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ABSTRACT

A series of numerical simulations have been performed using
CTH to predict secondary debris formation and rear structure
damage for typical bumper shields under a variety of impact ge-
ometries. The simulations span a range of velocities from ~3 to
12 knv/s and are compared to the experiment data for the lower
velocities (3 to 7 kmy/s). For one velocity (~7 knmys), CTH was
used to demonstrate the effects of bumper thickness on second-
ary debris formation and rear structure damage. CTH was also
used to simulate a 12 kmy/s impact of a sphere on a simple Whip-
ple bumper shield and this result will be compared to analytic
damage predictions at that velocity.

It has been found that CTH accurately predicts secondary debris
propagation and rear structure damage for velocities throughout

the experimentally accessible range. The CTH damage predic-
tions at 12 km/s result in a higher ballistic limit than would be :

predicted from the analytic techniques.

1. INTRODUCTION

It is well known that the principal threat to orbiting space
structures results from impact damage caused by orbiting space
debris. Presently, conventional laboratory facilities can evaluate
damage mechanisms or the effectiveness of protective structures
against this debris at the lowest impact velocities expected in
space. Analytic methods (Refs. 1, 2, and 3) for predicting impact
damage have been used extensively to date. These analytic
techniques generally consist of a fit-to-data at experimentally
accessible velocities (less than ~7.5 km/s) and then extrapolation
to higher velocities based on scaling theory. Simulations (Refs. 4
and 5) of impact events have also been used to estimate impact
damage. These techniques have progressed to the point of
providing realistic damage assessments, although, the analyses or
models have not been validated over the velocity range of 7 to
12 km/s, primarily due to lack of experimental capabilities to
launch the prerequisite size particles over that velocity range.
However, recently developed capabilities are being used to
evaluate simple shielding concepts at these velocities.

* This work performed at Sandia National Laboratories supported by the U, S. Department of Energy under contract
DE-AC04-76DP00789 with partial funding from NASA, Johnson Space Center.

A requirement for an effective debris shield is that it must
protect the spacecraft from impacts both from the
micrometeoroid and orbital debris environment. The
micrometeoroid environment is thought to resuit from dust-size
particles having an average velocity of 20 km/s, while the orbital

debris environment is believed to be millimeter or centimeter -

size particles weighing approximately a gram with average
velocities of 10 km/s, It is generally assumed that the average
density of the orbital debris environment is ~2.8 gm/cm’, and
therefore can be represented by the material properties of
aluminum. The orbital debris environment, which is man-made
space debris, is more hazardous than the micrometeoroid
environment because of its relatively large mass and particle
size. This makes the design requirements for an adequate
bumper shield difficult to establish. This also places the critical
portion of the velocity spectrum in & region outside of
conventional experimental techniques.

Experimental techniquts have been widely used at velocities be-
low ~7.5 kny/s. In addition, the experimental database has been
extrapolated using scaling laws to the velocity regime not cur-
rently accessible, A combination of the two techniques has been
used to design the debris shields that are expected to be used for
upcoming long duration space vehicles. Both of these methods
have short-comings. Due to difficulties in separating sabots from
projectiles, the low velocity data is almost completely composed
of spherical projectiles impacting bumper shields. Very little di-
rect data exists at higher velocities, where current ballistic limits
above ~7 km/s consist of scaling extrapolations from the spheri-
cal projectile impacts at 6-7 km/s. These extrapolations are made
even though basic physical phenomena change as the velocity
increases, even though the actual debris shapes may not be
spherical.

