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SUMMARY

The Defense Special Weapons Agency's Conventional Weapons Effects Program requires
state-of-the-art analysis of penetrator-target interaction. Science Applications International
Corporation (SAIC) has conducted a program that applies sophisticated Eulerian codes to
accurately capture the physics of the penetration process.

Penetration events are an important aspect of the interaction of non-nuclear munitions
with structures. The penetrator exhibits near rigid body motion, at velocities below a few
thousand feet per second, as it moves through the target producing a material boundary layer
between the outer surface of the penetrator and the target material. These effects require codes
that can maintain distinct material boundaries while advecting a solid with an attached boundary
layer. In general they can be simulated using both Lagrangian and Eulerian hydrocodes, but we
have shown the robustness of using Eulerian codes for simulating the penetration event.

A previous report (Fry ef al., 1993) documented simulations of the interaction of a
weapon with buried structures performed in support of the TELL-91 test series conducted by
DSWA in August and September, 1991. This report documents a study of the penetration of
geologic material. Calculations were performed using SAIC’s version of the HULL and CTH
hydrocodes. Important physical models were included and validated using DSWA'’s set of
penetration benchmarks..
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SECTION 1

BACKGROUND

Analytical efforts in penetration of geological material have relied mainly on empirically
derived models. The very difficult problem of computing penetration from first principles has
recently been rediscovered. Hydrocodes have performed very well at higher velocities, but at
velocities below a few thousand feet per second, they have been shown to produce incorrect
results. Figure 1-1 shows the important physical effects present during the penetration process.
The thickness of the boundary layer has been exaggerated and is generally a few millimeters thick.
Because it does not scale with penetrator size, it becomes exceedingly small compared to the size
of a few hundred centimeter long 1-2000. The time-dependent physics of this boundary layer
forms the essence of the penetration problem. The high impedance provided by the high density
penetrator along with its kinetic energy produce very high pressures in the target material
surrounding the penetrator. As a result phase changes are likely to occur because of the localized,
high temperatures. The non-linearity of the problem results from the coupling of momentum and
energy into and out of the boundary layer as the penetrator encounters new target material.

Boundary

Figure 1-1. Important physical effects in penetration that affect computational modeling.

An equally important part of obtaining accurate penetration computations is the
maintenance of the penetrator-target interface. For the case of rigid body motion, the penetrator
does not deform, but does transfer energy and momentum to the target. In Eulerian codes, this
interface must be preserved, as the grid is moved through the interface, or conversely, as the
penetrator -target interface is moved through the grid. Artificial deformations due to mixing of
penetrator and target material can create gradients which may lead to unwanted plastic flow of the
penetrator. Some solutions tend to diffuse the interface over several grid points, which will result
in penetrator deformation.

Our approach is to employ a boundary layer model that accounts for the heat from
frictional and compressive stresses. We have chosen to couple this model to the advection or
fluxing portion of an Eulerian, finite-difference code, the HULL code. The model is easily
extended to other hydrocodes such as CTH. Within the boundary we solve in a first principles
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manner the transfer of mass and momentum between the various states of the target material.
This physical approach includes heat transfer. The heating which can lead to target/penetrator
melting in the boundary layer is shown to have important effects on target damage.

However, because of the substantial ‘passing through' of penetrator material in an Eulerian
grid, uncertainties of the material interface defined by the penetrator and target are always
present. We show improvements in this uncertainty by synergistically coupling the boundary layer
into the advection algorithm. To accomplish this we utilize a new, boundary layer material. This
material is produced when the original target material, e.g. soil, is crushed and reaches a threshold
level where it then is physically altered.

The time-dependent physics of this boundary layer forms the essence of the penetration
problem. The high impedance provided by the high density penetrator along with its kinetic
energy produce very high pressures in the target material surrounding the penetrator. As a result
phase changes are likely to occur because of the localized, high temperatures. The non-linearity
of the problem results from the coupling of momentum and energy into and out of the boundary
layer as the penetrator encounters new target material.

The force on the penetrator can be resolved into two components. The first is the normal
force, similar to uniaxial stress which means the target responds along the material Huguenot.
That is, there is a relationship between the stress and strain of the target material in compressive
loading. This force is tied directly to the fluxing algorithm in the codes. No lateral forces are
allowed. ‘

The second is the tangential force determined by frictional forces at the penetrator-target
interface. This force drives the boundary layer.

Our approach is to employ a boundary layer model that accounts for the heat from
frictional and compressive stresses. This model is coupled to the advection or fluxing portion of
the HULL code or other Eulerian codes. Within the boundary we solve in a first principles
manner the transfer of mass and momentum between the various states of the target material.
This physical approach includes heat transfer.

We model the boundary layer with a multi-phase approach. The 2-D mass continuity
equations for the gaseous and solid particle phases of the boundary layer are given in equations
(1.1) and (1.2). Material 1 is the gaseous or liquid matter, while material 2 is solid matter. The x-
and y-velocities are u and v respectively, and the subscript denotes the phase being referred to,

either gaseous or solid.
é& + 6@'&)_‘_ %"v&)=r
Ox Oy

ot (1.1)
o, o) %)
o & dy (1.2)



Equations (1.3) and (1.4) are the conservation of momentum equations for the gaseous
material in the x- and y-directions for 2-D flow. Fx and Fy are the normal and tangential forces

on the penetrator. Equations (1.5) and (1.6) represent the momentum conservation equations for

the solid material.
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ot ox ay T (1.3)
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The two energy conservation equations, for the gas and solid phase, are given in equations (1.7)
and (1.8). Finally, the equation describing the conservation of the solid particle number density is
shown in equation (1.9).
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However, because of the substantial 'passing through' of penetrator material in an Eulerian
grid, uncertainties of the material interface defined by the penetrator and target are always
- present. We show improvements in this uncertainty by synergistically coupling the boundary layer
into the advection algorithm. To accomplish this we utilize a new, boundary layer material. This
material is produced when the original target material, e.g. soil, is crushed and reaches a threshold
level where it then is physically altered. Figure 1-2 shows an example of the use of this model.

