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Abstract: This study was conducted on a linear shaped charge with a double-angle liner. The
double-angle liner has a large inner apex angle and a small outer liner angle. Experiments and
numerical analysis were performed in a penetration performance study, and it was confirmed that
the experimental results and numerical analysis results matched well. As a result of the numerical
analysis, at the standoff distance of 1.5 CD, the penetration performance of the double-angle linear
shaped charge was improved by 14.5% compared to the conventional linear shaped charge, and at the
standoff distance of 2.5 CD, the penetration performance was improved by 12.5%. For miniaturization,
numerical analysis was performed by reducing the height of the explosive and the standoff distance.
As a result of the numerical analysis, the penetration performance of the double-angle linear shaped
charge was improved by 14.6% compared to the conventional linear shaped charge. Double-angle
liners are effective in improving the penetration performance of linear shaped charges.

Keywords: linear shaped charge; double angle; penetration performance; Autodyn-2D; depth of

penetration; miniaturization

1. Introduction

A shaped charge is an explosive device that focuses the explosive energy of a charge
to form a metal jet and then uses it to penetrate or sever the target. Because shaped charges
are small in size but have powerful target destruction capabilities, they are used for various
purposes in the civil and military fields. The conical shaped charge (CSC) is used as a
warhead to pierce the armor of a tank, or as a device to drill holes in rocks to extract oil.
Linear shaped charges (LSCs) are used to sever sheets of various materials. Because they are
small in size but have high reliability and an excellent cutting ability, they are used as stage
separation devices for space launch vehicles or ballistic missiles. Flexible linear shaped
charges (FLSCs), whose sheaths are made of flexible materials, allow cutting patterns to be
freely created, so they are used in the canopy fracturing system (CFS) of aircraft or fairing
cutting devices for space launch vehicles.

Since Birkhoff derived a simple formula for the theory of jet formation in a steady
state [1], there have been numerous studies and efforts to understand and improve the
performance of jet formation. Birkhoff assumed that in the process of collapsing the liner to
form a jet, that the liner was an inviscid, incompressible fluid, and derived the mass and
velocity of the jet and slug in a steady state using mathematical formulas. According to his
theory, the smaller the liner’s apex angle, the faster the jet and the less mass it has. Pugh
presented a mathematical model for the velocity and mass of the jet in an unsteady state [2].
After observing that the length of the jet was several times longer than Birkhoff’s theory, to
compensate for this, different liner collapse velocities were introduced depending on the
liner’s position, and the velocity and mass of the jet in an unsteady state were calculated.
His research shows that the speed and angle of collapse of the liner are different at every
location on the liner, and each must be known to be able to make calculations. In other
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words, the velocity and mass of the jet are difficult to calculate mathematically and can
instead be obtained using numerical analysis or dedicated code. Walter compiled various
theories about shaped charge and published them in a book [3]. His book introduced jet
formation theory, jet break-up theory, target penetration theory and various simulation
models. Shekhar wrote a review paper summarizing the results of about 70 studies on
conical shaped charges over a period of 20 years from 1990 to 2010 [4].

However, most studies have focused on conical shaped charges. There are not many
studies that reflect the unique characteristics of a linear shaped charge. The linear shaped
charge has a different tendency from conical shaped charges because a linear shaped
charge jet is formed in the vertical direction of the liner and simultaneously explodes in
the longitudinal direction, forming a continuous jet. Additionally, compared to a conical
shaped charge, the charge/metal ratio (C/M ratio) is smaller, and since the liner is not in a
shape that gathers at the center, it is difficult to achieve a high jet velocity and a penetration
performance of several times the width of the explosive. In the case of an incision device
using a linear shaped charge, the mounting space is very narrow, so the standoff distance
between the device and the target is very short. A short standoff distance reduces the
penetration performance of a linear shaped charge.