The use of simulation tools allows us to perform numerical ex-
periments that are not easily tractable in the laboratory. These
techniques allow for variations in projectile shape, orientation,
and velocity with minimal difficulty. Velocity can be varied over
a wide range if the equation-of-state is capable of modelling the
appropriate phasc changes. Bven though we do not consider
these techniques to be fully validated for all problems of interest
to the orbital debris community, they have been shown to repli-

cate most important features of high- and hyper-velocity im-
pacts.
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The remaining sections of this paper will consist of a short over-
view of the CTH shock physics code and the results from four
simulations of orbital debris impact events. Three of the four
simulations are low velocity impacts and the CTH results are
compared to the experimental data. The impact velocity of the fi-
nal simulation is an extrapolation beyond current capabilities
and that result is compared to the analytic extrapolation,

2. CTH OVERVIEW

The CTH (Ref. 6) code was develcped to model a wide range of
solid dynamics problems involving shock wave propagation and
material motion in one, two, or three dimensions: one-dimeasion-
al rectilinear, cylindrical, and spherical meshes; two-dimensional
rectangular and cylindrical meshes; and thres-dimensional rect-
angular meshes arc available. A two-step Bulerian solution
scheme is used with these meshes. The first step is a Lagrangian
step in which the cells distort to follow the material motion, The
second step is a remesh step where the distorted cells are mapped
back to the original Bulerian mesh, CTH has several thermody-
namic models that are used for simulating strong shock, large de-
formation events. Both tabular and analytic equations-of-state are
available, CTH can model material strength, high explosive det-
onation, fracture, and motion of fragments smaller than a compu-
tational cell. Material strength can be modelled as lincarly-elastic
perfectly-plastic, viscoplastic (strain rate dependent), or with two
differeat brittle failure models. High explosive detonation can be
modelled with a programmed burn model, or two different reac-
tive burn models. A special model is available for moving frag-
ments smaller than a computational cell with the cormrect
statistical velocity. CTH has been carefully designed to minimize
the dispersion generally found in Bulerian codes. It has a high-
resolution interface tracker that prevents breakup and dispersion
generally found in. Eulerian codes. In addition, CTH uses a sec-
ond-order convection scheme to flux all quantities between cells.

3. CTH SIMULATIONS

Four CTH simulations have been completed as a part of this
study. The simulations use the Whipple (Ref. 7) bumper shield

concept of a relatively thin (bumper thickness/projectile diameter
<< 1) front sheet that fragments, melts, and/or vaporizes the in-
coming projectile. The debris cloud then traverses a relatively
large (separation/projectile diameter >> 1) void space prior to
striking a back plate. If the Whipple shield is effective, the com-
posite thickness of the front and back plate are less than the thick-
ness of a single plate with equivalent stopping capabilities.
Table 1 lists the impact and material parameters of the four sim-
ulations. Table 2 lists the yicld and tensile strengths and densities
for the four aluminum alloys required for the simulations. The
values chosen for these simulations were not taken from a specif-
ic reference, but were chosen based on the collective experience
of several analysts and are felt to be appropriate for the simula-
tions. The values that were used reflect the well known increase
in yield and fracture strength in a dynamic loading environment
(Ref. 8).

The projectile and bumper were represented by the equation-of-
state developed by Kerley (Ref. 9) and validated against
experimental data for pressures below 80 GPa. The 2219-T87
and 2017-T4 forms of aluminum were also represented by the
same equation-of-state with an adjustment made to reflect the
higher initial density of those forms of aluminum. This form of
the equation-of-state for aluminum is considered to be one of the
best available to represent the solid-liquid and liquid-vapor phase
changes,

The first two simulations were only compared to the terminal
experimental data in the form of the damaged front and rear
sheets. The comparison data for the third simulation consisted of
radiographs of the debris cloud after impact with the front sheet.
The last comparison actually consisted of several calculations.
The ballistic limit was predicted for a 12 km/s normal impact and
compared to the Cour-Palais (Ref. 2) analytic extrapolation for
identical impact conditions.

