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This report documents the results of 1 calculation performed to demon-
strate the capability of the linked HULL/LPIC3 Eulerian/Lagrangian system
developed under BRL contract DAAK11-79-C-0106. This work was performed by
Daniel A. Matuska and John J, Osborn during the period July 1979 through
October 1980, The cslculationsai results are compared with experimental data
with favorable results, The BRL Project Manager was Dr. Jobn Zukas, The
authors are indebted to Dr. Zukas and his associate, Mr. Kent Kimsey,
their invaluable assistance during the completion of this effort.
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SECTION I
INTRCDUCTAON

The Terminal Ballistics Division of the Army PBallistic Research Labora-
tory has the responsibility for developing techniques which will guide the
design of both armored protective systems and ordnance which can defeat such
armor, Long rod penctrators have demonstrated significant promise in de-
feating modern armored systems. This has led to.efforts to develop an under-—
standing of the physical processes of penctration with respect to the response
of both the target and the penetrator. Both experimental and analytic means
are used to support these efforts. The physical processes of dynamic pemetca-
tion are dominated by non-linedar, compressible effects which are hydrodynamic,
plastic and elastic in nature. These processes interact with, and are often
terminated by, material failure or fracture. All of these effects, except
failure, can be described by solution of the non-linear partial differential
equations of continuum mechanics., Unfortunately, the underlying systen of
equations do not have an analytic solution unless several, possibly devas-
tating, simplifying assumptions are made. The only current alternative is to
cast the partial differoential equations as a system of finite difference
analogs and solve these numerical relations with the aid of large scale com-
puters, These calculations are time-consuming amd costly in both man-power
and computing machinery resources. Current machinery and computer programs
(hydrocodes) are capable of describing most normal-incidence pemetration prob-
lems for which the material properties are well-characterized. Normal inci-
dence calculations permit the assumption of symmetry with respect to an axis
of rotation. This allows the spatial description to be simplified to a two-
dimensional axisymmetric system which reduces both computer storage and compu-
tational requirements. Oblique pemetration events do not permit this simpli-
fication. Calculations to simplify oblique penetration through the use of
plane strain approximations have reproduced the qualitative aspects of the
phenomena, but fail to illustrate the correct temporal relationships, since
surface relief processes are not correctly modeled. In addition, the magni-
tude of hydrodynamic waves and the geometric similarity of plastic and elastic
waves are not preserved. JIn order to perform a realistic calculation of an
oblique penetration event, it is necessary to include three spatisl dimen-
sions. A three—dimensional calculation will require on the order of N times
as much computer time and storage, where N is the number of discretized
elements in the added dimension;thus, two-dimensional calculations, which
require an hour of computational central processor time and 100,000 storage
elements, would require several ten’s of hours and several millions of words
of storage in three-dimensions. From a practical point of view, the ability
to complete these calculations is dominated by the economics of computing, ana
by tbe amount of time required to complete a calculation and interpret the
results,

The purpose of this effort was to devise a feasible computational method-
ology for performing calculations of lorg rod penctrators perforating spaced
target arrays. Section II of this report describes the technical approach,
Section III the source of material properties, and subsequent sections des-
cribe the computational techniques.
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SECTION II
TECHNICAL APPROACH

The penetration or perforation of a spaced array of szmor plates by a
long rod can be characterized by describing the phenomenology in four phases.
A, Imitisl Impact - Tramsicat Phase

During the first oz imitial impact stsge, the highest magnitude
stresses are produced. Tae peak amplitude of these waves can be approximated

by:
Pp 1/3 Pp 2/3
T = o VpiCe/2 + [ — Vs Stpt/4
t Pt
where:

T = peak stress amplitude

= target material density

©
(o
[

= penetrator material density

Ci¢ = target material bulk sound speed

Sy = target material shock velocity/particle velocity slope
V = impact velocity

This high initial stress is attenuated as the wave advances into the target
and back along the length of the penetrator by free surface relief and by
geometric divergence. By the time the wave front has advanced into the target
a few penetrator diameters, it will have been reduced an order of magnitude in
amplitude. It will be reduced to the elastic wave amplitude in th: penetra-
tor, when the wave front has reached a distance of about 3 diameters back from
the impact point in the penetrator., These high initial stresses are largely
hydrodynamic since their amplitudes are many times the plastic fiow stress of
the penetrator and target materials. For example, a steel penetrator impact-
ing a steel target at normal incidence with & velocity of 1 km/sec will give
rise to peak initisl stresses in excoess of 150 kilobars (kb). This is ten
times the flow atress of 15 kb, which is about the maximum flow stress of the
best hardened steel alloys.
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B. Stoady Pemetration

As the rod/target interface advances into the target, the flow
approaches steady state. Material is displaced from the rod front at an
almost constant rate. This second or steady penetration phase will continue
until the rod is decelerated by rearward propagating elastic wave, the rod
material is exhausted or the deformation front in the target encounters a
discontinuity such as a free surface or a differing material impedance.
During this phase of penetration, & plastic deforming region is induced in the
rod. This region extends from the target/pemetrator interface back into the
rod to the distxnce at which radial free surface relief ot the rod periphery
reduces the amplitude of the wave to the elastic 1imit of the rod material.
Thus, & velocity gradienmt exists in the rod with the highest velocity at the
interface and a velocity characteristic of the rod material elastic wave
velocity at some distance back from the interface. A corresponding hydro-
dynamic, plastic, and elsstic wave profile exists in the target material. All
of these waves are, of course, modified by relief and reflection of waves
which have propagated into both rod and target, and have encountered discon-
tingities at the material interfaces.