Vigil designed a linear shaped charge using the LESCA code, an inhouse code, and
predicted the penetration performance [5]. He proposed a precision linear shaped charge
(PLSC), which can precisely manufacture linear shaped charges, to improve their reliabil-
ity [6]. A report was published on the design parameters of the precision linear shaped
charge and its cutting performance on a metal target. Lim proposed a jet formation theory
reflecting the longitudinal explosion characteristics of linear shaped charges [7-10]. Consid-
ering the effect of longitudinal explosion in a linear shaped charge, the direction and shape
of the continuous jet were presented as a mathematical model. The effect of longitudinal
explosion was analyzed by applying the Taylor angle. Based on Lim’s research, Li proposed
a model that could calculate the jet velocity of a linear shaped charge in a steady state, and
proved his theory through simulation and measurement tests [11]. Bohanek experimentally
studied the effect of design parameters such as explosive mass, liner material and standoff
distance on the penetration performance of linear shaped charges [12]. Sterbentz used
machine learning to study ways to improve the penetration performance of linear shaped
charges by changing the detonation point [13]. Cheng conducted research to improve the
penetration performance of a linear shaped charge by modifying the shape of the liner [14].
Generally, the liner shape is a V-groove and the angle of the liner is constant, but in this
study, the angle of the liner was changed in the middle to have a double-angle. The author
called this a bi-apex angle linear shaped charge (BLSC). A linear shaped charge with a small
inner apex angle and large outer liner angle was proposed, and through simulation and
penetration experiments, it was confirmed that it had a penetration performance that was
29.72% higher than that of the conventional linear shaped charge of the same size. The liner
shape of the bi-apex angle linear shaped charge is an application of the double-cone liner
conical shaped charge to the linear shaped charge. Bui presented an analytical solution for
the penetration performance of a double-cone liner conical shaped charge [15]. Through
analysis and simulation, it was confirmed that the penetration performance of the double-
cone liner conical shaped charge increased by 16% compared to the conventional conical
shaped charge. The experiment was conducted in the form of a linear shaped charge, and as
a result, it was confirmed that the penetration performance of the double-cone liner linear
shaped charge increased by about 3.5% compared to the conventional linear shaped charge.

This study was conducted to improve the penetration performance of a linear shaped
charge by changing the liner shape. A double-angle linear shaped charge (DALSC), which
has the opposite shape to the previous study of a bi-apex angle linear shaped charge
(BLSC), was designed and a penetration performance study was conducted. Research on
the double-angle liner has already been conducted on a conical shaped charge and proven
its performance [16,17]. However, there are no cases of applying the double-angle liner to
a linear shaped charge. The double-angle liner has a large inner apex angle and a small
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outer liner angle. If a linear shaped charge is designed using a liner of this shape, the
overall height of the linear shape charge can be reduced. This is very advantageous for
miniaturization of the linear shaped charge, and it can contribute to the miniaturization of
stage separation devices.

2. Structural Design

Schematic diagrams of the conventional linear shaped charge and the double-angle
linear shaped charge are shown in Figure 1. The liner of the double-angle linear shaped
charge has a small outer liner angle and a large inner apex angle. The design parameters of
the double-angle linear shaped charge are the inner apex angle (A2) and the inner explosive
width (C2) where the liner angle changes. The outer liner angle (A1), liner thickness (t),
explosive height (H) and outer explosive width (CD) are constant with 70°, 1 mm, 15 mm
and 10 mm, respectively, and taken as reference values. The design parameter values
for the experiments and simulations are listed in Table 1. Many design parameters can
be made dimensionless by dividing them by the charge diameter (CD). The inner apex
angles (A2) are 110° and 120°, and the inner explosive widths (C2) are 0.4 CD, 0.5 CD and
0.6 CD, respectively. A quick numerical analysis was performed briefly before designing
the double-angle linear shaped charge. The liner angle (A2) ranges were 110°, 120°, 130°
and 140°. As a result of a quick simulation, it was determined that in the case of A2, the
penetration performance tends to decrease sharply for angles above 130°. Therefore, we
selected 110° and 120°, which were judged to have excellent penetration performances.

