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I. INTRODUCTION

Hydrodynamic computer codes have been used for many years to study
the phenomena associated with the hypervelocity impact of a projectile
on a target. If a code uses c¢cylindrical coordinates for normal impact,
the projectile can have various shapes (spheres, cones, right circular
cylinders, etc.) that can be easily inputed into a code. Also, the
target can have many configurations, tlie most common being an infinite
plate, a circular plate, a semi-infinite solid, and a semi-infinite
cicular solid. As long as a characteristic diameter of a projectile is
not too small compared to the thickness of a plate or the depth of
penetration to be studied, the problem can be set up on a time-tested
code and run on a computer without too many preliminary check-out runs.
If one considers the problem of a long, slender rod impacting normally
on a target when the diameter of the rod is much less than the depth of
penetration to be studied, questions arise as to how the projectile-
target configuration can be described in the code.

As an input, the code requires information on the outline of the
configuration on a grid forming computational cells. The amount of
memory of a particular computer limits the number of cells; consequently,
if a large number of cells were used to describe a slender rod radially,
and the number of cells in the axial direction were fixed, relatively
few cells would remain for describing the target radially beyond the rod.
Also, it should be noted that as the number of cells that are used in a
problem is increased, the running time, and thus the cost of running a
problem on a computer, increases. -

Can we describe a slender rod radially by 6, 4, or as few as 2 cells
without the code generating unacceptable information on penetration rate,
target hole growth, shock wave propagation, and pressure fields? As a
numerical experiment, the radial dimension of the slender rod was
described by 2, 4, and 6 cells and the corresponding problems or computer
runs were named R2, R4, and R6, respectively.

II. COMPUTER CODE

The DORF9 code1 was used in this study. It is a two-dimensional,
multimaterial, continuous, Eulerian, hydrodynamic code coupled with a
elastic-plastic strength model. An option of Cartesian (x,y) or
cylindrically symmetric (r,z) coordinates is available in the code.
Also, tracer particles can be used to provide a Lagrangian look to the
plotted output.

1. W. E. Johnson, "Development and Application of Computer Programs
Related to Hypervelocity Impact," Systems, Science and Software,
3SR-749, AD 889143, July 1971.




III. PROJECTILE-TARGET CONFIGURATION

The same projectile-target configuration was used for R2, R4, and
R6. The projectile was a copper, semi-infinite rod with a radius of
1.0 mm; the target was a steel, semi-infinite solid. The stationary
target was impacted, normally, by a uniform-velocity rod at 7.0 km/s.

IV. ONE-DIMENSIONAL THEORY

Some preliminary calculations are necessary as an aid in
establishing the grid size, the description of the projectile and target
in terms of cell size, and the expected pressures and particle and shock
velocities for comparison with the computer results.

Using Tillotson's equation of state2 for copper and irom, we find
that the rod-target interface region is shocked to a pressure of 0.27 TPa
(2.7 Mb) and that the particle velocity in this region is 3.65 km/s.

From one-dimensional shock wave theory, we find that, in laboratory
coordinates, a transmitted shock wave propagates into the target at
9.38 km/s and that another shock wave (reflective) propagates in the
other direction, away from the target's surface, at 2.05 km/s. The
material between these shock waves moves with a particle velocity of
3.65 km/s. If the real time of penetration is limited to 3 us, the
former shock wave would move 28 mm into the target; the latter, 6 mm
away from the target into the rod. However, these conditions will
prevail in the interface region along the axis of symmetry of the
configuration only until a rarefaction wave arrives at the axis of
symmetry at about 0.117 us after impact. This wave, traveling radially
at 8.5 km/s from the periphery of the rod, offers a relief to the pressure.
The shock wave that is traveling in the rod is choked-off and eventually
dissipates. Thus, we would not expect the shock, moving into the rod,
to reach a distance of 6 mm from the target's original surface.

From the jet penetration equationss, which were developed from
Bernouilli's incompressible flow, energy equation, we find the interface
velocity to be 3.61 km/s and the pressure to be 0.512 Mb or 51.2 GPa.
These conditions are for steady-state flow and hence should be good
appreximations as soon as the Hugoniot pressures are relieved by
rarefactions (see above}, If the duration of penetration is limited to
3 us, a rod length of 10,2 mm will be required to supply rod material

2. J. Hl. Tillotson, "Metallic Equations of State forn Hypervelocity
Impact," Gulf General Atomic, GA-3216, July 1971,

3. E. M. Pugh, R, J. Eichefbengen, and N. Rostohen, "Theony of Jet
ﬁz&m?tion with Lined Conical Cavities," Journal of Applied Physics,
May 1952,



over this period and a target depth of at least 10.8 mm for target
penetration will be required.