C. Broak-Throuwgh

The third or break-through phase starts as the waves in the target
begin (o displace material upon relief at the target surface opposite the
point of impact. If the target is thin compared to the initial penetrator
contact ares, and the impact velocity is high enough, the initial wave release
in a tensile state may result in tensile tearing of the plate near surface
material or spaliationm., If the impact is lower, petaling and tearing may
result. As the plate thickness increases, the break-through phase will be
characterized by the production of a plug which is adiabatically sheared from
the surrounding target materials. As the impact velocity is increased, the
stresses induced in the target will cause the plug to breakup or shatter upon
release from the surrounding target material,

D. Penmetrator EBquilibratios

If the target is a single plate, the break-through phase essen—
tially terminates interest in the penetration process. If subsequent plates
of target material wil® be encountered, the bshavior of the rod in the inter-
vening region between plates may be of importance. This fourth, or penetrator
equilibrating phase, is the response of the penetrator to the stresses induced
during the initial impact and steady penetration phases. The velocity gra-
dient in the nose of the rod is dissipated by rod deformation for some period
of time after it has perforated the plate. This deformation results in rod
shortening for normal incidence impacts, and in rod shorteningz and bending for
oblique impacts. These deformations take place over several wave transits of
the length of the penetrator. If the plastic flow exceeds the ability of the
rod materials ability to respond, the flow processes will be terminated by the
growth of failure initiation centers which will relieve the¢ induced stresses,

L

i

e G i v,



T ——— - St e e .
e -

If a sufficient number of these nucleation centers grow and connect up, the
flow process terminates in macroscopic penetrator fracture., At the rod nose,
this is exhibited by the shedding of materisl as it flows radially sutward,
At greater distances back in the rod, bending strains can cause the 10d to be
broken into separate, disconnected elements. The state of tae rod elements
after all stresses have been completely or partially relieved, describes the
initial conditions for impact on subsequent target elements.

All of the hydrodynamic, plastic and elastic phenomena described in the
preceding can be modeled by either laboratory reference (Euleriarn) or mass
reference (Lagrangian) hydrocode calculations. Each metiodology has its ad-
vantages.

Eulerian calcuvlations consider the continuous media (solids in this case)
t>» be moving through a regular mesh which describes the computational region,
. terfaces which move with respect to the computational coordinate system,
must be preserved as they cross grid or mesh lines. During the coutse of a
calculation which encompasses many time steps, these interfaces will be
diffused since they do not exist on a clearly defined calculational mesh
boundary and their definition within a mesh or cell is not as exact as the
remiinder of the calculation. This feature of an Eulerian code is also an
advantage. The severe distortions which result from the penetration process
are not vestricted by the initial choice of the mesh configuration,

Li,rangian calculations are completed by subdividing the materials be-
tveen meterial interfaces into arbitrary meshes as defined by the initial
onfigr st on of the problem. Thus for a penctration calculation, the target
wil’ be .+ fi.ed Ly one computational region, and the penetrator by snother,
a2 vk .. irtoract across slide lines or planes with assignments of one

fuce as master and the other as a slave., This interaction across regions
= ot is precise as the other portions of the calculation, and can regult in
th: ~¢crmulitior of errors. In addition, as materials deform during the
seneteniton veat, the computational mesh, which is embedded in the material,
bt wlso deformed, This results in irregular mesh shapes, which though in
principle are allowable, in practice result in a reduction in the order of
accuracy. The accumulated errors may result in an invalid solution. In
addition, and probably more important, the deformation of the mesh results in
decreasing the size of the allowable time step, since the maximum time step
for stability considerations is given by:

Dt = DX/MAX (C,, U)

where
Dt = the time step
DX = minimum cell or mesh dimension
Cg = materisl sound speed

U = material particle velocity
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The time step, Dt, is chosen as the minimum over all computational regions and
therefore, the most distorted element or mesh in the calculation, drives the
speed with which the calculation can advance. On the positive side, Lagran-
pian codes are capable of preserving material interfaces with greut fidelity.
Small free surface motions can be predicted without extreme sensitivity to the

pumber of mesh elements in the calculation.

From the foregoing, it would appear that both Eulerian and Lagrangian
calculations have their advantages and disadvantages when they are applied in
calculational regimes where each is most capable. Thus for a long rod pene-
tration event, the initial impact through breakout phases, which are violent
and characterized by large deformat_ons, are best handled by an Eulerian
hydrocode. The longer time equilibrating phase after target perforation is
best handled by a Lagrangian code., since the Lagrangian code can concentrate
on calculations with the rod, and ignore the surrounding medinm. Also, the
Lagrangian methodology is capable of more eccurate representation of the
slower bending and surface relief processes which follow target break-ihrough.