10.0

9.0 -

8.0

7.0

5.0

Axial Distance em

4.0

3.0

2.0

1.0

0.0

6.0 o

Density Density
70 504030201Q ! 1d26304050 70
SSTEEL - ALM
Contour Volues Contour Volues
gm/cm’ m/cm
1 0.00 1 0.00
2 1.00 2 4.00x10™
J 2.00 3 8.00x10""
L 4 3.00 4 1.20
5 4.00 5 1.60
6 5.00 6 2.00
7 6.00 7 2.40
4 8 7.00 8 2.80
AX = 3.55x107 AX = 3.55x107*
Min = 0.00 Min = 0.00
Mox = 7.98 Mox = 2.80
200+
) 190¢
] 180t
1701
160+
. ? 150f
1401
130+
T T T - T ﬁ ’ T T ’21.
5.0 4.0 3.0 2.0 1.0 0.0 1.0 2.0 3.0 40 5.0
Rodius cm Radi 17 AUG 93
Time . 30.000 4y Cyele 2037 Problem . 1.1000
BENCHMARK 1 978 M/SEC INTO AL WITH BOUNDARY LAYER

Figure 1-2. Benchmark #1 at 50 psec. Left is steel density contours. Right is

1.1

molten aluminum.

BENCHMARKING.

Previously we have employed the above model to penetration events that have been
experimentally investigated. Forrestal et al. (1992) has carried out steel projectile into aluminum
target experiments. They measured the penetration depth, hole size, observed the post-test
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penetrator condition. Additionally, they assessed the constitutive properties of the aluminum
targets. These experiments used a high strength steel penetrator, VESCOMAX, static yield
strength >1500 MPa against soft aluminum targets with yield strengths ~ 500 MPa. Our results
have shown very good agreement with these experiments as shown in Table 1-1.

Table 1-1.

Comparison of laboratory measurements of projectile penetration versus simulation.
Projectile velocity ~ Shape Penetration Depth Measured Calculated Percent Diff
978 m/sec Ogive 127cm 115 9%

959 m/sec Round 109cm 105 4%

In addition, we ran lower velocity projectiles both in 2-D and 3-D. The results presented
above are shown in graphical form in Figures 1-2 - 1-4.
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Figure 1-3. Benchmark problem #1 at 225 msec. Left is steel density contour. Right
shows molten aluminum.



Figure 1-2 shows a HULL calculation at 50 microseconds. Problem 1 with the ogive nose
and velocity of 978 m/sec is shown in density contours of steel (on left) and molten aluminum (on
right). Notice the molten aluminum inside the crater. Figure 1-3 shows similar contours at t=225
p sec. The projectile has almost come to a halt at about 11 cm depth into the aluminum block.
Figure 1-4 shows the second benchmark problem at 225 p sec. The rounded nose penetration
melts more aluminum than the ogive. Figure 1-5 shows a comparison of the two calculations with
mass versus time being plotted. Only a small amount of mass actually reaches the molten state.
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Figure 1-4. Benchmark problem #2 at 225 msec. Shown are density contours
of steel and aluminum.

In Figure 1-6 we show density contours for benchmark problem 3 where a steel projectile
penetrates soil at 280 m/sec. Notice the interface can be defined on a cell by cell basis.
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Figure 1-5. Mass of moliten aluminum versus time for benchmark problems 1 and 2.

1.2 PRE-TEST ANALYSIS.

SAIC performed 2-D and 3-D analysis to support the CWE program. These calculations
of the model targets composed of soil, concrete, sand, and other geological materials. Test events
from the Dipole Series were simulated as per the test specifications. 1-D calculations were
performed to understand the uncertainties in the material models. For example, the soil bacilli is
usually characterized with laboratory tests. The data was acquired and used to build the best
' possible constitutive material models. Often there is no reported uncertainties associated with
these measurements. To understand what would occur if there were variations, SAIC conducted
parameter studies to characterize our numerical material model uncertainties. These studies
utilized WONDY.
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Figure 1-6. Benchmark problem #3. Steel projectile into soil at 280 m/sec.
Time is 1 millisecond.

Differences between pre-test predictions and test results were addressed by examining the
weaknesses in the codes and/or models. Sensitivity studies that consist of varying the controlling
elements of the models were performed. These elements included material models, both for the
target and penetrator, the advection algorithm, and the boundary layer.

The final depth of penetration, hole size, and projectile deformations are recorded for
every test; there are no differential measurements as the penetrator moves through the target.
Therefore, the main guidelines for comparisons are the final depth and projectile deformation, if
any.

We assume that the initial impact velocity, angle of impact, and geometrical description of
the penetrator will be accurately known. If pre-test comparisons are not found to be inadequate,
the material models for the penetrator and target will first be examined. The advection algorithm
together with the boundary layer formulation will then be investigated. Calculations with
improvements will be made. '
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