& liner
A1l t t /\
¥ 1 A2
explosive
H H case
v
< > « >
cD cD
(a) conventional LSC (b) double-angle LSC
Figure 1. Schematic diagram of a (a) conventional linear shaped charge and (b) double-angle linear
shaped charge. The inner apex angle (A2) and inner explosive width (C2) are variable design parameters.
Table 1. Parameters of the conventional linear shaped charge and double-angle linear shaped charge.
Sim Type A1(°) A2 (°) CD (mm) C2 (CD) H (CD) t (mm)
#1 Conventional 70 - 10 - 1.5 1
#2 0.4
#3 Double-angle 70 110 10 0.5 15 1
#4 0.6
#5 0.4
#6 Double-angle 70 120 10 0.5 1.5 1
#7 0.6
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(a) index

3. Numerical Analysis Setup
3.1. Finite Element Model

The AUTODYN-2D hydrocode was used to investigate the penetration performance.
The numerical model consists of a liner, explosive, case and target. The Euler-Lagrange
complex solver was used to simulate the penetration of a conventional linear shaped charge
and a double-angle linear shaped charge. Generally, the Lagrange solver is used to analyze
the penetration performance, and the Euler solver is used to analyze the collapse of a
liner and the formation of a metal jet. When the liner collapses in Euler space and a jet is
sufficiently formed, the characteristic values are transferred to the Lagrange model and
the jet is reconstructed in the Lagrange model. The penetration performance is analyzed
by colliding the reconstructed Lagrange jet model with the Lagrange target model. In this
study, the standoff distance between the linear shaped charge and the target was very
short and the jet collided with the target before it was sufficiently formed. Therefore, the
penetration phenomenon was analyzed by continuously supplying the explosive energy
of a charge to the jet and colliding with the target. Because Lagrange elements and Euler
elements must be connected in a complex manner, the analysis was performed using
the Euler-Lagrange complex solver. For this purpose, the liner, explosive and case were
modeled with Euler elements, and the target was modeled with Lagrange elements. If
the liner and the target collided during a simulation, the grid of the target composed of
Lagrange elements was excessively deformed and distorted, leading to inaccurate results
or even stopping the simulation [18]. To prevent this, erosion values were applied to the
Lagrange model. In this study, simulations were performed by applying the erosion value
as an instantaneous geometric strain of 2.5. El-Sayed studied the shape charge penetration
characteristics for various design variables using ANSYS Autodyn-2D, and performed a
mesh size sensitivity test [16]. The appropriate mesh size was found to be 0.125 mm, with
0.25 mm available to reduce the analysis time. In this study, the mesh size was 0.14 mm.

Representative simulation models are presented in Figure 2. The target and case
materials are both aluminum 6061-T6, the liner material is oxygen-free, high-conductivity
copper (Cu-OFHC) and the explosive material is HMX-TNT. Standoff or standoff distance
refers to the distance between the liner and the target. In this study, the standoffs were
15 mm and 25 mm. Hence, the standoff distances can be seen as 1.5 CD and 2.5 CD.

standoff

(b) conventional LSC: sim #1 (c) double-angle LSC: sim #4 (d) double-angle LSC: sim #6

Figure 2. Representative simulation models with 1.5 CD standoff distance: (a) material index; (b) #1
simulation model of conventional LSC: apex angle is 70°; (c) #4 simulation model of double-angle LSC:
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outer liner angle is 70° and inner apex angle is 110°, while inner explosive width is 0.6 CD; (d) #6
simulation model of double-angle LSC: outer liner angle is 70° and inner apex angle is 120°, while
inner explosive width is 5 CD.

3.2. Material Constitutive Model and Parameters

The material, equation of state (EOS) and strength model for each part of the simulation
model are listed in Table 2. Referring to the results of the literature search, a combination
of constitutive equations already used in many studies was used in this study. This is the
constitutive equation recommended in the AUTODYN material library.

Table 2. Material, EOS and strength model for each part.

