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Abstract— Analysis of impact by debris and meteoroids
on complex spacecraft structures can be expensive and time-
consuming. The incremental momentum transfer  technique
makes the analysis more cost-effective and practical for
evaluation of design features intended to increase spacecraft
survivability.

Index Terms— AUTODYN™, impact, spacecraft,
survivability.

I. INTRODUCTION

HE interaction of debris and spacecraft is of increasing
concern to both NASA and commercial entities as the

volume of debris and the number of spacecraft continues to
increase. Commercial use of space for telecommunications,
intelligence gathering, GPS, environmental studies and other
fields is expected to grow dramatically in the future, requiring
more durable and cost effective designs.

To aid in this design process, an innovative numerical
technique called "incremental momentum transfer" was
developed by Shock Transients, Inc. (STI). The technique
accurately and efficiently simulates the transfer of momentum
from particles produced by space debris impacting on a
Whipple shield bumper (a thin plate with a gap behind it) with
subsequent interaction on the hull or pressure wall of a
spacecraft. The newly developed technique makes a dramatic
reduction in the computer time required to simulate debris-
spacecraft interaction. The results generated with this new
technique have been shown to agree with experimental data
while remaining quick and efficient.

II. RESULTS OF ANALYTICAL STUDIES

STI simulated tests of ballistic impact on spacecraft shield
designs that were accurate, yet achieved more than a
thousand fold increase in efficiency. With AUTODYN 2D™
and AUTODYN 3D™, we simulated the impact of aluminum
spheres on a witness plate simulating a spacecraft hull
protected by (1) a simple Whipple bumper (aluminum plate)

and (2) a Whipple bumper backed with layers of Nextel and
Kevlar. For these configurations, both normal and oblique
impacts were analyzed and compared to the results of tests
performed by NASA and one of its subcontractors.

An example of the gain in efficiency with the incremental
momentum transfer technique was an AUTODYN 2D model of
normal impact on a simple Whipple bumper which needed
1086 computational cells and was stopped after 80 µs. By
comparison, prior calculations with the HULL computer
program [1] required 72,000 cells and could run no longer than
50 µs unless more cells were added. Taking the ratio of the
number of cells to the run time as a first measure of efficiency,
the gain was a factor of 106.

We devised specialized features to increase the effective-
ness of AUTODYN analysis of spacecraft shielding. Using
the ratio of problem time to computer clock time as a second
measure of efficiency, we obtained an additional gain in ef-
ficiency of 12.6. The combined increase in efficiency, the
factor 1340, was the net gain resulting from the technique.

Not only is the technique efficient, it is also accurate. To
assess the accuracy of the method, we varied the sizes of cells
and showed that the variation had little effect on the outcome
of the analysis. Indeed, it appeared that even more efficiency
could be gained, without loss of accuracy, by using fewer
cells.

An approach similar to the incremental momentum transfer
technique has been reported [2], but it transfers the
momentum all at once and requires a Cray computer. Our
approach retains the time component to the momentum
transfer, and it runs on PC's.

A. Two-Dimensional Analysis of Impact on a Spacecraft
Protected by a Simple Whipple Bumper

We made several calculations of the Whipple bumper
configuration (Fig. 1) close to the ballistic limit curve derived
from the NASA tests. The technique, using advanced material
models, predicted (1) that the witness plate would be intact in
cases where it was observed to be so, (2) that the plate would
fail when the projectile mass and/or velocity were well above
the ballistic limit curve, and (3) that the timing and intensity of
the momentum transfer to the surface may be sufficient to
cause the asymmetric pitting observed in some tests near the
ballistic limit.
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In one case (Fig. 2) the two-dimensional analysis indi-
cated that the witness plate would fail with a very large hole
resulting from a ringlike pattern of impacts on its surface.   
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Fig. 1.  Simple Whipple bumper configuration.
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Fig. 2.  Example of a threshold failure event resulting from a 10% change in projectile velocity. The diagram shows
the center of the witness plate at t = 80 µs after impact. The hole diameter increased by a factor of 2.7 as a result of
the small change in velocity.   

The hole was much smaller in a companion calculation with a
slightly smaller projectile velocity. The ring of material was
caused by interaction between the sphere and the bump er.
Such processes are not typical threats to the survival of
spacecraft because debris is usually non-symmetric.
Nevertheless, the analysis showed that the technique could
predict verifiable, unanticipated hazards.

