20% weighted
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Figure 12.8. The liner jet formation at time 20 and 25 µs with the bulged sections
indicated by A and B.

lead) of the perforator as shown in Fig. 12.13 comprises three linear seg-
ments, i.e. AB, BC, and CD. The angles between these segments and the
z-axis are slightly different with ∠ABE > ∠CDG > ∠BCF . Each liner
segment has uniform thickness except the apex section which is composed
by two hemispherical segments of thicker liner. The case of the perforator
is made of stainless steel where the explosive is of RDX with 2% weighted
wax and the HE is initiated at point H . The stand-off between the per-
forator and the steel block is 2.76 cm. Both the code calculation and the
experimental data give the same penetration depth and crater size. How-
ever, the bulged section of the penetration hole is located at K (z = 4.0 cm)
by the calculation and at M (z = 5.5 cm) by the experiment. Also, the code
calculation shows another bulged section at N (z = 11.3 cm) which is not
seen in the experiment.
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Figure 12.9. The liner density distributions along the z-axis for time 20 and
25 µs with the bulged sections indicated by A and B.

12.6 Perforators of 4.4 cm Charge Diameter

In this section, four different perforators of 4.4-cm-charge diameter are pre-
sented with their performance of penetration into the casing wall. The liner
section AXB of the perforator P -E, shown in Fig. 12.14, is made of bronze
(0.9 weighted Cu + 0.1 weighted Sn). Near the apex section, the spherical
surface BC (0.5 cm in radius and centered at r = 0.0 cm, z = 2.47 cm) is the
bare surface of the explosive RDX (with 2% weighted wax) which is initiated
at r = 0.0 cm and z = −3.77 cm. In the upper plot of Fig. 12.14, the red
color portion AXB is the liner, the yellow color is the high explosive, the
green color DEFWVU is the iron case, the dark blue color HKGLM is the
gun wall, dark blue color KNPLG is the casing wall, and the green color
NRSP is the Westerly granite. A blowup plot of the perforator is given in
the lower portion of Fig. 12.14 which shows a tapered liner, thicker at point
A and thinner near point B. There are seven blue markers inside the liner
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Figure 12.10. The initial setup for a copper-lead liner consisting of a spherical
apex section with a hole along the axis of symmetry and a tangent truncated
conical section.

Figure 12.11. The jet formation of the perforator P -C, shown in Fig. 12.10, at
times 24, 34, and 44 µs with code calculation in solid line and experimental data
in dashed line.
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Figure 12.12. The initial location of the perforator P -C with 5 cm in stand-off
(left). The formation of the crater as calculated by code (solid line) at t = 200 µs,
and experimental data (dashed line).

Figure 12.13. The initial location of the perforator P -D with 2.76 cm in stand-off
(left). The formation of the crater as calculated by code (solid line) at t = 90 µs
and experimental data (dashed line).

for tracing the motion of the liner during the jet formation. Figure 12.15
shows the formation of the jet and the jet penetration into the gun wall, the
casing wall, and the granite outside the casing wall. There is no clearance
between the gun and the casing walls except the small concave gap on the
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Figure 12.14. This is a 4.4-cm charge diameter bronze liner with a 1.0-cm diam-
eter hole located at the apex region, and the stand-off distance is 0.685 cm. The
high explosive is RDX with 2% wax. The perforator case is made of iron, whereas
the gun and outside casing tube are steel. The material outside the well casing is
Westerly granite. Problem setup is shown on the upper plot with the perforator
configuration on the lower plot.

gun wall to reduce the clogging with the casing wall. The top plot shows
the jet formation at time 10µs. The middle plot gives the penetration of
both walls at time 30µs. The lower plot shows the jet penetration into the
granite and the broken jet near z = 2.0 cm at time 50 µs. The liner of the
perforator P -F , shown on the top portion of Fig. 12.16, is made of two dif-
ferent materials with section AXY of copper (OFHC 1/2 hard) and section
BXY of bronze (0.9 weighted Cu + 0.1 weighted Sn). Spherical surface BC
(0.5 cm in radius and centered at r = 0.0 cm, z = 2.47 cm) is the bare sur-
face of the explosive RDX (with 2% weighted wax) that is initiated at point
I (r = 0.0 cm, z = −3.77 cm). The iron case is indicated by DEFSWVUT.
There are eight markers inside the liner which trace the liner location dur-
ing the jet formation: four for copper and four for bronze. The liner of the
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Figure 12.15. The formation of the jet and the jet penetration into the gun,
casing walls, and the granite is shown at time 10 µs (top), 30 µs (middle), and
50 µs (bottom).
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Figure 12.16. The initial configurations of perforators P -F (upper plot) and
P -G (lower plot).