3.1, all47

The axi-symmetric geometry option was selected for this and the
remaining CTH models. For this simulation, the zoning was
square in the region of initial impact, thronghout the debris prop-
agation region, and at the rear wall. The radial zoning was al-

Model ID Front Sheet Sgcond Sheet Spacing Projectile Diameter | Impact Velocity
Thickness (cm) Thickness (cm) (crn) (cm) (kmy/s)
al347 0.1270 (2) 0.3175(3) 10.16 0.358 (4) 293
b71 0.1270 (2) 0.2540 (4) 10.16 0.635 (4) 6.77
nal290 0.0305 (1) 0.6350 (2) 20.32 0.953 (4) 6.67
nl2 0.1270 (2) 0.3175 (3) 10.16 0.840 (1) 12,0
0.820 (1)
Table 1. Bumper shield and projectile parameters for the CTH simulations.
* The numbers in parentheses refer to the material type as defined in Table 2.
el e I e I
1100-0 3.4 X 10° 1.0% 10° 1.0 10” 2712 1
6061-T6 2.8 X107 5.0% 10’ 11.0 X 10° 2712 2
2219-T87 3.9 % 10’ 7.0% 10° 15.0 X 10° 2.851 3
2017-T4 22%10° 40X 10° 15.0 X 10° 2.796 4

Table 2. Material parameters for the CTH simulations.




lowed to increased in size for radii greater than 2.0 cm. The cell
size in the region of interest was 0.025 X 0.025 cm. The compu-
tational resolution effectively limits the minimum fragment size
that CTH will represent in its graphical output. However, smaller
fragments are represented by CTH internally and will cause dam-

age when striking other objects. An example of this phenomena

can be seen in Figure 1.

Figure 1 displays the debris cloud at 10 ps after initial impact.
The left side of the figure shows the material density in a mir-
rored, dot-density format, the dot-density legend is included with
the figure. The right side of the figure shows only the material in-
terfaces for the same axi-symmetric representation of experiment
al347. The material interfaces are simply contour lines (value
0.5) of the volume fractions for the materials in the simulation.
On the left side of the figure, you can see (note A) where material
is located by the density but is not represented by a material in-
terface on the right side. This indicates that the fragments are
smaller than a computational cell and no contour line of volume
fraction can be drawn.
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Figure 1. Baseline CTH debris formation for a1347.

Since the ability of CTH to represent small debris fragments is
strongly influenced by the computational resolution, a variation
on the baseline simulation was completed to assess the effects of
cell size on the initial debris cloud structure, The cell sizes were
decreased from 0.025 X 0.025 cm to 0.01 X 0.01 cm for a small
region behind the bumper. The high resolution simulation was
also run to 10 ps for comparison with the baseline. The higher
resolution simulation is shown in Figure 2.

The baseline simulation was run to 60 jts and the rear sheet dam-
age results are displayed Figure 3.

Figures 4 and 5 display the front and rear view of the recovered
second sheet from experiment a1347. The back side photograph
shows a detached spall bubble ~0.6 cm in diameter with a single
perforation ~0.05 cm in diameter. The CTH simulation predicts
(see Figure 3) spall with a diameter of 0.45 cm, but does not pre-
dict perforation. If the high resolution simulation was extended to
allow for secondary impact, the damage would increase. The high
resolution simulation predicts a narrower debris cloud which
would lead to more mass (at roughly the same velocity) striking
the second sheet near the centerline with greater damage. In ad-
dition, the perforation could develop relatively late in time due to
structural response. For this simulation, the qualitative agreement
between CTH and the experiment is very good, given the resolu-
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Figure 3. CTH rear sheet damage predictions for a1347.

tion limitations.
3.2, b71

In this calculation, the zoning was square in the region of initial
impact, throughout the debris propagation region, and at the rear
wall. The radial zoning was allowed to increase in size for radii
greater than 2.0 cm. The cell size in the region of interest was
0.015 X 0.015 cm, Figure 6 displays the terminal damage to the
second sheet after 20 ps. At this time, a ~0.5 cm diameter
perforation exists with an indication that a larger (~1 c¢m) plug
could dislodge at late times. The CTH results were examined in
detail and internal damage was evident at ~0.5 cm radius. At later
times, this damage could lead to failure and a larger perforation
estimate, Extensive damage on the back side of the second sheet
has occurred over a 4-5 cm diameter and would indicate the
possibility of a ~4 cm diameter spall region. The experimental
data indicates a ~1.1 cm diameter hole with ~3.7 cm of detached

spall diameter. Again, the agreement between CTH and the
experiment is good.



