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Abstract

The protection capability of dual flying plates against a yawed long rod of enhanced L/D is evaluated numerically, where

L is the length and D is the diameter of the rod. This study is motivated by the fact that the protection performance of dual

plate system is governed by the extent of interaction between a yawed long rod and dual flying plates. The simulations are

performed using a newly developed dynamic and impact analysis code, IPSAP/Explicit. The long-rods are L/D ¼ 15 and

30 with the velocity falling within the ordnance range (1.5 km/s) and hypervelocity range (2.5 km/s) respectively. The yaw

angles are �61, 01, and +61. The plate velocities are 0.2, 0.3 and 0.5 km/s. Through the simulation results, we find that dual

flying plates system is more effective with longer rod due to the elongated disturbance. The protection performance is more

effective for the penetrator with +61 of yaw angle than that with a yaw angle of �61.

r 2006 Published by Elsevier Ltd.
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1. Introduction

The double flying plates with an explosive between the plates were considered in explosive reactive armor
systems [1–3]. Historically, the concept of the reactive armor was first introduced from the defeat of shaped
charge jet and a number of experimental [2] and analytical [3] researches on the interaction between jet and
flying plates have been performed.

Meanwhile, the protection capability of a stationary (or moving) oblique plate has also been tested with
long rod penetrators. For single oblique plate, some of the results from the reverse impact tests with a
stationary oblique penetrator were compared with the theoretical results [4,5]. Recently, it was reported that a
single plate with obliquity of 60–701 that is moving away from the projectiles at velocities of 0.2 and 0.3 km/s
has large disturbing effects causing extensive fragmentation of the projectile [6,7]. It has been found by
numerical simulations that an increase in the velocity of oblique plate moving in its normal direction with a
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velocity component towards the incoming penetrator does not necessarily increase the lateral disturbance on
the residual penetrator [8]. It also has been reported that, the residual penetration power is inversely
proportional to the plate velocity both in the hypervelocity (2.5 km/s) and ordnance velocity (1.5 km/s) impact
[9]. Most of these useful informations have already been discussed in the previous works for an obliquely
impacting long rod with single plate.

In contrast, there have not been as many analysis activities on dual flying oblique plates against a long rod,
which has also drawn much interest in the areas of sensor-activated and reactive armours. For the dual flying
plates system, the oblique plates fly away from each other in the normal direction of the plate. The relative
motion of the penetrator and the double flying plates plays an important role in the overall performance of the
protection system. In the previous study [10], the effect of weight distribution in dual flying plates on
protection capability has been investigated for relatively small L/D long rod without yaw. The backward
velocity of a rear plate increases the interaction time with penetrator. Furthermore, the lateral velocity of front
and rear plates enlarges the lateral disturbance to the penetrator. Since these effects may be more significant in
the longer penetrator, it is expected that dual flying plates system is more effective to the relatively larger L/D
penetrator of yaw. These issues are the main focus of the current work. In this study, our purpose is to
evaluate the protection capability of dual flying plates system against L/D ¼ 15 and 30 penetrator with the
ordnance velocity (1.5 km/s) and hypervelocity (2.5 km/s). The effect of the yaw angle and the plate velocity
will also be explored.

2. Numerical simulations

2.1. Numerical analysis code

Even though there are several commercial codes that can be used in the simulation of nonlinear dynamic
and penetration problems, several laboratories and research groups have developed their own codes for the
test of new numerical algorithm and constitutive model. We have also been developing our own parallel
explicit dynamic 3-Dim FE code, IPSAP/Explicit (IPSAP: Internet Parallel Structural Analysis Program [11])
for similar reasons. The most important motivation is the need for a parallel code of high parallel efficiency in
impact and penetration simulation.

In the IPSAP/Explicit code, one point integration scheme is applied to prevent locking. Spurious modes due to
lack of integration points are controlled by hourglass control [12]. The Jaumann rate is used for objective stress
update. Velocity, displacement and coordinate are updated with the half step central difference method. The
critical time step for stability is determined using the CFL condition. In order to handle the discontinuities in the
flow variables associated with shock, artificial bulk viscosity is introduced. For contact treatment, bucket search
[13] is used with the exception that bucket size is based on the smallest master surface dimension [14]. In this
algorithm, all the buckets occupied by a master surface were collected, after which the slave nodes in those buckets
were collected. After gathering a list of potential interaction, a detailed contact check was done for each master
segment with the list of slave nodes of potential interaction. This detail contact check determines the best contact
pair among the possible candidates, contact point on the master segment, normal vector at the contact point and
distance between slave node and contact point. Contact force is determined based on the penalty method. When
the elements are eroded, exterior contact surface should be updated. Among the several algorithms available for
determining the exterior of a surface, the algorithm proposed in Ref. [14] is used.