Part Material EOS Strength Model Erosion
Explosive HMX-TNT JWL - -
Liner Cu-OFHC Mie-Gruneisen shock Steinberg—Guinan -
Case Al 6061 T6 Mie-Gruneisen shock Steinberg—Guinan -
Target AL 6061 T6 Mie-Gruneisen shock ~ Steinberg-Guinan Instantaneous
geometric strain
3.2.1. Explosive
The explosive used in this study was developed for military purposes. The density is
1.67 g/cc and the C-] detonation velocity is 8293 m/s. This explosive is not registered in the
AUTODYN material library. HMX-TNT was selected as the explosive for the simulation.
This is because the density and C-J detonation velocity of HMX-TNT are similar to those of
the developed explosive. The JWL (Jones Wilkins Lee) equation of state (EOS) was used,
with the material parameters shown in Table 3. The general pressure expression of the JWL
EOS is as follows [19,20]:
wW RV wVy w
P(V,e)= Al — —|exp| —— B{l— —— —(e+ Ae 1
v.e) [ VRl] p( Vo>+{ VRy| TV T @
where pg = 1/V) is the initial density, w is the Gruneisen coefficient and A, B, R; and R;
are the parameters in Table 3.
Table 3. JWL EOS parameters of HMX-TNT.
Density A C-J Detonation C-J Energy per Unit C-J Pressure
(g/cc) Gpay BGFD R Ry @ Velocity (m/s) Volume (GJ/m?) (GPa)
1.776 700.8 12.12 4.5 1.10 0.30 8210 8.9 31.1

3.2.2. Liner, Case and Target

The liner was made of Cu-OFHC (oxygen-free, high-conductivity copper). The case
and target were made of Al6061 T6. The material data were selected from the AUTODYN
library. The EOS and strength model used for the two materials were the Mie-Gruneisen
EOS and the Steinberg-Guinan strength model. The Mie-Gruneisen equation of state is as
follows [21,22]:

p_ o[ (1)
[1— (S — 1))

where Cj is the bulk speed of sound, S, is a linear Hugoniot slope coefficient, ( is a measure

+TyE ()

of compression (ﬁ—o - 1) and E is the internal energy. The material parameters are shown
in Table 4.
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Table 4. Mie-Gruneisen EOS parameters of Cu-OFHC and Al 6061 T6.
Material Density (g/cc) r Co (m/s) S Tp(K)  Specific Heat (J/kgK)
Cu-OFHC 8.930 2.02 3940 1.489 300 383
Al 6061 T6 2.703 1.97 5240 1.400 300 885
The Steinberg—Guinan strength model is as follows [22]:
y:yo{l—i-Apl—B(T—%O)} 3)
73
0:00{1+,B(£’7+£l-)}”{1+Apl—B(T—3OO)} (4)
n3
1 dp 1 dp n 4
A= ——, B=——, 1 p j < Ymax, 1 =— 5
1o dP 1o dT oo{1+B(¥ +&)}" < Yiax, 7 00 ®)
1 2(Tg—a—1)
T = Tmoexp{2a|1— ; pyto=a73 (6)

where p is the pressure, T is temperature, g is the shear modulus at the reference state

(T=300K, p=0, ¢ =0), n is compression (p%>, 0p is the reference state uniaxial yield
strength, ¢; is the initial equivalent plastic strain, n and B are work hardening parameters,
Yinay is the maximum value of the uniaxial yield (at T = 300 K and p = 0), Ty is the
melt temperature (at p = pg) and a is the coefficient of first-order volume correction to
Gruneisen’s gamma. The material parameters are shown in Table 5. As mentioned earlier,

erosion was applied to the target material.

Table 5. Steinberg—Guinan strength model parameters of Cu-OFHC and Al 6061 T6.

. Shear Modulus . Maximum Yield Hardening Melting
Material (GPa) Yield Stress (GPa) Stress (GPa) Constant Temperature (K)
Cu-OFHC 47.70 0.12 0.64 36 1790
Al 6061 T6 27.60 0.29 0.68 125 1220

4. Experimental Setup

The shape of the double-angle linear shaped charge used in this experiment is shown
in Figure 3. The side cover was opened, and after filling the empty space under the liner
with explosive, the side cover was closed and the experiments performed. The liner length
was 150 mm.