perforator P -G, shown in the lower plot of Fig. 12.16, has only one mate-
rial, i.e. copper (OFHC 1/2 hard). The dimension and the thickness of this
liner is the same as that of perforator P -F except that the convex portion
as indicated by KGH near the apex section is different. Figure 12.17 shows
another perforator P -H which has the same configuration for the case,
the explosive, and the liner as perforator P -F shown in the upper plot of
Fig. 12.16, except that the copper liner AXY is shorter and the bronze liner
BXY is longer. The total masses of the case, the explosive, and the liner
for perforator P -E, P -F , P -G, and P -H are provided in Table 12.3.

If we replace the perforator P -E in the upper plot of Fig. 12.14 by per-
forator P -F and use the same stand-off distance, i.e. 0.685 cm, then we will
get a set of calculations similar to Fig. 12.15. The same calculations are
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Figure 12.17. The initial configuration of perforator P -H .

Table 12.3. Masses (g) of the case, the explosive, and the
liner.

Perforator P -E P -F P -G P -H

Case (Iron) 143.198 143.198 142.881 142.881
Explosive (RDX) 19.902 19.902 20.0 19.97
Liner (Bronze) 15.919 4.068 16.89 6.169
Liner (Copper) 11.8 10.169

performed for perforator P -G and P -H . The casing hole sizes versus the
water gaps between the gun wall and casing wall are plotted in Fig. 12.18 for
the perforator P -E, P -F , P -G, and P -H . From Fig. 12.18, it is obvious that
the perforator P -F should be used if only one type of perforator is all per-
mitted. However, if a spacer (not much deviates from 1.27 cm) is designed
to set the water gap, then one can use the perforator P -G for that particu-
lar direction (i.e. water gap of 1.27 cm) and use the perforator P -F for the
rest directions. This will produce the best perforation for the casing wall.

12.7 Perforators of 3.6 cm Charge Diameter

Four perforators, i.e. P -I, P -J , P -B, and P -K, of 3.6-cm charge diam-
eter are described in this section with their penetrations into the casing
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Figure 12.18. The hole diameter in the casing wall as a function of water gap
for perforators P -E, P -F , P -G, and P -H .

wall. These four perforators use stainless steel for the case, RDX (with 2%
weighted wax) for the explosive, and copper (OFHC, 1/2 hard) for the liner.
The upper plot of Fig. 12.19 shows the initial setup of the perforator P -I
with the steel gun wall QYZLM, the steel casing wall YNPLZ, and the oil
shale NRSP. The stand-off, i.e. the distance between the perforator and the
inside wall of the gun, is 1 cm. The gap between the gun wall and casing
wall is zero except that a slot, indicated by Z, on the outside surface of the
gun wall is made to reduce the clogging with the casing wall. A blowup
plot of the perforator P -I is given in the lower portion of Fig. 12.19 where
AX is the thicker section of the liner, XB is the thinner one, and BC is
a much thicker spherical section. Section DEFGHKWVUT is the stainless
steel case. Between the case and the liner is the RDX explosive which is ini-
tiated at point I. The best design of the 3.6 cm charge diameter perforator
is the one shown on the top portion of Fig. 12.20. This perforator, P -J , has
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Figure 12.19. Perforator P -I which has a charge diameter of 3.6 cm with a small
convex liner near the apex region (upper). The initial configuration of the perfo-
rator is shown at the lower plot.

identical masses of the explosive and the liner as those of perforator P -I
except that the stainless steel case of the perforator P -J is slightly thicker.
Perforator P -B, shown in the lower portion of Fig. 12.20, is a widely used
device. Figure 12.21 shows another perforator P -K with less mass of liner
but more mass of the steel case as compared with the perforator P -J . The
masses of the case, the explosive, and the liner are given in Table 12.4 for
perforators P -I, P -J , P -B, and P -K.