In Lagrangian code, one difficult aspects of modeling rod penetration of moving plates used to be the
treatment of the interface between the plate and the lateral surface of the penetrator. However, this is no
longer a significant problem since contact stiffness is determined based on the volume and bulk modulus of the
element [15] to minimize a possibility of significant source of error and contact instability. Furthermore, a fine
mesh resolution causing smaller time step size may reduce the interface instability.

2.2. FE modeling

The schematic view of geometric configuration of the model is shown in Fig. 1. Only half of this geometry
was modeled in the three-dimensional problem due to the inherent symmetry. The penetrator is 5mm in
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Fig. 1. Schematic view of model.

Table 1

Material constants for Jhonson–Cook model

Material Density (kg/m3) A (Gpa) B (Gpa) n C m Tref (K) Tmelt (K)

SIS2541-03 7808 0.75 1.15 0.49 0.014 1.0 293 1700

DX2HCMF 17600 1.05 0.177 0.12 0.0275 1.0 293 1723
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diameter and 75, 150mm in length (L/D ¼ 15, 30 respectively). The angles of yaw (a) considered are �61, 01,
and +61. Here, the negative indicates anticlockwise yaw and the positive indicates clockwise yaw. The impact
velocity considered are the normal ordnance velocity Vp ¼ 1.5 km/s and the hyper velocity regime
Vp ¼ 2.5 km/s. The plate is 300mm long and 50mm wide. Each plate is 2.5mm in thickness and initial gap
between the two plates is 1mm. The obliquity (y) of plate is 601. The plate velocities Vpl are 0.2, 0.3 and
0.5 km/s. The witness block is 200mm high, 50mm wide, 250mm long. The initial distance between penetrator
and plate is 1mm and that between plate and witness block (‘d’ in the Fig. 1) is 240mm.

In the simulation, the Vp and Vpl were set as initial velocities. The penetrator and plates were made to start
flying at the initial time such that there is no time interval in the movement between them. Eight elements were
modeled along the penetrator diameter and three elements were modeled through the thickness direction of
plate. In order to maintain a similar mesh size between the penetrator, plate and witness block, fine mesh with
the size of 0.67mm was modeled around the impact region of the witness block. Therefore, the total number of
elements was different depending on the size of fine mesh region of the block. The total number of element is
about 200,000–300,000.

In order to consider strain rate hardening as well as thermal softening in addition to the strain hardening
considered in static deformation of metallic material, the Johnson–Cook model [16] was used,

s ¼ ðAþ B�nÞ 1þ C ln
_�

_�0

� �
1�

T � T ref

Tmelt � T ref

� �m� �
. (1)

Here, s is flow stress, A the static yield strength, B the strain hardening parameter, e the equivalent plastic
strain, n the strain hardening exponent, C the strain rate parameter, _� the equivalent plastic strain rate, _�0 the
reference strain rate, T the temperature, Tref the reference temperature, Tmelt the melting temperature and m

the temperature exponent. In this work, the erosion of the finite element is introduced when equivalent plastic
strain reaches the value of 1.5. The plate and witness block were modeled with steel (SIS 2541-03) and
penetrator was modeled with tungsten heavy alloy (DX2HCMF). The material properties used in the
simulation are summarized in Table 1 [8].

3. Numerical result

3.1. Armor effectiveness

Among the several measures of protection capability such as residual length, residual velocity and residual
kinetic energy, the armor effectiveness, which is believed to be more realistic and practical measures than the
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Table 2

Comparison of reference penetration

Yaw (deg) V (km/s) 1.5 2.5

L/D 15 30 15 30

0 PN (mm) 61.5 115.2 112.2 207.6

PN/L 0.82 0.77 1.48 1.38

PN/L 0.83 [19] 0.70 [19] 1.38 [20] 1.33 [20]

6 P (mm) 49.5 71.0 105.7 148.2

P/PN 0.80 0.62 0.94 0.71

P/PN — �0.6 [21] — �0.8 [21]
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other types, was selected in this work. It is defined as follows:

Armor effectiveness ðeÞ ¼
Pref � Pres

t
, (2)

where Pref is the reference depth of penetration (DOP) when a rod with yaw directly hits a witness block, Pres is
the DOP in the witness block behind the plate by a residual rod, and t is line of sight (LOS) which is the
thickness of the oblique plate in the direction of velocity vector of the rod. In this study, LOS was fixed as
10mm because the thickness of dual plates is 5mm at 601 obliquity.

