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1. INTRODUCTION

One encounters the problem of impact of a projectile on a moving plate when a projectile
is fired at a moving 'zrget from a stationary position or, equivalently, when a projectile is
fired at a stationary target from a moving platform. Certain advanced protection concepts
also involve interaction of moving plates with projectiles. A comprehensive series of com-
puter simulations, which identified several protection schemes involving moving plates, was
performed by the author during 1989-92 and has been reported elsewhere (e.g., Prakash
1992b). These simulations are not discussed here. The present report only addresses the
general question of the effect of imparting a lateral velocity to a target plate on its protective
capability against normally impacting cylindrical projectiles.

In normal impacts of blunt cylindrical projectiles on stationary thin plates, if the pro-
jectile velocity is high enough, the plate failure produces plugging. However, if the target
plate is moving laterally (parallel to its plane), one expects the plugging to be accompa-
nied by tearing of the plate due to its transverse motion perpendicular to the projectile.
Moreover, the transfer of transverse momentum to the projectile would cause a deflection
of the projectile, in addition to reducing its speed because of energy loss during the initial
plug formation and the subsequent drag exerted by the moving plate. Depending upon the
material properties, dimensions, and velocities involved, a host of phenomena (e.g., bending,
dishing, heating, and erosion) would be exhibited by the projectile-plate system.

In attacking the problem theoretically, it is a complex task to model analytically all
features of the projectile-plate interaction physics. One has two practical choices: build
restricted and semi-empirical models or carry out a numerical simulation by advancing in
small time steps solutions of the full equations of continuum physics. In the first
approach, one concentrates on one aspect of the penetration problem by introducing simplify-
ing assumptions (e.g., projectile rigidity), thus removing much of mathematical
unpleasantness as well as some reality from the analytical process. The primary limitation
of the second approach is that it requires fast computers with large memories. Although the
selection of a computational mesh involves trade-offs between accuracy and economics, with
the availability of modern supercomputers, large-scale problems of impact dynamics can be
simulated realistically without resorting to the uncertainties of restricted modeling (Zukas
& Kimsey 1990). The second approach was adopted in the present work. The Cray X-MP
and Cray-2 supercomputers of the U. S. Army Research Laboratory were used to perform
the simulations.

Three-dimensional (3-D) simulations of normal impact of 38.16-mm-long steel cylinders

of 6.36-mm diameter, moving at 219 m/s, on a thin (1.59 mm) aluminum plate, which is
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moving laterally (tangentially) with a velocity of 40 m/s, were carried out using the HULL

code. (These impact parameters are identical to those of one of the recent experiments of Wu

and Goldsmith [1990], but the projectile material used here is CR1010 steel, whereas tool

steel was used in those experiments. Moreover, the experiments were conducted with the

plate bolted down at the periphery, but the simulations here are for unconstrained, freely

moving plates. The 3-D simulations presented here supersede the earlier 2-D simulations

[Prakash 1991].) A second set of simulations was carried out in which both the projectile

and plate velocities were increased by a factor of four, so that one has a projectile of velocity

876 m/s impacting a plate moving laterally at 160 m/s. These two sets of simulations were
compared with simulations of two additional cases in which the plate is stationary but the

projectile velocities are the same as in the first two cases. We focus our attention on how
the projectile is affected as it perforates these plates. A partial summary of this work was

reported elsewhere (Prakash 1992a).

2. THE SIMULATIONS

The simulations were performed with the HULL code (Matuska & Osborn 1986). HULL

is an Eulerian code that uses a finite difference scheme to solve the partial differential

equations of continuum mechanics. The hydrodynamic behavior of the metals is modeled

using the Mie-Gruneisen equation of state. An elastic-perfectly plastic model was used to

describe the strain response of the target and projectile, with a 2.0-kb yield strength for the

(2024-0 Al) plate and 3.1-kb yield strength for the (cold-rolled SAE 1010 steel) projectile.

These values were taken from Wu and Goldsmith (1990). Thermal softening parameters

were included. The maximum principal strain model of material failure was used. When

material failure occurs in a cell, a numerically significant void is introduced in the cell by

replacing the material with air, which permits relaxation of the tensile forces, but recom-

pression is permitted. Principal strain at failure was taken as 0.22 for the plate and 0.40 for

the projectile. In all cases, the steel projectile was a 38.16-mm blunt cylinder of L/D =6,

and the thickness of the aluminum plate was 1.59 mm.