The methodology employed in this work was to use the three-dimensional
version of the HULL code (REF 1) to perform celculations during plate perfora-
tion. A sufficient portion of the penetrator and target must be included in
the HULL calculation to preclude the arrival of spurious wave reflections back
at the deformed rod nose before perforation is complete. Duriang the course of
the Eulerian calculation, material velocity data was recorded at a large
aumber of data collection points or stations in the deforming rod nose when—
ever the velocity changed by more than 2 percent. These station data were
collected as a function of time to allow a subsequent definition of the rod

nose surface velocity during deformation,

The station data were then used as boundary conditions for a Lagrangian
calculation performed by the EPIC3 (REF 2 and 3) code. The EPIC3 calculation
modeled the entire rod, but ignored the target material. The station velocity
data were applied to the surface nodes in EPIC3 as a function of time. These
displacements produce stress fields in the penetrator that replicate those
calculated during the course of the HULL calculation. After perforation, the
station data are no longer used as boundary conditions, and the rod is allowed
to equilibrate. Duriuy this portion of the calculation, only the EPIC3 code
is run. The resulting linked calculation is more economical and more accurate
than could be run with either of the component hydrocodes.

This methodology was demomstrated by calculating the oblique penetration
of an armor plate by a staballoy penetrator. The geometric configuration of
this calculation is illustrated by Figure 1, The next sections of this report
describe the material property definitions and the HULL and EPIC3 calcula-

tions.
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Figure 1. Demecnstration Oblique Penetration
Calculation Geometry.
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SECTION III1
MATERIAL PROPEKTIES

The materials of interest for the demonstration calculation werc a sta-
balloy (U-0.75Ty) and rolled homogeneous armor (RHA) from & thin platec.
Samples of the staballoy were obtained from Nuclear Metals, Inc. and the RHA
from the Ballistics Research Laboratory. Taylor anvil specimens werc machined
from the material samples and fired by the Denver Research Institute. 'ihe
results of these tests are included in Appendix A, Figure 2 presents pictures
of the deformed cylinders from two of the tests, In addition, the statalloy
was subjected to notcled tensile tests by the Southwest Research Institute.
Their report is included as Appendix B,

The Taylor anvil specimens were analyzed by performing two-dimensional
Lagrangian calculations of the impact. An OTI version of Sandia's TOODYIV
(REF 4) code was used for these calculations., Figure 3 presents the results
of several TOODY runs for RHA Test 5 (an impact at 0.33 km/s2c) in terms of
calculated final radius (R;) and final length (Lg) vs the observed values.
Points labelled A through K are the calculational values based on using
several yield strength models. The models are identified by three numbers.
The first number is the assumed initial yield stress in kilobars, the second
number is the tangent modulus in kilobars and the third number is the satura-
tion or maximum stress in kilobars, Models I, J and K all provide sesults
which are very close to the observed data. All three models predict very
little work hardening for this plate, at least in the rolling direction. This
is consistent with the smooth (non-bulged) appearance of the impacted cylin-
der:. The model developed from these tests is shown in Figure 4, Also shown
is a thin plate RHA model previously developed by the Ballistics Research
Laboratory (REF 5) in low-rate tensile tests. TOODY calculations indicate
that the specimens would be quite bulged if this model were valid for the
strain rates (> 20,000 sec™ 1) seen in the anvil tests. Figure 5 shows final
predicted cylinder shapes for the previous BRL mocdel and model I for RHA Test
5. Only one-half of the ocylinder is showa since the axis is an axis of
rotational symmetry. The bulged area required by the low-rate model is clear-
ly visible in the cylinder shapes.

With the exception of the very high velocity RHA Test 4 (0.44 km/sec),
none of the RHA samples exhibited any centerline fracturing. Figure 6 shows
predicted final centerline -adial tenscsile strain ard axial compressive strain
for Test 5. The material is veen to undergo over 70 percen! tensile strain
without fracturing. Measurement of the final Test 4 cylinder indicates that
the RHA can be expected to f#il at strains slightly over 100 percent.

The staballoy aunvil tests were considerably less iustructive becuuse the
cylinders fractured into maty small pieces at velocities in excess of 0,11
km/sec. At these low velocities the cylinders really had not deformed suffi-
ciently to allow a model fit. Even large changes in assumed yield strength
resulted in changes in final shape which were considered to be within the
bounds of expected memsurement orrors.
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Figure 2. RHA and Staballoy Cylinders
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The Southwest Resoarch Institute notched tensile tests were used to
provide s yield strength and fracture model for the staballoy of interest.
Figure 7 repeats the failure data described in Appendix B. Strain at failure
is plotted versus mesn stress, P, divided by the material’s yield sirength, Y.
The ratio, P/Y, is controlled by notch size as discussed in Appendix B. As
P/Y approaches unity, the stress state is approaching that for a plane strain
situation (i.e., one expected in thin plate impact tests). At P/Y = 1/3, the
stress state is ono of uniaxial stress and represénts an unconfined tersile
test. At P/Y values less than 1/3, the material is laterally confined., Thers
was no data collected in this latter region,

The staballoy yield strength model selected from Appendix B is one in
which the initial yield stremgth is 10 kilobars and reaches & saturation level

of 15 kilobars at a strain of 50 percent.
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SECTION IV
THE EULERIAN CALCULATION - HULL

The demonstration calculation to evaluste the three-dimensional Eulerian/
Lagrangian link concept with HULL and EPIC3 was run with the geometric con-
figuration of Figure 1. The RHA and staballoy material properties used in the
HULL calculation were as indicated in the following table.