o

Figure 5. Experimental (realrsx"‘igw) second sheet damage for
a

3.3. pal220

The CTH simulation of an experiment done at the University of
Dayton Research Institute (Ref. 10) is considered here. The
experiment consists of a 0.9525 cm sphere impacting a 0.03048
cm front sheet at ~6.7 kmys. This simulation is similar to the one
described above in that the impact velocities are nearly identical.
However, significant differences exist in the dynamics of the
debris formation due to the change in the thickness of the front
sheet.

For this simulation, the zoning was square in the region of initial
impact, throughout the debris propagation region, and at the rear
wall. The radial zoning increased in size after the inner 3.0 cm.
The cell size in the region of interest was 0.01 X 0.01 cm. To re-
duce the computational complexity of the simulation, a Galilean
transformation was applied to the computational domain after the
projectile perforated the front sheet. This was accomplished by
adding an axial velocity of -6.5 knys for 20 us. This effectively
removes 13.0 cm from the spacing between the front and rear
sheets by causing the debris cloud to appear stationary for 20 ps.
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Figure 6. CTH rear sheet damage predictions for b71.

The use of this option is a commonly employed trick and does not
change the basic nature of the simulation. However, it can signif-
icantly reduce the computational requirements to complete this
and similar simulations.

Figure 7 displays the CTH predicted debris cloud as represented
by a “cross-section” of the density at 10 ps. Figure 8 displays the
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Figure 7. CTH debris cloud prediction for nal290.

experimental radiograph at approximately the same time. A com-
parison of the two figures shows remarkable similarity between
the predicted results and experimental data. The image density as
represented by the radiograph is proportional to the sum of mate-
rial density along the line-of-sight. This makes a detailed compar-
ison of the radiograph and the simulation results somewhat more
difficult. From an investigation of the simulation results, one can
determine that the leading edge (sce A) of material is composed
of very low density (~0.01 gm/cma) front sheet aluminum that is
probably vaporized. The remainder of the debris cloud consists of
fragmented projectile with some liquid droplets interspersed in
the solid fragments. The simulation does an excellent job of
matching the overall shape and mass distribution of the experi-
mental debris cloud. The radiograph indicates a triangular shaped
mass concentration near the center of the cloud. This feature is
not well replicated by the “cross-section” plot of Figure 7. As




Figure 8. Experimental radiograph for na1290.

with the previous simulations, the agreement with the experimen-
tal results is good.

34. nl2

The final simulation consisted of a series of impacts with varying
projectile diameters, Teble 1 lists the bumper shield configura-
tion utilized for the simulations. The zoning was square in the re-
gion of initial impact with cell sizes 0,015 X 0.015 cm. The radial
zoning increased in size after the inner 2,0 cm, The axial zoning
was also increased in size 2.0 cm after the initial impact point. In
the vicinity of the second sheet, the aspect ratio of the computa-
tional cells was 5:1. The projectile diameter was increased until
CTH predicted a perforation of the second sheet by the debris
cloud. These results were compared to the Cour-Palais analytical
prediction (Ref. 2) of the ballistic limit for a two-sheet system.

The simulations indicate that perforation of the second sheet oc-
curs at a projectile diameter of 0.84 cm for a 12.0 kmy/s impact ve-
locity. For the same configuration, the analytical prediction of the
ballistic limit is 0.52 cm. This result is displayed in Figure 9.
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Figure 9. Ballistic limit comparison.

The CTH prediction is significantly above the analytical predic-
- tion for otherwise identical conditions. From an inspection of the

CTH results, it is evident that the debris generated upon initial
impact is predominately vapor. In addition, significant lateral dis-
persion is predicted for the debris, Under these circumstances,
potential damage to the second sheet is reduced. Since the simus:
lations are relatively short (~20 ps), the possibility for late time
structural failure has not been considered. The analytical scaling
techniques used in the Cour-Palais and other approximations take
into account late time (structural) as well as short time (prompt
shock) phenomena. The question of time domains may be one of
the principal sources of difference between the CTH and analyt-
ical predictions of the ballistic limit, Appropriate experimental
data at impact velocities above 10 km/s is necessary to under-
stand the discrepancies.