V. COMPUTATIONAL GRID

The computational grid is 1laid out to cover the cross-sectional
region of interest of the rod-target configuration with the rod's
center-line coinciding with the z-axis. The rod will move in the
positive z-direction. The bottom of the grid is transmittive, allowing
rod material to be fed into the grid, thus simulating a semi-infinite
rod. Initially, based on preliminary estimates and on the guess that
numerical noise, traveling down the rod, would not reach the bottom
boundary and thus disturb the boundary condition there, 21 mm of rod
length were included in the grid. The target occupied the remainder of
the grid above the rod. A target depth of 37 mm was selected. Since
the top and right boundaries can be selected to be transmittive,
allowing material to flow through these boundaries, the target is
simulated to be a semi-infinite solid.

Since the radius of the rod was 1.0 mm, the width, Ar, of the
cells in the region of the rod was taken as 0,50, 0.250, and 0.1666670
mm for R2, R4, and R6, respectively.

The length, Az, of the cells in the region of impact was taken to
be equal to the Ar's in the corresponding computer runs. The region
containing constant or equal Ar's and Az's was 5 mm from the axis of
symmetry in the r-direction and between 20 and 28 mm on the grid in the
z-direction. The main comparisons of R2, R4, and R6 will be made in
this region for a period of 1 us.

The right side of Figures 1, 2, and 3 show the computational grids
for R2, R4, and R6, respectively, The overall physical dimensions of
each of the three grids was 20 mm by 48 mm. The outline of the rod-
target configuration is shown with the z-axis as the center-line of the
configuration. Notice that a variable grid is used above, below, and
to the right of the region consisting of square cells. The variable
grid region acts as a shock resevoir, that is, a region where a shock
can propagate without leaving the grid (thus eliminating numerical noise
from being reflected from the boundaries), but where some information
can be gained on the propagating shock wave.

The cells within the outline of the rod were given the following
initial conditions:
. Pressure = 0.0 Pa,
. Density = 8.9 Mg/ms.
. Radial velocity = 0.0 km/s.
. Axial velocity = 7.0 km/s.
. Specific internal energy = 0.0 J/g.

[Za R N S



Similar initial conditions were given to the target region except
that the density was 7.86 Mg/m3 and the axial velocity was zero.

VI. OPERATIONAL DATA

R2, R4, and R6 were run on the high-speed digital computer, BRLESCZ.
which is located at the Ballistic Research Laboratories. A summary of
the grid characteristics is shown in Table 1, where IMAX is the number
of cells or columns in the r-direction, and JMAX is the number of cells
or rows in the z-direction. The total number of cells in the grid is
the product (IMAX) (JMAX).

Table 1
Problem IMAX JMAX (IMAX) (JMAX)
R2 16 30 480
R4 28 50 1400
Ré6 39 68 2652

The three problems were run on the computer for a real time of
3 us. Computer output was printed at 0.0, 0.25, and 0.5 us (real time)
and, thereafter, at 0.5 us intervals, to and including 3 ps. A summary
of the data associated with running the three problems is listed in
Table 2.

Table 2
Problem Computational Time, min Output, lines
R2 20 726
R4 75 1536
R6 185 ] 2658

The trends from Table 2 are shown in Figures 4 and 5. As the
total number of cells in a grid increases, the running time increases
and the printed output increases. Also of importance is the fact that
the output is also dumped on magnetic tape for plotting and restart
purposes, and the larger number of cells in a grid requires the use of
more tape.

Usually, at the beginning of a run, all the cells in the grid are
not used in the computations since some of the cells are inactive, that
is, the velocity is zero in these cells. As the problem runs, the code
allows the active grid to grow to the point where eventually all the
cells in the grid will be used in the computations.

Figure 6 shows, for R2, R4, and R6, how the number of cells,
involved in the computations, grows as the problem progresses cycle by
cycle. The curves terminate at the cycle that is equivalent to a real
time of 3 ps.