MATERIAL PROPERTIES USED BY HULL

Density Sound Speed Flow Stress
(gm/cc) (km/sec) APA (kb)
RHA 7.86 4.61 1.73 15
Staballoy 18.9 2.48 1.53 16

These properties were preliminary results from the work described in the
preceding section. The differences arec not significant and are probably
ropresentative of variations in the material properties encountered from
different production runs,

A. PFlane Straian Approximatiosm

As a preliminary to the full scale three-dimoensional HULL calcula—
tion, it was decided to run the calculation in two dimensions using the plane
strain approximation, This is s reasonable practice before performing a large
three~dimensional caloulation., The cheaper two-dimensional calculation can be
used to evaluate the choice of zoning and to illustrate the qualitative phe-
nomenological features which will be present in the full-scale calculation.

The first two-dimensional plane strain calculation was done with
ten zones scross the diameter of the pemetr.tor. A constant subgrid, in which
uniform square zones were defined, was set up around cthose portions of the
penetrator and target which were expected to suffer the most deformation.
This mesh configuration is illustrated by Figure 8. The calculation was run
with the penetrator initially at rest in the Eulerian mesh. The target was
given a vertical velocity toward the penetrator of 1.036 km/sec. The choice
of whether penetrator or target is moved through the mesh is arbitrary. In
this calculation, penetrator response was of most interest, By fixing the
penetrator in the mesh, Eulerian diffusion was minimized.

Data collection points or stations were also inserted in the mesh, The
stations collect the state varisbles for the cell in which they reside as the
calculation proceeds. These data are not collected every time step, but only

15
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Figure 8. HULL Mesh Configuration in the
Plane of the Penetrator/Target
Ensemble.
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when one of the gstate variables changes by a significant amount. In this
calculation, time data was collected whenever the velocity varied from the
previously collected value by more than 2 percent, HULL bhas the capability to
run with either Eulerian stations, which remain fixed in the laboratory re-
ference frame, or Lagrangisn stations, which follow the flow of the material
in the zone occupied by the station. In this calculation, the statioms were
Eulerian., The three—~dimensional calculation was set up with stations that
were Lagrangian in the vertical or target motion direction, and Eulerian in
the radial direction in order to reduce the number of required stations. Thus
stations in the penetrator nose would follow the rod deformation as the nose
receded, The first station was placed at the tip of the rod penetrator. This
station was used to furmish vertical velocity to the HULL continuous rezone
option. This HULL option permits the user to cause arbitrary wotion of any or
all grid lines in any coordinate direction. During the course of this celcu-
lation, the entire mesh was translated vertically by the velocity determined
at station 1, TLkis in effect caused the rod nose to remain in the same
Eulerian zone throughout the entire course of the calculation, Thus, the
initial resolution defined by the constant subgrid was retained for the entire
calculational time,

This first exploratory calculation was run to 45 psec in about 20 CDC
7600 central processor minutes. The second plame strain calculation was run
to evaluate the sensitivity of the solution to discretization or zone size.
Twice the number of zones was used in each dimension. Time snap-shots of the
two calculations are included as Figure 9. Figure 10 is a density contour
plot of the coarsely zomed calculation which illustrates the zome numbers in
the upper and right margins, For comparison, Figure 11 is the equivalent plot
from the fine zone calculations at the same time of 30 psec. The dots, in the
region of the rod nose in these figures, indicate the position of stations or
data collection points. The amount of penetrator and ti .t deformation was
similar for these two calculations, Accordingly, it was decided to run the
three-dimensional caloculation with the smaller number of zonmes.

B. Threo-Dimensional Cslculation

The third dimension added was normal to the plane of the plots of
the preceding figures. Since the rod is a right circular cylinder, it was
possible to reduce the magnitude of the calculation by making the plane
passing through tlie rod cemter a reflecting or symmetry plane, The HULL code
permits any mesh boundary to be transmissive or reflective. Thus, the calcu-
lation consisted of half the number of plames in the added coordinate than was
used in the transverse coordinate direction for the plane strain calculations,
The resulting computer time estimate was therefore 25 times the 20 minutes re-
quired for the two-dimensional case, or about 8.3 hours.

The three-dimensional calculation was setup with the initiasl mesh
configuration 1llustrated by Figure 12. The subgrid had 30 zones in the x
coordinate direction extending from 1.155 ¢cm to 1,155 ¢cm. The y coordinate
was zoned with a total of 25 zones with 15 zones in the subgrid extending from
the image plane at y=0 to 1.155 cm. Tbe suhgrid in the z coordinate direction
was composed of 60 zomnes with the bLottom at 1.386 cm and the top at 3.234 cm.
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Figure 9. Density Contours of Demonstration Calculation
to Compare Coarse Zone Case (Top) and Fine
Zone Case (Bottom) in Plane Strain.
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The input data to oconstruot this meah and to insert target and penetrator is
included with sample output in Appendix C.