2.1 Case I. The Lower Velocity Impact. The initial configuration of the system

at the beginning of the impact is shown in Figure 1. In the "laboratory" frame of reference,

the initial plate velocity is 40 m/s to the left (i.e., in the negative x direction) and the pro-

jectile is moving vertically upward at 219 m/s. In the 3-D simulations, this initial direction

of projectile velocity is taken as the positive z-axis (the positie and negative y-axis being

the "fore"and "aft" directions). The problem has "fore"-"aft" planar symmetry so that the
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3-D simulations can be done with )nly positive y values, with reflection symmetry about the
z-z plane. However, there is no symmetry about the y-z plane for nonzero plate velocities.
A 3-D Cartesian grid consisting of 120,064 cells, with a mesh size of 0.04 cm, was used.
On Cray X-MP, the simulation took 9 min of CPU time for each microsecond of simulated
(physical) time.

E 32.o 

-

253.6

19.2

'2. -

6.4

0.0 -U -L - - - -
-25.6 -19.2 -12.A -4.4 0.0 6.4 12.S 1.2 2i.6 32-0 36.4

X mun

Figure 1. Projectile-plate system at 0 ps. (Computer mesh size is 0.4 mm.)

2.2 Case II. The Higher Velocity Impact. The problem, with the same geome-
try as above (see Figure 1), was simulated for a four-fold increase in both the projectile and
the plate velocity. This simulation of normal impact of the cylindrical projectile of veloc-
ity 876 m/s on the 1.59-mm-thick aluminum plate, moving transversely at 160 m/s, was
performed on a Cray-2 computer with a 3-D Cartesian grid consisting of 518,848 cells, with
a mesh size of 0.0318 cm. It took 1 hr of CPU time to simulate each microsecond of physical
time.

2.3 Cases III and 1V. Impacts on Stationary Plate. Each of the previous two
simulations was repeated with plate velocity set to zero. Thus, Case III consists of the
cylindrical projectile moving in with a velocity of 219 m/s perpendicular to the station-
ary aluminum plate. In case IV, the cylindrical projectile impacts normally the stationary
aluminum plate at a velocity of 876 m/s. These simulations were performed on the Cray-2.
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3. RESULTS AND DISCUSSION

To study the evolution of the rod-plate interaction, density contours were plotted at an
interval of several microseconds for Case I and Case II. Figure 2 shows the process of initial

plugging at 25 ps after impact, for Case I, the lower projectile velocity impact. Figure 3

shows the situation at 100 ps after impact. To compare it with the higher velocity case, we

note that in Case II, the projectile is crossing the plate at a rate which is about four times

faster than in Case I. Thus, the 100-ps situation of Case I is to be compared with the state

of affairs at 25 ps of Case II, shown in Figure 4. Such a comparison shows that the overall

tilt of the projectile is larger in Case I, but the head of the (nonrigid steel) projectile is more

distorted and bent (in the negative x direction) in Case II. For Case II, the rear end of the

projectile passes through the plane of the plate at 45 ps, as shown in Figure 5.

In both cases, we find that after the initial plugging, the subsequent part of the

penetration process exhibits a "tearing" of the plate due to the transverse motion of the

plate relative to the projectile, a feature that does not occur if the plate is stationary. As
shown in Figure 3 and Figure 4, the lengths of the corresponding slots formed in the plate

after traversal of vertical (z) distance by the projectile in Case I and Case II are 0.8 cm and

1.06 cm, respectively. Since the plates would also travel an equal lateral distance during
these times, one might have expected the slot lengths to be about the same in Figures 3

and 4. The observed difference is apparently because of the fact that in the higher velocity

impact, part of the left rim of the crater in the plate was severed during the earlier stages
of the impact. Clearly, we see that the rod-plate interaction is not velocity scalable in that

a quadrupling of plate velocity does not compensate for a quadrupling of rod velocity, even

in slot formation.

Figures 6 and 7 show, for Case I, the time histories of the vertical (z direction)
velocity, w, and the transverse (x direction) velocity, u, of the projectile tip. Figures 8

and 9 display the same physical quantities for Case II. The impact of the moving plate with
the cylindrical projectile produces longitudinal waves, transverse waves, and reflected waves

at material boundaries. As a material property input, we used the longitudinal (sound)

wave velocity in steel of 4.6 km/s. The wave transit time along the length of the projectile is

approximately 8 ps. The oscillations in vertical velocity, shown in Figure 6, with a period of

approximately 16 ps, are attributable to longitudinal waves induced in the projectile by the

impact. The early time oscillations, seen in Figures 6 and 8, are produced during the process
of plugging, largely due to multiple wave reflections in the thin plate. The duration of their