If we replace perforator P -I by P -J , P -B, or P -K and repeat the same
calculations for different water gaps, then we will get the results plotted
in Fig. 12.22. From Fig. 12.22, one will choose perforator P -J if only one
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Figure 12.20. The initial configurations of perforators P -J and P -B.

Figure 12.21. The initial configuration of perforator P -K.
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Table 12.4. Masses (g) of the case, the explosive, and the liner.

Perforator P -I P -J P -B P -K

Case (Stainless steel) 143.198 143.198 142.881 142.881
Explosive (RDX, 2%wax) 19.902 19.902 20.0 19.97
Liner (Copper) 12.4656 12.4656 9.37998 11.8067

Figure 12.22. The hole diameter in the casing wall as a function of water gap
for perforators P -B, P -I , P -J , and P -K.

type of device is allowed. However, as described in the previous section, one
can use perforator P -K for the water gap (space between gun and casing
walls) greater than 2.54 cm and use perforator P -J for the gap smaller
than 2.54 cm. Since the liner masses of perforator P -I, P -J , and P -K are
approximately equal to 12.0 g and their explosive masses are identical, one
can thus plot the casing hole sizes versus the masses of the stainless steel
case. This is shown in Fig. 12.23 with the hole size in the vertical coordinate
and case mass in the horizontal one. From this plot, it is obvious, on the
average, that the perforator P -J is better than P -I and P -K.
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Figure 12.23. The hole diameter in the casing wall as a function of case mass
where the masses of the explosive and the liner are fixed for perforators P -I , P -J ,
and P -K.

12.8 Discussions

The design philosophy between oil well perforator and conventional shaped
charge is quite different. For designing an oil well perforator, one has to
consider the following stringent factors:

(1) The stand-off is small since the space is limited inside the gun pipe.
(2) The high explosive should be able to survive in a harsh environment.
(3) The cost of the perforator should be low.
(4) A good perforator requires varied thickness along the length of the liner.

It is not easy to achieve the desired tolerance since most of the liners
are made by pressing the liner material powder into the designed shape.

(5) A good perforator should produce a double velocity gradient between
20 and 25µs after the main charge ignites. This can be done by using a
liner with various thickness, while the conventional shaped charges do
not usually have this requirement.

The important items for designing a good oil well perforator are

(1) The perforated hole in the oil casing wall should be large.
(2) The perforated hole in the gun wall should be small.
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(3) The high explosive should be able to sustain a harsh environment, e.g.
with temperature higher or equal to 260◦C.

(4) The penetration into the surrounding rock or granite should be as deep
as possible.

(5) The slug portion of the liner should not plug the oil casing hole.

If one only considers items 1 and 4, then the problem of designing an oil
well perforator is the same as that for a conventional weapon, i.e. shaped
charge. However, besides items 1 and 4, the oil well perforator also has to
take items 2, 3, and 5 into account, which makes the design very compli-
cated. For meeting the requirements of items 1 and 2, one has to optimize
the shape, the thickness, and the dimension of the liner. This has been done
by trial and error through the laboratory experiments for the last fifty years.
Fortunately, due to the advanced development of computer software, most
of the tedious design work can be handled by 2D or 3D Eulerian codes today.

As shown in Fig. 12.18, for the perforators of 4.4 cm charge diameter,
perforator P -F will be the best choice for item 1. Also, perforator P -J meets
item 1 the best as shown in Fig. 12.22 for the perforators of charge diameter
3.6 cm. For item 2, the present studies show that the perforated hole size in

Figure 12.24. The hole diameter in the gun wall as a function of water gap for
perforators P -E, P -F , and P -H .
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Figure 12.25. The hole diameter in the gun wall as a function of water gap for
perforators P -B, P -I , and P -J .

the gun wall is not sensitive to either water gap between the gun and the
casing walls or the type of perforators as shown in Fig. 12.24 for perforators
P -E, P -F , and P -H and in Fig. 12.25 for perforators P -B, P -I, and P -J .