The three-dimensional calculation was run with continuous rezxoning
on the BRL CDC 7600 computer., The mesh storage requirement for 50x100x25
cells with 20 variables per cell was 2.5 million words. The total code
ocoupancy on the BRL machine was 70,067 words SCM and 125,192 words LCM for a
total of 195,259 words of memory. HULL requires that only four planes (normal
to the Z coordinate) be resident in random access wemory. The remainder of
the mesh was stored on high-speed disks and the data vas transferred in and
out of memory as the computations were completed on each plane of data. The
entire calculation was run to 47 pusec in 7.5 central processor hours. Figure
13 is a composite of density contour snap—shots illustrating the dominant
features of the calculation, Figure 14 is included for comparison with the
two-dimensional calgulations of Figures 10 and 11, From the calculation it is
evident that during the initial stage of impact the nose of the rod is rotated
away from the target by the impact forces. As break-through starts, the rod
nose is rotated back toward the normal as target matorial is deformed into the
path of the penetrator. Thus, omne would expect the time dependent transverse
wave structure, induced by the initial impact stresses and the short quasi-
steady penetration phase, to result in a bending moment., These effects are
more prominent at later times in the Lagrangian portion of the calculation
described in the next section,
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SBCTION V
EPIC CALCULATION AND COMPARISON WITH EXPERIMENT

The rod of interest was modelled, less the hemispherical nose—cap, in the
linked version of EPIC3 (REF 2 and 3). The hemispherical nose-cap was not
included because it was obvious from the HULL calculations that the cap rapid-
ly disappears from the rod in very high distortion flow. At the front of the
rod, nodes wore idontified as boing driven with HULL velocities. All other
surface nodes were free. A detailed description of the link is contained in
Reference 5. The referonce also contains a list of input used for this

problem,

Figure 15 is a plot of EPIC element geometry and velocity vectors at
approximately 20 microseconds superimposed on a plot of the HULL density
contours at the sams time, The figure clearly illustrates that the velocity
link produces correct flow in the penetrator, Figure 16 presents the same
information at slightly over 41 microseconds. By this time one plane of
~iements had been dropped from the EPIC calculation at the frunt of the
penetrator., This was required to maintain an adequate time step iv the calcu-
lation, The elements had become too highly compressed and distcsted. The
newly exposed nodes were identified as being driven by HULL., EPIC was f .rced
to drop one more plane of elements just before runming out of HULL data at 49

microseconds.

From 49 microseconds to 200 microseconds EPIC rin without HULL input. A
montage of velocity vector views of the rod in its pline of symmetry are shown
in Figure 17 for this time period. The rod is oriented in the figure so as to
properly demonstrate the rotation seen in the calcalation,

Figure 18 is a comparison of calculational and experimental data at run
termination. The experimental rods were traced from x-rays provided by the
BRL. The scales in the x-rays and the caloulation are identical. The compar-
ison is considered very good. The ocaloulated rod's extent of shortenming and
rotation are very close. Experimentally the rod weighed 57.99 gm and was
travelling at 0,977 km/sec at 200 microseconds, Iun the calculatiom, the final
rod weight was 56.51 gm and the final velocity was 0.997 km/sec. Small
differences can be soeen in the rod's nose section, These are attributed to
possible differences in the yield strength, the rather crude zoning and the
fact that element planes had to be dropped from the problem rather than
rezoned to a more regular mesh. The yield strength model used in the EPIC
calculation is the room temperature staballoy model discussed in Section III
with the addition of a thermal softening curve. The thermal softening used
assumed that the staballoy maintains 80 percent of its room tempersture yield
strength when heated to 50 percent of melt. The model uses this point and the
theoretical points of no yield strength loss at room temperature and complete-—
1y zero yield strength at melt. If the rod material is actually softer than
this model indicates, the nose section curvature and rotation would be closer
to the experimentally observed deformation, There was insufficient computer
time available to conduct a zoning study for the EPIC portion of the calcula-
tion or to vary yield strength models. It is believed by the BRL that finer
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zoning would have provided better replication. Completely dropping an element
plane because a fow elements in the plane are too distorted is a somevwhat
severe action and can be expectied to produce at least some loocally non-
realistic effects.

During the EPIC run, stresses and strains wore monitored and an element
was marked as failed if these quantities exceeded thoe experimentally deter-
mined failure curve discussed in Section III, Tho only elements which ex~
ceoded this failure criterion are in the nose of the rod. They are marked
with an X in Figure 18, There are no means for dotermining the accuracy of
these failuro estimates shoxrt of recovering the rod at this time and cross-
sectioning it.

Overall, the comparison is considered very good and demonstrates the
acouracy and usefulness of the linked technique.