Here, we need to examine the definition of Pref, because there may be degradation in Pref for yawed rods. If
Pres measured by the penetration without yaw is applied to all cases, both oblique plates and yaw angle should
be considered in the evaluation of the armor effectiveness at the same time. Hence, the armor effectiveness
against yawed rod seems to be more meaningful only if Pref is measured by the penetration with yaw. Table 2
shows a reference penetration including normal and yaw impacts. The predictions agree well with those in the
literatures.

3.2. Effect of plate velocity and L/D

The effects of plate velocity and L/D (15 and 30) on the armor effectiveness are presented in Fig. 2. The case
of Vp ¼ 2.5 km/s is only presented because penetrator with Vp ¼ 1.5 km/s cannot penetrate the rear plate
but slide on it when Vpl is increased to 0.4 or 0.5 km/s. This phenomenon happens for L/D ¼ 15 as well as
L/D ¼ 30 and similar results are found in Ref. [9] for L/D ¼ 15. As shown in Fig. 2, the armor effectiveness
for L/D ¼ 30 shows higher than that for L/D ¼ 15. This is due to longer interaction time between the plate
and rod. The armor effectiveness increases with increasing plate velocity and the effect of plate velocity is more
significant for higher L/D. It seems that the armor effectiveness is slightly higher at positive angle of yaw.

3.3. Effect of yaw angle and impact velocity

The effect of yaw on armor effectiveness is shown in Fig. 3 for the impact velocities of Vp ¼ 1.5 and
2.5 km/s. The plate velocities considered are 0.2 and 0.3 km/s. As shown in Fig. 3, the armor effectiveness, in
general, is of convex shape and is the highest at zero yaw. This is more prevalent at lower impact velocity. For
the case of zero yaw, due to the disturbance of oblique plates the rod has misaligned angle of attack when it
impacts the block. For the case of nonzero yaw, however, oblique plates rotate the rod of negative yaw to the
positive direction and of positive yaw to the negative direction [17,18], causing the initial angle of yaw to
decrease. Hence, the armor effectiveness for the impact of nonzero yaw can be lower than that for of zero yaw.
This trend is only true if the reference DOP Pref is evaluated for the direct impact with yaw.

The case of Pres4Pref is shown in Fig. 3(a) for L/D ¼ 30, indicating a negative effectiveness value. This may
happen when the angle of incidence to the block is smaller than the initial yaw angle due to the rod rotation to
the reverse direction. Penetration processes for the case of Vp ¼ 1.5 km/s and L/D ¼ 15 are demonstrated in
Fig. 4. The rod begins to penetrate the witness block at 200 ms. At this time, the angle of incidence decreases to
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Fig. 2. Effect of plate velocity and L=D on armor effectiveness, V p ¼ 2:5 km/s.
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�4.51 for a ¼ �61. For the case of a ¼+61, even though the rod deflects when it exits the plate, it is observed
that the angle of incidence of the head portion is nearly close to 901. Larger Pres than Pref means that this effect
is greater than the other disturbance such as erosion and decrease of rod velocity.

Another tendency observed from Fig. 3 is that the armor effectiveness of positive 61 yaw is slightly higher
than that of negative �61 yaw. To get a better insight of this result, the penetration processes for each case are
demonstrated in Figs. 4–7. From the deformation and the size of plate holes, it is found that the negative yaw
rod interacts more with the front plate than the rear plate while the positive yaw rod interacts more with the
rear plate. Comparing these results, the rod of positive yaw interacting with the rear plate can be seen to be
more severely damaged. A similar result is obtained for the impact of Vpl ¼ 0.3 km/s.