Item 3 deals with the harsh environment near the wellbore location. In
principle, energetic explosive is preferred due to its high chemical energy
contents. But, for safety reasons, the explosive should be able to sustain
high temperature. One of the industrial design parameters for producing
the double velocity gradients is varying the explosive density along the axial
axis. However, in the current study, we use uniform density and no material
strength for the explosive. In modeling the high explosive burning process,
a reactive burn model is better than the programmed burn (present studies)
due to the 90◦ turning angle near point U in Fig. 12.14. At this turning
point, the detonation velocity of the explosive burning front will be slower
to accommodate the divergent cross-section, i.e. UV . Since the reactive
burn model requires fine mesh for calculations, it may become impractical
for industrial application. In this case, one may consider the modification
of the detonation velocity due to the boundary curvature using a simple
method [12.9].
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Item 4 requests a deep penetration into the granite surrounding the cas-
ing wall. From the present studies, if a perforator will produce a large hole
in the casing wall, it will also penetrate deeper into the granite. Perfora-
tor P -E is a good device for creating a large hole in the casing wall (see
Fig. 12.18) and for penetrating deeply into the granite (see Fig. 12.26). All
of the liners in this study is made by pressing the powder liner material
with a small amount of wax. Therefore, the slug portion of the liner jet will
not plug the casing hole as it has been verified by experiments. This will
satisfy the requirement of item 5.

It is interesting to note that the perforator P -E, shown in Fig. 12.14,
with a 1-cm-diameter hole (without liner) at the apex region, will produce
good size hole in the casing wall. Due to the inertia effect, the 1-cm-diameter
cavity section results in higher velocity for the material near the apex area.
This is why perforator P -E is still considered a good device. If the surface of
the explosive cavity, i.e. the 1-cm-diameter hole, is coated with a thin layer
of liner material, the perforation in the casing wall will be much better. The
calculation of this design has been done, but the result is not discussed here.

Figure 12.26. The penetrating depth into the surrounding granite as a function
of water gap for perforators P -E, P -F , and P -H .
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The thickness of the perforator case as well as the liner will affect the
performance of the liner jet formation and the penetration into the oil
well casing. Since the detonation waves (compression waves) from the high
explosive, the rarefection waves from the free surfaces of the liner, and the
perforator case react with each other, the situation becomes so complicated
that it is impossible to calculate them by analytical method. The detailed
physics can only be obtained by using multi-dimensional code simulations.
In the lower plot of Fig. 12.14, the liner near point A is the thickest one
while point B is the thinner one and point X is somewhat in-between. Liner
surface AX comprises a straight line where XB is made up of four different
circular arcs. These dimensions and thickness come from many experiments
and calculations obtained by trial and error.

12.9 Conclusions

In this study, we use a 2D Eulerian code to simulate the performance of
the oil perforator and present the character of the double velocity inverse
gradient which is related to the perforated hole sizes in the gun and casing
walls.

Experimental testing is still the best way to obtain a good oil perforator.
However, due to the advances of computer hardware and software, it is
possible today to design a perforator using a multi-dimensional code with
well-defined material properties.

The objective of well-bore perforation is to increase the conductivity
between the reservoir and well-bore so that the oil or gas may flow into
the well. However, after production for some time, the permeability of rock
formation around the well-bore will decrease due to the migration of mud
particles and fines into rock pores (also known as formation damage). In
order to restore the conductivity, the general practice in the industry is
to introduce a hydraulic fracture from the well-bore penetrating into the
rock formation. The perforated tunnels, in this operation, will serve as
initiators for this massive hydraulic fracture. It is clearly demonstrated in
the previous sections that the performance of a shaped charge gun can be
greatly enhanced by a properly designed liner. A properly designed gun
would produce a clean tunnel with great depth.

In general, the requirement for a good gun is its ability to produce a
large and clean surface in the rock medium in the vicinity of well-bore for
oil and gas to flow with least amount of resistance into the well-bore. This
leads to the development of linear shaped charge (LSC) gun. A LSC gun
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would produce a narrow and long slot (approximately 0.64 cm by 20 cm)
along the well casing and a narrow elliptical opening (yet to be verified)
extending from well-bore into the surrounding rock medium. The ellipti-
cal opening has much larger exposed area to the rock medium than the
cylindrical tunnel produced by the perforators described in the previous
sections. Furthermore, a narrow elliptical opening would be a much more
effective initiator for hydraulic fracture. It becomes clear that a properly
designed linear shaped charge (LSC) gun would produce a better result
than its conical or bell-shaped counterpart.
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