The EPIC run required 840 nodes and 3132 elements. The entire EPIC run
took less than 1 CP hour on the BRL CDC 7600 computer. Nodes were run in
Large Core memory (LCM) with elements being buffered in and out from inter-
mediate disk storage. There were 64 elements in central memory at any given
time. Since unused subroutines are now deleted by the EPIC executive (SAIL),
the run required 43,771 words of central memory and 17,024 words of LCM, The
run took 1,530 cycles at a CP time par elemeont per cycle of approximately 0.5
milliseconds.
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SBCTION VI
CONCLUSIONS

The linked Eulerian/Lagrangian methocdology demonstrated in this work
appears capable of performing fully three--dimensional calculations of the
: oblique penetration of spaced armor arrays. The calculation reported here was
b t run to 200 psec after initial impact. This corresponded to the time of impact
4 on the next plate in the array. A module in the HULL generator code was then
) used to transfer the EPIC3 Lagrangian description of the deformed penetrator
¥ back into a three—dimeasional mesh which included the second plate. This
calculation was continued by BRL personnel.

If tbhoe calculation had been run entirely with the HULL Eulerian code to
200 psec, a total of about 35 CDC 7600 central processor (cp) hours would have
been required. The linked calculation regquired about 9 cp hours. It is
doubtful that the Lagrangian code could have completed the calculation alone
because of the severe distortions encountered,

Although this methodology eattempts to use Eulerian and Lagrangian tech-
niques in (hose regimes where each is functioning at its respective advantage,
the present link is not without difficulties. The setup and running of two
large computer codes requires considerable intervention. Neither HULL nor
EPIC3 have been sufficiently exercised in three spatial dimensions to have had
their own respective quirks iromed out. The large computer files involved in
running a calculation such as this, severely tax the capabilities of currenat
machinery,

e e . A At G

The next step in this evolutionary process would be the interactive
linking of the two codes. This would require a rework of the total code
architecture, but should result in run times of shont 2 cp hours for the
calculation presented in this report. Such a develor.aent would receive the
benefit of the experience gained in developing the current linked system,
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UNIVERSITY OF DENVER

AD Independent Unsvessin

Lniversity Park. Denver, Colorado 80208

Denver Rescarch institate
Labotatones tor Applicd Mechaiie s 3030753 2616 21 February 1980

Mr. John Osborne
Orlando Technology, Inc.
P. 0. Box 855

Shalimar, FL 32574

Dear Sir:

Twenty Taylor Anvil specimens were fired as per our agreement of
7 November 1979. The experimental conditions are described below.

1. The Anvil

The anvil used in the DRI tests was a piece of 4340 steel, 9 inches
in diameter weighing about 80 pounds. This anvil was hardened to R. 40
and both faces were surface ground.

Alignment of the anvil was accomplished by placing a mirror on the

surface and rotating the anvil until the reflection of the gun barrel
muzzle was visible in the mirror and centered in the bore,

2, Gun barrel

Initially the Taylor Anvil specimens were launched in a .30 caliber
smoothbore using a lexan sabot., This method produced highly variable
velocities due to the large cartridge case. To solve this problem and
to improve on the percentage of good axial hits a smoothbore barrel with
a .256 inch bore diameter and chambered for a .22 Hornet cartridge case
was pu-chased. This eliminated the need for a sabot and, because of the
small size of the Hornet case, better velocity control was also achieved,

3. Velocity Mmasurement

Velocity measurement was accomplished in the last foot of the gun
barrel. Powder gases were vented prior to the cylinder passing by a small
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hole in the gun barrel which had a light beam passing through it. After
traveling one foot the cylinder passed another hole with a light beam passing
through it. At the first hole, passage of the cylinder through the light
beam trigyered a chronograph (accurate to the nearest 0.1 lsec) starting

the count. Passage of the cylinder through the second light beam stopped

the chronograph yielding the elapsed time for the cylinder to travel one
foot. This information was then used to compute the velocity.

L. Data
TABLE
D.U., = .75 Ti Alloy Cylinders
Cylinder Weight Dia.-Length Impact impact Velocity
No. (grains) (inches) Orientation (fps)
1 237.8 .254-1,002 +1° 510-8*
2 237.8 .254-1,002 +1° 484-8
3 238.9 .255-1.002 + 19 213-L
4 237.9 .254-1,002 +1° 353-M
j 5 237.7 .254~1,004 +1° 365-8
;{ 62 Not Fired - Diameter too large
| 7 237.3 .253-1.004 + 4° 341-H
8 237.0 .254-1,005 #1° 399-8 !
9 237.8 .254-1.002 +1° 360-8 |
10 237.9 .254-1.005 + 1° 315-M

lLetters refer to deformation, L = light, M = medium, H = heavy, Af
B = broke end of cylinder, NG = no good.