The experimental setup is shown in Figure 4. The target blocks were placed below
and the linear shaped charge was installed on top of the target by placing the liner in the
downward direction so that the jet was sprayed in the target direction. There was a spacer
between the target block and the linear shaped charge to adjust the standoff distance. The
specimen number and standoff distance were written on the side of the target block. Two
target blocks were installed so that two standoff distance tests could be performed at the
same time. The size of the target block for the 1.5 CD standoff distance test was 50 mm (W)
x 60 mm (H) x 40 mm (D), and the size of the target block for the 2.5 CD standoff distance
test was 30 mm (W) x 50 mm (H) x 40 mm (D). Generally, targets are made of mild steel,
but, in this case, they were made of aluminum 6061-T6 so that the difference in penetration
depth could be clearly distinguished.
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side cover

length:150 mm

liner

explosive

(a) specimen #3 (b) specimen #4

Figure 3. The double-angle linear shaped charges used in the experiments. (a) The same as the #4
simulation model: outer liner angle is 70° and inner apex angle is 110°, while inner explosive width
is 0.6 CD; (b) The same as the #6 simulation model: outer liner angle is 70° and inner apex angle is
120°, while inner explosive width is 0.5 CD.

(a) experimental setup for specimen #3 (b) experimental setup for specimen #4

Figure 4. The experimental setups.

The detailed dimensions of linear shaped charge specimen #3 and specimen #4 are as
shown in Table 6. Specimen #3 had the same shape as simulation #4, and specimen #4 had
the same shape as simulation #6.

Table 6. Dimensions of the double-angle linear shaped charge used in the experiment.

Specimen  Simulation A1 (°) A2(°) CD (mm) C2(CD) H (CD) t (mm) Standoff (CD)
#4 1.5
#3 411 70 110 10 0.6 1.5 1 25
#6 1.5
#4 #13 70 120 10 0.5 1.5 1 25

In Figure 4, there is a hole on the top of the linear shaped charge. After installing the
detonator in Figure 5a in this hole, we performed the test by detonating the linear shaped
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charge using the high-voltage detonation circuit in Figure 5b. The explosive used in the
detonator tube was PETN. The voltage of the detonation circuit was 1.8 kV and the average
burst current under detonation conditions was 667 A. Various double-angle linear shaped
charges were prepared for the experiment, but only two tests could be performed due to
safety and permit issues.

(a) detonator (b) high-voltage detonation circuit
Figure 5. Components of the experimental setup.

5. Results
5.1. Experimental Results

Experiments were conducted to verify the penetration performance of the double-
angle linear shaped charge. The experimental results for a standoff distance of 1.5 CD are
shown in Figures 6 and 7, and the penetration depth measurement results are summarized
in Table 7. To measure the experimental results, four points were selected at equal intervals
on the upper surface of the penetrated target. The depth was measured using a Vernier
caliper at four points and the average value was taken. Because the top surface of the
penetrated target was uneven, it was difficult to measure accurately with a Vernier caliper.
So, we performed the measurement with the following procedure.

Table 7. Penetration depths of experiments.

o o Standoff Penetration

DALSC # Al (°) A2 (°) C2 (CD) (CD) Depth (CD)
#3 70 110 0.6 1.5 2.37
#4 70 120 0.5 1.5 243

(b) side (c) top

Figure 6. Experimental result of double-angle linear shaped charge with 1.5 CD standoff. The target
block is penetrated by specimen #3. The penetration depth is 2.37 CD (23.7 mm).
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(a) front

(a) specimen #3 with 2.5 CD standoff (b) specimen #4 with 2.5 CD standoff

(b) side (c) top

Figure 7. Experimental results of double-angle linear shaped charge with 1.5 CD standoff. The target
block is penetrated by specimen #4. The penetration depth is 2.43 CD (24.3 mm).

(1) Measure the depth from the top of the target to the end of the penetration using a
Vernier caliper.

(2) Measure the distance from the measurement point on the top of the target to the
bottom of the target.

(8) Original target height - ((2) - (1)) = penetration depth.