Now, let us consider the armor effectiveness in terms of the impact velocity from Fig. 3(a) and (b).
The deviation of effectiveness is shown to be small for higher impact velocity. This is due to the enhanced
kinetic energy of the rod and relatively shorter interaction time with the flying plates. We can see more severe
disturbance for the rod with low impact velocity as shown in Figs. 4–7.
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Fig. 4. Penetration process, Vp ¼ 1.5 km/s, L/D ¼ 15, Vpl ¼ 0.2 km/s (left), 0.3 km/s (right). Plotting time—penetrator: 0, 50, 100, 150,

200, 250, 300ms; plate: 0, 100ms.
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The additional result supported by Figs. 2 and 3 is that flying plates are less effective against higher velocity
rods. This can be shown by considering the data for L/D ¼ 15 of zero yaw at 1.5 and 2.5 km/s for
plate velocities of 0.2, 0.3, and 0.5. The ratios of effectiveness for the two velocities are 1.8/2.6, 3.7/2.7, and
infinity/4.8.
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Fig. 5. Penetration process, Vp ¼ 1.5 km/s, L/D ¼ 30, Vpl ¼ 0.2 km/s(left), 0.3 km/s (right). Plotting time—penetrator: 0, 100, 200, 400 ms;
plate: 0, 200ms.

Fig. 6. Penetration process, Vp ¼ 2.5 km/s, L/D ¼ 15, Vpl ¼ 0.2 km/s(left), 0.3 km/s(right). Plotting time—penetrator: 0,30, 60, 90,120,150,

200ms; plate: 0, 60 ms.
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Fig. 7. Penetration process, Vp ¼ 2.5 km/s, L/D ¼ 30, Vpl ¼ 0.2 km/s(left), 0.3 km/s(right). Plotting time—penetrator: 0, 100, 200, 300 ms;
plate: 0, 200ms.
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4. Conclusions

Under the motivation that dual flying plates can protect a longer rod more effectively, their protection
capabilities against an enhanced long rod (L/D ¼ 30) with an angle of yaw was investigated numerically and
compared with that of a shorter one (L/D ¼ 15). In addition, the details of the interactions between a yawed
long rod and dual flying plates were examined. With respect to the measure of armor effectiveness, the
reference depth of penetration was estimated with the yaw impact. From the simulation, we were able to make
the following conclusions.
–
 Dual flying plates system is more effective for an enhanced L/D rod, except for the case of Vpl ¼ 0.2 km/s in
which negligible difference between L/D ¼ 15 and 30 is shown.
–
 Larger L/D is appeared to be more sensitive to the plate velocity.

–
 The armor effectiveness with respect to the angle of yaw is of convex shape and is the highest at zero yaw.
This is only true if the reference DOP Pref is evaluated for the direct impact into the witness block with yaw.
–
 Dual flying plate system is more effective for a positive yaw rod than a negative yaw rod.

–
 The deviation of armor effectiveness is smaller for hypervelocity impact than ordnance velocity impact.

–
 Flying plates are less effective against higher velocity rods.

Appendix. Verification of the code

The code (IPSAP/Explicit) verification has been carried out by comparing the prediction results with the
published experimental data. A long rod impact into an oblique steel plate was chosen for this study. The
diameter and length of the rod was 5 and 75mm, respectively, resulting in L/D of 15. At 2.5 km/s, the
thicknesses were 9mm for 601 plate and 3.13mm for 801 plate. At 1.5 km/s, the thickness of the 601 plate was
5mm and that of the 801 plate was 1.74mm. The material behavior was modeled with Johnson–Cook
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Fig. 8. Comparison of deformed shape of residual projectile.

Table 3

Comparison of simulated residual length and velocity with experiment

Oblique angle (deg.) V0 (km/s) Plate thickness (mm) Residual length (L=L0) Residual velocity (V=V0)

Exp Autodyn IPSAP Exp Autodyn IPSAP

60 1.5 5.0 0.85 0.87 0.84 0.97 0.98 0.98

2.5 9.0 0.76 0.75 0.75 0.99 0.99 0.99

80 1.5 1.74 0.84 0.85 0.84 0.97 0.97 0.98

2.5 3.23 0.62 0.68 0.63 0.98 0.98 0.99
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viscoplastic model. The material for steel plate was SIS 2541-03 and that for tungsten heavy alloy was
DX2HCMF. Residual deformed shapes of projectiles obtained from simulations and experiments are
compared in Fig. 8. Residual lengths and velocities are shown in Table 3. The current simulation shows good
agreement with the experimental data and the Autodyn-3D results [8].
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