4. CONCLUSIONS

CTH was used to predict the response of a two-sheet Whipple-
type orbital debris shields for four different impact configura-
tions. The impact velocities ranged from ~3 to 12 km/s with pro-
jectile diameters of ~0.4 to ~1.0 cm. Three of the four simulations
were compared to experimental data generated at NASA Johnson
Space Center and the University of Dayton Research Institute.
The fourth simulation was beyond the range of current experi-
mental techniques and was contrasted with analytical prodictions.
The comparisons were made on the basis of damage to the second
sheet and with the structure of the debris cloud generated by the
initial impact.

The simulation of experiment a1347 results in a debris cloud
composed of solid fragments. The computational resolution cho-
sen has a small affect on the relative mass distribution in the de-

bris cloud, but not on the overall shape. The low resolution --.... '

simulation predicts significant damage to the second sheet but
does not predict perforation. The size of the impact crater and rear
spall diameter is well correlated with the experimental results.
The diffezences in the perforation prediction could be due to two

. causes: (1) the perforation could be due to late time failure that

was not replicated in the time domain of the simulation; (2) a
comparison of the low and high resolution debris cloud simula-
tions indicates that higher resolution for the remainder of the sim-
ulation concentrates more mass at the secondary impact location
and could lead to more damage and perforation.

The simulation of experiment b71 again results in a debris cloud
composed of solid fragments with some molten material inter-
spersed. The simulation predictions for the damage, perforation
size, and second sheet spall are well correlated with the experi-
mental data. The initial perforation diameter is ~0.5 cm with a
strong indication that late time dynamics will result in a ~1.0 cm
perforation, which is in excellent agreement with the experimen-
tal result of 1.1 cm. However, a longer simulation should be com-
pleted to remove the uncertainties in perforation diameter.

The simulation of experiment nal290 vesults in a debris cloud
composed of solid and molten fragments with some vaporized
material leading the debris cloud. From an inspection of the re-
sults one can determine that the shock-vaporized material is com-
posed of front-sheet aluminum. Even though the impact
velocities of na1290 and b71 are similar (6.67 to 6.77 kmys), the
structure of the debris clouds from the initial impacts are signifi-
cantly different. The differences are due to the relative differenc-
es in the thickness of the front sheet to the projectile diameter.
These thickness differences cause a significant difference in the
dynamics of the initial impact. A comparison of the predicted de-
bris cloud with the experiment again reveals very good correla-
tion of key features. The size and shape of the experimental
debris cloud is matched almost exactly by the CTH simulation,
Some internal features of the radiograph are not matched, prima-



rily due to the differing information available in the simulation.

The final simulation consisted of an attempt to computationally
determine the ballistic limit for a two-sheet Whipple system at
12,0 km/s, The CTH simulations predicted a significantly higher
(0.83 to 0.52 cm) ballistic limit than would have been expected
from the current analytic approximations. For this velocity, the
simulations predict a significant amount of vaporization of the
debris cloud due to the initial impact. It is the amount of vapor
production that causes the increase in the ballistic limit, four
times the mass (as compared to the Cowr-Palais approximation)
is required to perforate the second sh=et at 12.0 knys. There have
been attempts at validation of CTH at velocities above ~7 kmys
(Refs. 4 and 12), The results of these experimental comparisons
lend credence to the validity of the CTH ballistic limit prediction,
however, further validation in this velocity range should be com-
pleted.

In general, CTH has been found to accurately predict the key fea-
tures of low to medium velocity impacts on two-sheet systems.
CTH has also been used to predict the impact dynamics at veloc-
ities above the experimentally accessible range and differs signif-
icantly with analytic extrapolations for the same conditions.
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