The penetration depth of specimen #3 was 2.37 CD (23.7 mm), and the penetration
depth of specimen #4 was 2.43 CD (24.3 mm).

The experimental results for the 2.5 CD standoff distance are shown in Figure 8.
Meaningful experimental results could not be obtained because the target blocks were
destroyed or the penetration was not straight. A small target block was used to ensure
a large standoff distance. Because the size of the target block was small and the test was
performed without being fixed to the floor, it is assumed that the target block was destroyed
and the penetration was not straight.

Figure 8. Experimental results of double-angle linear shaped charge with 2.5 CD standoff. The target
blocks were destroyed and the penetration depth could not be measured.

5.2. Numerical Analysis Results

Numerical analysis was performed with seven liner shapes for two standoff distances.
The numerical analysis results and experimental results were compared and are summa-
rized in Table 8. The maximum error was 2.5%, which shows that the numerical analysis
results followed the experimental results well.

Table 8. Comparison of numerical analysis results and experimental results.

Simulation Experiment

Specimen Type Standoff (mm) (mm) (mm) Sim-Exp (mm) Err (%)
#3 DALSC 15 243 23.7 0.6 2.5
#4 DALSC 15 241 24.3 -0.2 —0.8
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The numerical analysis results are summarized in Table 9, and the target shapes of the
representative numerical analysis results are presented in Figure 9.

Table 9. Numerical analysis results. The reference increase rate is the penetration depth of the
conventional LSC.

Standoff =~ Penetration Depth  Increase Rate

Sim Specimen Type A1 (°) A2(°) C2 (CD) (CD) (Sim) (CD) (%)
#1 LSC 70 - - 1.5 2.27 -

#2 DALSC 70 110 0.4 1.5 2.58 13.7
#3 DALSC 70 110 0.5 1.5 2.60 14.5
#4 #3 DALSC 70 110 0.6 1.5 2.43 7.0
#5 DALSC 70 120 0.4 1.5 2.57 13.2
#6 #4 DALSC 70 120 0.5 1.5 241 6.2
#7 DALSC 70 120 0.6 1.5 2.32 2.2
#8 LSC 70 - - 2.5 2.48 -

#9 DALSC 70 110 0.4 2.5 2.70 8.9
#10 DALSC 70 110 0.5 2.5 2.59 4.4
#11 #3 DALSC 70 110 0.6 2.5 2.59 4.4
#12 DALSC 70 120 0.4 2.5 2.79 12.5
#13 #4 DALSC 70 120 0.5 2.5 2.60 4.8
#14 DALSC 70 120 0.6 2.5 2.45 -1.2

30

a0

70

&0

50

40

30

90 90

20 -0 0 10 20 30 30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30

(a) conventional LSC (sim #1) (b) double-angle LSC (sim #4) (c) double-angle LSC (sim #6)

Figure 9. Representative simulation results with 1.5 CD standoff distance. The unit of the axis is mm.
The target size is 50 mm x 50 mm. The penetration depth is (a) conventional LSC: 2.27 CD; (b) #4
double-angle LSC: 2.43 CD; (c) #6 double-angle LSC: 2.41 CD.

At the standoff distance of 1.5 CD, the penetration depth of the conventional linear
shaped charge was 2.27 CD. The double-angle linear shaped charge in the simulation #3
liner shape had the best performance with a penetration depth of 2.60 CD, and had a
penetration performance that was 14.5% better than that of the conventional liner shape.
At the standoff distance of 2.5 CD, the penetration depth of the conventional linear shaped
charge was 2.48 CD. The simulation #12 double-angle linear shaped charge had the best
performance with a penetration depth of 2.70 CD, constituting a 12.5% better penetra-
tion performance.

The shape of the liner with the maximum penetration performance varied depending
on the standoff distance. Therefore, the standoff distance must first be determined in order
to design a liner shape for the maximum penetration performance.