2This eylincer was too large in diameter for the gun barrel and was !
returned to Nuclear metals for remachining. ’i




‘ TABLE 2

i RHA Cylinders

Cylinder Welght Dia.-Length Impact Impact Veloclity
No. (grains) {inches) Orientation (fps)
\ 1 95.2 .250- .988 +1° 518-L
, 2 95.2 .251-1.005 - 509-NG
§ 3 96.7 .251-1.001 - 925-NG
[ 4 97.5 .251-1,010 +1° 1459-H
! 5 96.2 .250-1.008 +1° 1083-H
1 6 96.7 .251-1,005 - 722-NG
7 96.8 .251-1.007 + 19 855-H
8 94.6 .250- .985 + 50 786-M
9 96.2 .250-1.000 - 950-NG
TABLE 3
{ Length of Unfractured Taylor Anvil Specimens
Before and After Impact

D.U. = .75 Ti Cylinders

Cylinder Original Final Length Condition Impact Velocity {
No. Length (inches) After Impact (fps) |
1 1.002 - Fractured 510 F
2 1.002 - Fractured L84 i
3 1.002 L9843 Intact 213
4 1.002 . 9483 Intact 353 o
5 1.004 - Fractured 365 Lo
6 Not Fired (Dia. too large) §
7 1.004 . 956 Intact 341 |
8 1.005 - Fractured 399 \
9 1.002 - Sheared 360 B
10 1.005 .9628 Intact 315 ‘l

R owicler

RHA Cylinders

J
! .988 .933 Intact 518 ]
2 1.005 - - 509-NG i :
3 1.001 - Intact 929-NG i
4 1.010 . 805 Fracture Lines 1459 H
5 1.008 .825 Intact 1083 H
6 1.005 - Intact 722-NG )
7 1.007 .870 Intact 855 h
8 . 985 .870 Intact 786 \(
9 1.000 - - 950-NG '
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Please note that when the values given for the impact angle are
+ 1° the distance travaled by the cylinder after leaving the gun muzzle
was only 6 to 8 inches. This short distance virtually guaranteed good

: axial hits estimated in most cases to be within + 19, When the angle
’ is given a value other than 1° it was measured with a protractor to
{ within 19, The plus or minus associated with these angles has no real
; meaning except to indicate that the exact orientation at impact is
: unknown.
' Very truly yours,
i ‘. o —
; v . :‘_"' 7’ :” / /’{I:‘// ‘. '(?' 27 I. ! /
Edward P. Wittrock
Research Engineer
EPW: jw
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SOUTHWEST RESEARCH INSTITUTE

POSY OFFICE DRAWER 20610 « 8220 CULEBAA AOAD o SAN ANTUNIO, TEXAS 78204 o (8121804.8111

Department of Materials Sciences
July 22, 1980

Mr. John J. Osborn
Orlando Technology, Inc.
P. 0. Box 855

Shalimar, Florida 32579

Reference: P.O. No. 420-914-204

Subject: SwRI Project No. 02-5845-107
"Tensile Tests'
FINAL REPORT

Dear John:

This letter constitutes our final report on the ref:renced project.

Procedures used and the test results are summarized in the following

paragraphs.

Both smooth and notched round tensile specimens were tested in
order to determine the relation between P/Y and € P at failure for
staballoy specimens. All specimens were prepa:isd by Nuclear Metals, Inc.
in accordance with the attached SwRI drawing. Figure 1.

The critical parameters and the notch geometry are given in
Figure 2. Three notch radii were selected to yield nominal values for
P/Y of 0.333, 0.682 and 0.939. The initial values D,, dy and Ry, are given
in Figure 2. The following definitions are used in the data reduction

and presentation:

+ 1)
(o]

Sle

1 ,
3 + dn(

<]

TP = tn(d /d)

The tensile tests were performed at a constant axiul strain rate
of 0.0025 in/sec. Diametral strain was measured with a strain-gage type
flexural extensometer positioned such that the contact points were at
the notch root minimum radius, For smooth specimens or large root radii,
this positioning is difficult because a priori location of the tensile
neck is not possible. For this reason, the extensometer was used for
transient recording of the load-deformation history but the minimum
diameter of the fallure cross section was measured directly from the
broken specimen. Load was measured in the standard way by an in-series
load cell. Maximum crosshead velocity used was limited by the dynamic

response of the extensometer,

SAN ANTONIO, HOUSTON, TEXAS, AND WASHKHINGTON,
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Five specimens of each notch radius were tested. The failure data
for these specimens are given in Table I. The failure data are computed
based on the minimum diameter at fracture (d = d¢) and the initial notch
radius (R = R,). The notch radius at failure is not easily defined and
was not measured. Appended to this report are plots of the axial true
net section stress (o = Load/Actual net cross-sectional area) vs. the
logarithmic strain (gP = 2 2n dy/d). For the standard smooth 0.505
inch round tensile specimens, the average ultimate true tensile stress
was 228.3 ksi (15.53 kbar).

The failure data from Table I are plotted in Figure 3. A curve is
drawn through the crosses which designate the average effective failure
strains for each value of P/Y. The larger scatter in failure strain for
the smooth specimens (P/Y = 0.33) may be expected because a larger volume
of material reaches the maximum stress condition. The probability of a
critical flaw experiencing this stress is therefore greater. The notch
concentrates the zone of maximum stress in a much smaller volume.

The failure strains determined from the diameter of the broken
specimen (Table 1) are plotted as crosses on the axial stress-diametral
strain curves. Thils strain is larger than the maximum measuied extenso-
meter strain when the extensometer arms fall to follow the minimum
diameter in the notch or neck. This is particularly a problem with the
smooth specimens where the location of the neck is indeterminate.

If you have any questions regarding these tests, please do not
hesitate to contact us. Unless otherwise instructed, we will dispose of
all specimens. It has been a pleasure working with you and I hope we
can do more in the future. It would be interesting to explore the
temperature and strain-rate sensitivity of this data.