10



The relationship between real time and cycle number is shown in
Figure 7, After an initial interval of running time, the curves are
linear. The change in the time between each cycle is determined by the
code according to Courant's stability condition where the change in
time, for a given stability factor and local sound speed, is directly
proportional to the minimum dimension of the cells in the active grid.
Thus, the real time per cycle for R2 is twice that of R4 and three
times that of R6. The initial nonlinearity of the curves is due to the
fact that the stability factor is set, as an initial condition, at a
value lower than 0.4, which is the normal running stability factor. The
code gradually increases the stability factor to 0.4 as the computations
progress.,

VII; COMPUTER RESULTS
A, Pressure

Two views of pressure fields at various times are shown in Figures
8 through 23 for R2, R4, and R6. Figures 8, 10, 12, 14, lo6, 18, 20,
and 22 show the pressure fields as viewed from the target; Figures 9,
11, 13, 15, 17, 19, 21, and 23, as viewed from the rod. These two
perspectives allow one to view more readily the pressure fields within
the target and rod, respectively. In these figures, the x-coordinate
represents the radial coordinate, r, and the y-coordinate represents the
axial coordinate, z. The tracer particle outlines of the rod and the
front face of the target are shown in the spatial plane of each plot.

With Eulerian codes, the shock front is usually spread over 4 or S
cells. Conscquently, the smaller the dimensions of a cell, the smaller
the physical spread of the shock front. However, by decreasing the
dimensions of a cell, we increasc the running time and the computer
memory requirement.

Although the main results of R2, R4, and R6 are being compared for
only 1 us after which time the shock front moves into the variable
grid, from a visual inspection of the pressure fields, we observe that
the R4 and R6 results have a close resemblence throughout a 3-us period.

Figures 24, 25, and 26 show the pressure profiles for R2, R4, and
R6 along the z-coordinate axis (the axis of symmetry) for the first
Y% us of real time, which brackets the 0.117-us time when the rarefaction
wave from the projectile's free surface reaches the axis of symmetry.
Every cycle is plotted for R2 and R4; the even cycles are plotted for
R6. The initial rod-target interface is at z = 21 mm, and a transmitted
shock wave and a reflected shock wave move away from this point. R2,
R4, and R6 overshootthe 0.27-TPa or 2.7-Mb peak pressure predicted by
one-dimensional shock wave theory. R4 and R6 develop a '"plateau" region
which decays with time. After the peak pressure has been attained, the
rod and target free surfaces provide a pressure release, causing the

11



pressure to drop.

Figures 27 through 29 are continuations of the pressure profile
graphs (Figures 24 through 26); however, they cover a time period from
Y% to 1 us. The left side of the graphs shows a rarefaction wave moving
in the direction of the rod's motion; the right side, a shock wave
moving into the target. These profiles are referenced to the 51.2-GPa
or 0.512-Mb pressure (dashed line) which was determined from jet
penetration theory.

In general, the R6 pressure envelope is higher than that for R4,
and the pressure envelope is higher for R4 than R2. The pressure
envelopes for R4 and R6 have a close resemblance (see Figures 24
through 29).

The pressure profile curves, Figures 24 through 29, were used to
provide data for the position history of the 40-GPa or 0.4-Mb pressure
points (0-% us time period) and 20-GPa or 0.2-Mb pressure points (% to
1 us time period) on these curves. These two pressures were selected
arbitrarily. This data was plotted in Figure 30. The upper set of
curves provide a history of the shock wave transmitted into the target.
The predicted shock wave velocity for early times is shown by the slope
of the line. The lower set of curves provides a history of the shock
wave reflected into the rod. The predicted shock wave velocity for
early times is shown by the slope of the line. This wave moves down
the rod for about 0.18 us and then becomes a rarefaction wave moving
in the same direction as the rod. The R4 and R6 curves normally are
the closest together.

Figures 31, 32, and 33 show the radial movement and decay of the
shock wave during the first microsecond at a constant distance from the
surface of the target. Because the cell size is different for R2, R4,
and R6, and since the pressure is calculated for the center of each
cell, the constant z-coordinates for these pressure profiles is 0.075 mm
into the target for R2 and R6 and 0.0625 mm for R4. These z-coordinates
correspond to 2, 3, and 5 cells from the target's surface for R2, R4,
and R6, respectively. The profiles for R4 and Ré appear to be more
similar with one another than with the profiles for R2,

B. Velocity

Velocity fields at various times are shown in Figures 34 through
40 for R2, R4, and R6, The tracer particle outlines of the projectile
and the front face of the target are also shown. These figures give an
indication of the direction and magnitude of material flow. A vector
emanates from the center of each cell that contains material. Some
vectors are shown to be outside the projectile-target outline where,
normally, the material in these cells has a low density. The DORF9
code does not use tracer particles to control the flow of material at
the free surfaces.