The explosive energy of the charge is transferred to the liner, causing it to collapse,
forming a jet. It takes some time for the jet to receive enough explosive energy to increase
its internal energy, which appears as an increase in the standoff distance. The numerical
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analysis results showed that the penetration performance at a standoff distance of 2.5 CD
was about 5% greater than that at 1.5 CD, but there was no significant difference. For
applications such as stage separation devices, a short standoff distance is suitable. In this
configuration, it can be said that a standoff distance of 1.5 CD is sufficient.

5.3. Additional Numerical Analysis and Results

Only a miniaturized linear shaped charge can be applied to stage separation devices.
To miniaturize the linear shaped charge, additional numerical analysis was performed with
both the explosive height and standoff distance set to 1 CD. Representative simulation
models are presented in Figure 10. The numerical analysis settings were the same as those
performed previously. Additional numerical analysis results are shown in Table 10, and the
target shapes of the representative numerical analysis results are presented in Figure 11.

(a) index

(b) conventional LSC: sim #15  (c) double-angle LSC: sim #18 (d) double-angle LSC: sim #19

Figure 10. The representative simulation models with 1 CD standoff distance and 1 CD explosive
height: (a) material index and location; (b) #15 simulation model of conventional LSC: apex angle is
70°; (c) #18 simulation model of double-angle LSC: outer liner angle is 70° and inner apex angle is
110°, while inner explosive width is 0.6 CD; (d) #19 simulation model of double-angle LSC: outer
liner angle is 70° and inner apex angle is 120°, while inner explosive width is 0.4 CD.

In the linear shaped charges with both the explosive height and standoff distance
as 1 CD, all double-angle liner shapes had better penetration performances than the con-
ventional liner shape. Among them, the sim #19 shape had a 14.6% better penetration
performance than the conventional shape.
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Table 10. Additional numerical analysis results for short height and short standoff distance.
. o o Standoff Penetration Increase Rate
Sim # Type A1(°) A2 (°) C2(CD) H(CD) (CD) (CD) %)
#15 LSC 70 - - 1 1 1.51 -
#16 DALSC 70 110 0.4 1 1 1.54 2.0
#17 DALSC 70 110 0.5 1 1 1.65 9.3
#18 DALSC 70 110 0.6 1 1 1.65 9.3
#19 DALSC 70 120 0.4 1 1 1.73 14.6
#20 DALSC 70 120 0.5 1 1 1.64 8.6
#21 DALSC 70 120 0.6 1 1 1.57 4.0
80 L p— ; ! : : 80

20

200

—30

—20 10 ©

ig

20 30 =30 =20 -10 0 10 20 30 -30 =20 -10 O 10 20 30

(a) conventional LSC (sim #15) (b) double-angle LSC (sim #18) (c) double-angle LSC (sim #19)

Figure 11. The representative simulation results with 1 CD standoff distance and 1 CD explosive
height. The unit of the axis is mm. The target size is 50 mm X 50 mm. The penetration depth is
(a) conventional LSC: 1.51 CD; (b) #18 double-angle LSC: 1.65 CD; (c) #19 double-angle LSC: 1.73 CD.

6. Conclusions

In this study, the penetration performance of the double-angle linear shaped charge
was investigated. The double-angle liner applied in this study has a large inner apex angle
and a small outer liner angle. Experiments were performed to verify the numerical analysis
method, and it was confirmed that the numerical analysis results followed the experimental
results well. Through numerical analysis, we determined that at the explosive height of
1.5 CD and standoff distance of 1.5 CD, the penetration performance of the double-angle
linear shaped charge was 14.5% superior to that of the conventional linear shaped charge.
At the explosive height of 1.5 CD and standoff distance of 2.5 CD, the performance of the
new linear shaped charge was superior by 12.5%. The shape of the double-angle liner
with the maximum penetration performance varies depending on the standoff distance.
Therefore, optimization of the liner shape according to the conditions and environment
is necessary. For miniaturization, numerical analysis was performed by reducing the
explosive height and separation distance to 1 CD each, and the results showed that the
penetration performance of the double-angle linear shaped charge was 14.6% better than
that of the conventional linear shaped charge. Considering the previous results, it seems
it is effective to apply a double-angle liner to improve the penetration performance of a
linear shaped charge.
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