Respectfully submitted,
7 é{? i
/I
Z[ L

<., S. Lindholm, Director
Department of Materials Sciences

USL/mb
Attachments

ce: S. H., Birgel

41

e R oiien | Ky

R




R
(in)

FAILURE DATA

(P/Y)f

w oW N

8 8 8 8 8

.183
.180
.185
.180
.185

.075
075
.073
.075
075

*
Failed prematurely.

.3333
.3333
.3333
.3333
.3333

.6018
.6007
.6142
.6031
.6009

.9079
.9024
<9133
.9174
.9107

Not included in average.

.3610

L2134

.1273
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i APPENDIX C
HULL CALCULATION SETUP AND SAMPLE OUTPUT

SR This appendix contains the control cards, the HULL generation imput deck
* (KEEL), and the HULL input run deck for the demonstration calculation. Sample
outputs from KEEL and HULL are also included.

- e
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KEELR, T500, PO, STMFZ.
ACCOUNT

SWITCH,6.

ATTACH, HULLIB, ID=KIMSEY.
LIBRARY, HULLIB.
COPYS(,A)

ATTACH, CH113, ID=KIMSEY.
COPYS(CH113,A)

RETURN, CH113.

REVIND, A.

COPYSP (A, OUTPUT)

REWIND, INPUT.

COPYSP (INPUT, OUTPUT)
PLANK.

DYTHUL(I=A)

FIN, I=SAIL, B=KEEL, PL=40000.
LDSET ( PRESET=NGINF)
KEEL.
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pomene 8 Y

HULL CONTROL CARDS

) X HULLR, T24000, PO, 45220000, STMFZ
ACCOUNT
‘ SWITCH,6.
i ATTACH, HULLIB, ID=KIMSEY.
i : LIBRARY, HULLIB.
COPYS(,A)
F ATTACH, CB113, ID=KIMSEY.
. COPYS(CH113,A)
RETURN, CH113,
REWIND, A,
COPYSP(A, OUTPUT)
REWIND, INPUT.
COPYSP (INPUT, OUTPUT)
PLANE .
DYTHUL(I=A)
FIN(I=SAIL, B=HULL, PL=40000,R=2 ,L=SAVE.
LDSET (PRESET=NG INF)
HULL.
EXIT,
DISPOSE, SAVE, PR.
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TR 4 | e i e L

KEEL PROB 3212,0002
NM 3 AIR 1 RHA 2 UTI 3
DIMEN=3 VISC=1 EOS=6 FLUXER=3 STRESS=1
IMAX=50 JMAX=25 KMAX=100
REZONE=7
NSTN=100 NOP=100
AREF=,FALSE. TREF=,FALSE.
LREF=,FALSE. RREF=,FALSE,
HEADER
OTI/BRL HULL CALCULATION OF RHA IMPACTED BY DU AT 1 KM/SEC, 65 DEGREES
MESH
CONSTANT SUBRGRID
NX=30 XO0= -1.155 XMAX= 1.155
NY=15 Y0= O YMAX= 1.155
NZ=60 ZO= -1.386 ZMAX= 3.234
RXNEG=1.5 XOLIM= -4 RXPOS=1.5 XMLIM= 4
RYNEG=1.5 YOLIM= 0 RYPOS=1.5 YMLIM= 4
RZNEG=1.5 ZOLIM= -7 RZPOS=1.5 ZMLIM= 10
GENERATE
PACKAGE AIR BOX XL=-1.E5 XR=1.E5 ZT= ,629 1ZB=-1.E5
ZCC=.385 ANGLB=-65
PACKAGE RHA W=1.036E5 BOX
=-1,E5 XR=1,E5 7ZT=-.39 ZB=-,629
ZCC=,385 ANGLB=-65

PACKAGE AIR BOX= XL=-1.E5 XR=1,B5 ZT=1.ES ZB=-.39
ZCC=.385 ANGLB=-65
SPHERE XC= 0 YC= 0 ZC= ,385 RADIUS=,385
RECTAROT XL= 0 XB=.385 ZT=7.7 ZB=,385
PACKAGE UTI SPHERE XC= 0 YC= 0 ZC= .385 RADIUS=,385
BOX ZB=.385
PACKAGE UTI RECTAROT L= 0 XR=.385 ZT=7.7 ZB~.385

STATIONS XS=,01 YS=,01 ZL=.,01
STATIONS XS=-.424 —,347 -.269 -.193 0 .193 .269 .347 .424
YS= 0 .193 .269 .347 .424
Z1~=.039 .193 .347 .424 .501 .809 .963 1,117 1,27 1.425 1.579
1.733
END

HULL INPUT DECK

HULL PROB 3212,0002
INPUT

TIMES=3 DMPINT=15.E-6
PTSTOP=50,E~6

MATPROP

MAT=2 YLDMAX=15.E9
MAT=3 YLDMAX=16,E9
END PROP
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KEEL OUTPUT

MATERIAL
€
MATERIAL 3

T8k

b ARLF
ATHOS
BREF
; CObE
i €OLD
i CYCLE
. DIMEN
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~
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»
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