12



Figures 41, 42, and 43 show the particle velocity profiles for R2,
R4, and R6 along the z-coordinate axis for the first Y% us of real time,
Figures 44, 45, und 46 are a continuation of these figures covering a
time period from % to 1 ps. These figures correspond to Figures 24
through 29 for the pressure profiles. Every cycle was plotted for R2
and R4; the even cycles were plotted for R6. The initial projectile-
target interface was at z = 21 mm. As in the case of the pressure
profiles, the particle velocity profiles can be used to obtain data on
wave motion similar to that shown in Figure 30.

C. Particle Motion

The DORF9 code has an option for incorporating tracer particles
into its computations. These computations are passive in that the
Eulerian solution to a problem is not affected by these additional
computations. The motion of a particle is determined by the weighted
velocities from the cell containing the particle and from neighboring
cells,

A group of particles was initially positioned along the axis of
symmetry at equal increments with one particle positioned at the
projectile-target interface (z = 21 mm). Figures 47, 49, and 51 show
the time displacement of these particles along the axis of symmetry for
R2, R4, and R6, respectively. The data for these trajectories were
obtained from each computaticnal cycle.

The positions of the particles above the interface in the target
region remain stationary until the arrival of the shock wave from the
interface; then, these particles are set into motion. A dashed curve
connects the coordinates where this occurs. The slope of this curve is
the shock velocity of the shock wave propagating into the target.
Notice that the break in the curves is more definable at positions were
the grid was uniform in the z-direction.

The positions of the particles below the interface in the
projectile moved at a uniform velocity (the initial velocity of the
projectile} until the shock wave that started down the projectile
caused a velocity change. The break in these curves is also outlined
by a dashed curve which shows that the wave initially moves against the
motion of the projectile and then turns, as a rarefaction wave, in the
direction that the projectile was initially moving. Notice that this
shock never moved downward more than 1 mm from the initial position of
the interface. This will be useful information in setting up grids for
future problems.

The transmitted and reflected shock wave motions, as determined
previously from one-dimensional shock wave theory, are shown for early
times. These figures illustrate a method of obtaining wave motion
information in addition to the method used in Figure 30.

13



Figures 48, 50, and 52 depict the interface motion or penetration
along the axis of symmetry. These curves were extracted from Figures
47, 49, and 51. At any particular time, the depth of penetration, in
order of decreasing magnitudes, is R2, R4, and R6 with R6 being in
close agreement with R4.

Particle velocity-time and particle velocity-position information
is depicted in Figures 53 through 64. These figures correspond to the
position-time figures (Figures 48 through 52). The interface velocity,
shown in Figures 58, 60, and 62, are referenced to the velocity
previously determined from jet penetration theory.

During the first microsecond of penctration, there is good
agreement between R4 and R6 in these velocity profile figures. The
"steady-state' penetration velocity is about 3.42 km/s, which is lower
than the 3.61 km/s calculated previously from jet penetration theory.

D. Hole Size

Penetration (hole depth) and penetration rate (rate of hole depth)
have already been compared and the results for R4 and R6 were found to
be in agreement. A comparison of the hole radius at the original
surface of the target is shown in Figure 65. These data were obtained
by measuring the tracer outlines in Figures 34 through 40. At a given
time, the R2 hole radius was larger than that for R4; the R4 hole radius
was larger than that for R6.

VIII. CONCLUSION

A comparison of the pressure fields, pressure profiles, velocity
profiles, penetration history, hole size, and shock and rarefaction
wave propagation indicates that, for the three cases that were run on
the computer, the best agreement exists between R4 and R6. The
inference is that if a case, "R8", were run, then R6 and R8 would show
the best agreement. However, since the running time for each problem
increases as the cell size becomes smaller, a tradeoff must be made
between "accuracy' and economy. In the case of the three problenms
which were run, R4 provides the best available tradeoff.

14
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