appearance is roughly equal to the transit time of the rod through a distance equal to the
plate thickness. The nominal transit time is 7.2 ps for Case I and 1.8 ps for Case II. The
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Figure 2. Case I at 25 ps after impact.
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Figure 3. Case I at 100 ps after impact.
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Figure 4. Case II at 25 ps after impact.
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overall oscillations seen in Figures 6 and 8 are the net effect of several contributions. The

compression transmitted to the plate by initial impact of the projectile is reflected as a

rarefaction (tension) from the opposite face of the plate, and, on reaching the rod-plate

interface, it is partially transmitted into the rod and partially reflected back into the plate

because of impedance mismatch at the interface. Moreover, lateral (radial) rarefactions

emanate from the free surface of the projectile, when the compression transmitted to the

projectile by initial impact reaches its surface. The dispersive nature of some of the waves is

a further complication. The resulting net oscillations of pressure in the rod, at a point near

its tip, can be seen in the time history plots of pressure, shown in Figures 10 and 11.

The 3-D stress wave patterns generated in the projectile are quite complicated, especially

because of dispersive oscillations and multiple reflections at material boundaries. Snapshots

of the cross-sections of the time-dependent 3-D stress wave patterns, obtained from the

HULL code simulations for Case II, at 3.8 ps, 5.0 ps, 8.8 ps, and 10 ps after impact, are

shown in Figures 12, 13, 14, and 15, respectively. These are raster plots of pressure and are

color coded so that green, yellow, and magenta represent positive pressures (compression)

and blue, red, and grey represent negative pressures (tension). It would be difficult to obtain

analytically these time-varying wave patterns in the rod. The formation of regions of high

tensile stress at separate locations in the projectile is indicative of the possibility of projectile

break-up into two or more segments, for some suitable rod-plate parameters. We also notice

that the plate is under compression near the region of contact on the right-hand side, and

it is under tension in the region to the left of the projectile. This is so because the plate is

moving laterally from the right to the left.

We now examine the changes in rod velocity produced by its interaction with the moving

target plates. For Case I, the vertical velocity (w) of the tip of the projectile at 100 ps is

about 205 m/s, so that it has lost approximately 14 m/s of verticz velocity. However, it has

acquired a horizontal velocity (u) because of momentum transfer from the moving plate. As

shown in Figure 7, u = -9 m/s at 100 ps, and it decreases in magnitude to u = -5.6 m/s,

at 160 ps. For the higher velocity case, Figure 8 shows that at 45 us, when the projectile is

finally exiting the plate, the vertical velocity, w, of the tip is approximately 847 m/s. Thus,

it has lost 29 m/s of vertical velocity during the impact. Again, as shown in Figure 9, the

projectile has acquired a horizontal velocity, u = -20 m/s because of momentum transfer

from the moving plate. It may be noted that the Lagrangian station, which records the rod

tip velocities, was taken in the rod material just inside the front end of the rod but slightly

off-axis to the right (x =0.01 cm). In the initial stages of the impact, the radial distortion

of the front end of the rod gives a positive velocity (u) to this station, as can be seen in

Figures 7 and 9.
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Figure 10. Time history of pressure at rod tip for Case I.
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We also find that the horizontal velocity (u) acquired is a function of position along the
length of the projectile. At any given time, the horizontal velocity decreases in magnitude
as one moves back from the tip of the projectile. Thus, in the low velocity case, for example,
at 100 ps, when u = -9 m/s near the tip, one finds that u = -3.2 m/s at a Lagrangian
station near the center of mass of the projectile. This variation is partly indicative of a
counterclockwise rotational velocity. A time-dependent bending strain is also a contributing
factor. It should also be noted that because of the dissipative interaction of the moving plate
with the (right-hand) side of the cylindrical projectile, which continues until the tail-end of
the projectile has cleared the plate, the vertical (axial) projectile velocity shows a general
decrease in magnitude with time after plugging. Moreover, the tilt induced in the projectile,
by the plate motion, keeps on changing until the projectile has cleared the plate.

Finally, we compare the moving plate cases, Cases I and II, with the corresponding static
plate cases, Cases III and IV. We find that the time histories of vertical velocity (w) of
the projectile tip in the 3-D simulations of Cases III and IV show similar large amplitude
oscillations .ý in Cases I and II, but now there is no general decrease in the magnitude of
the (average) vertical velocity with time after plugging. Also, the magnitude of loss of the
vertical projectile velocity in traversing the plate is much smaller.

For the 219-m/s projectile velocity, with the plate stationary, we find that the loss of the
vertical velocity (at 100 ps) is only 9.5 m/s, compared to the loss of 14 m/s when the plate
had a lateral velocity of 40 m/s. For the higher velocity case, when the projectile strikes the
stationary plate at 876 m/s, the loss of the vertical velocity in traversing the plate (at 45 Ps)
is just 19 m/s, as compared to 29 m/s for the moving plate (u = 160 m/s) case. Thus, an
armor plate, in relative transverse motion with respect to an impacting projectile, acquires
a greater protection capability merely by virtue of its motion. This result is consistent with
the results of other recent studies which concentrated on ballistic limits (Wu & Goldsmith
1990) or shaped charges (Held 1992).

4. CONCLUSIONS AND RECOMMENDATIONS

The impact dynamics of cylindrical projectiles that strike perpendicularly on plates,
which are themselves in lateral motion, was investigated by carrying out computer simula-
tions of the rod-plate interaction with the HULL code. HULL is an Eulerian code that uses
a finite difference scheme to solve the partial differential equations of continuum mechanics,
with material properties as an input. An elastic-perfectly plastic model was used to describe
the strain response of the target and the projectile. Three-dimrensional simulations of nor-
mal impact of 38.16-mm-long steel cylinders, with LID =6, moving with initial velocities
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of 219 m/s and 876 m/s, on thin (1.59 mm) aluminum plates, moving laterally (parallel to
their face) at 0 m/s, 40 m/s and 160 m/s, were performed on Cray supercomputers. The
stress wave patterns generated in the projectile-plate system are quite complicated, especially
because of multiple reflections, in three dimensions, at the material boundaries. The simula-
tions enabled us to produce color-coded quantitative visualizations of space-time variations
of the stresses propagated in the system. Time histories of several physical quantities of
interest were also plotted, and compared, for different initial values of rod-plate parameters.

For impact with initial projectile velocity of 219 m/s, we find that the velocity of the rod
in the original direction is reduced by 14 m/s when the plate is moving with an initial lateral
velocity of 40 m/s, as compared to a reduction of 9.5 m/s for the case of the stationary
plate. When both the projectile velocity and the plate velocity are quadrupled, so that the
cylindrical projectile moving at 876 m/s impacts perpendicular to the plate moving with
initial lateral velocity of 160 m/s, the loss of projectile velocity in its original direction of
motion is 29 m/s, as compared to a loss of 19 m/s for the stationary plate. Moreover,
because of transfer of transverse momentum from the moving plate to the projectile, the
rod undergoes deflection and rotation and suffers side erosion so that after perforation of
the plate, it would have a lower residual penetration in a back-up passive armor than a rod
that perforates the same plate in an initially stationary state. It was, however, seen that
the rod-plate interaction is not velocity scalable in a simple manner in that a quadrupling
of plate velocity together with a quadrupling of rod velocity did not leave the actual slot
length invariant, for the velocities considered here.

It is concluded that if an armor plate is set in relative transverse motion with respect to
an impacting cylindrical projectile, the plate acquires a greater protection capability than
the same plate in an initially stationary state.

The results obtained have direct implications in two areas: use of moving plates for
armor, and vulnerability and lethality measurements. A series of computer simulations of
interactions of moving plates with rods was performed by the author during 1989-1992 for
the purpose of identifying new protection schemes, and these simulations are the subject
of other reports (e.g., Prakash 1992b). The implications in the area of vulnerability and
lethality studies are discussed below.

This work has implications for vulnerability and lethality analyses for cases when a
projectile is fired at a moving target (e.g., a helicopter) from a stationary position (e.g., an
antiaircraft battery) or, equivalently, when a projectile is fired at a stationary target from
a moving platform (e.g., air-to-ground attack). If the vulnerability and lethality analyses
neglect the effect of relative transverse motion of the projectile and target surface, the results

20



would not be exactly what would happen in actual combat. This also applies to live-fire
testing, if the vulnerability and lethality measurements involving helicopters or missiles are

conducted at a test site with the firing platform and target kept stationary. The magnitude
of the error is dependent on the magnitude of relative transverse velocity in actual combat.

Since, the use of moving targets or platforms in live-fire tests is burdensome, one might
consider performing a series of full computer simulations, of the kind presented here, to
derive some approximate algorithms for correcting the results of stationary live-fire tests to
actual combat scenarios that involve relative transverse velocities. Similarly, modifications
of the details of spall patterns, used in analytical studies of vulnerability and lethality, for
scenarios involving moving targets or moving platforms, might be obtainable by performing
a series of computer simulations of the kind described here.
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