The testing of spacecraft protective measures has
obtained much data on the their ability to withstand impact
from idealized projectiles. We calculated, with AUTODYN 2D
and AUTODYN 3D, the influence of projectile shape, material,
velocity, and angle of incidence on the level of protection
afforded by a Whipple shield. With the analysis, we
confirmed the following for projectiles of the same kinetic
energy:
w Projectiles with high aspect ratios cause more damage

to the witness plate than compact ones (the hole
cross-section increased by a factor of 19, in one case),

w The higher the density, the greater the damage (the
hole cross-section was greater by a factor of 4 for a ti-
tanium projectile), and

w A higher velocity decreased the damage slightly.
B. Three-Dimensional Analysis of Oblique Impact on a
Simple Whipple Bumper Protecting a Distant Surface

In cooperation with STI, Century Dynamics Inc. modeled
and carried out the calculation of a 45 degree obliquity impact
using AUTODYN-3D. One purpose of the calculation was to
independently evaluate the techniques developed by STI.
The results described the structure of a debris cloud
produced by the oblique hypervelocity impact of an aluminum
sphere with a simple aluminum bumper and characterized the
damage produced by fragment impact on a distant witness
plate.

The calculation followed the physical experiment T4-1303
performed by A.J. Piekutowski [3]. AUTODYN-3D simulated
the complete 0.656 cm/ µs oblique impact event on a PC
(Pentium Pro). The experiment yielded data on the distribution
of debris after impact and on the effect of the debris on the
witness plate.

Experiment T4-1303 had a large spacing between the
bumper and the witness plate (Fig. 3), and it was a good test



of the ability of the node shift feature, in particular, of the
enhanced AUTODYN 3D. The computational domain in
AUTODYN-3D was described by three independent La-
grangian subgrids with a Z-plane of symmetry.

Using the various efficiency enhancements incorporated
into AUTODYN-3D the calculation was run for 20,000 cycles
(time steps) until t = 129.5 µs. The shape and movement of the
debris cloud produced by the impact using AUTODYN-3D
corresponded extremely well with the results of the physical

experiment. The long, curved line of projectile fragments
produced in the calculation followed the same path as
indicated in the experimental radiographs. Fig. 4 is a
comparison of AUTODYN and the experiment at a time of 6.6 
µs.

The witness-plate in the experiment was irregular, sug-
gesting the influence of some asymmetry, magnified by the
large distance from the bumper to the plate (Fig. 5).   
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Fig. 3. Arrangement for experiment T4-1303. The large spacing between
the bumper and the witness plate presents a challenge for hydrodynamic
techniques.



a. Radiograph at t = 6.6 µs b. Material location in AUTODYN 3D. The dots
are eroded nodes. An uneroded portion of the
sphere is inside the leading edge of the cloud.

Fig. 4. Comparison of experiment and calculation. The debris was clustered along the axis of
motion in the experiment. AUTODYN 3D reproduced this clustering as well as the shape of the
debris cloud.

a. Photograph of the witness plate. The marks at
the bottom are 10 cm apart. The impact was
asymmetric.

b. Material status plot from AUTODYN 3D at time t
= 130 µs. The light areas are elastic; the medium,
plastic, and the dark, failed.

Fig. 5. Damage to the witness plate. The view is normal to the surface, with the x- and y-axes to the right.

C. Three-Dimensional Analysis of Impact on a Composite
Bumper Concept for Protecting the Space Station

In addition to the analysis of protection with a simple
Whipple bumper, we also analyzed the protection by a
Whipple bumper/Nextel/Kevlar composite scheme. We made
an AUTODYN 3D calculation of a sphere impacting the
arrangement at 45º obliquity. The calculation simulated NASA

experiment B707 [4]. In the test, aluminum spheres impacted a
bumper/ballistic fabric/witness plate arrangement with air
gaps in between, as in Fig. 6. The ballistic fabrics and the
witness plate were mounted by the corners.

Stages in the analysis were as follows: I. Projectile
interaction with the bumper, creating an initial spray; II.
Passage of the initial spray through open space; III. Interac-
tion of the initial spray with the ballistic fabrics, creating a



reduced spray; IV. Interaction of the reduced spray with the
witness plate; and V. Inertial motion of the witness plate.

Fig. 7 is a pair of plots of x-momentum for the calculation.
The flatness of the Sphere and Bumper curves in Fig. 7a
indicates that there is no significant interaction between the
two subgrids just prior to the node shift at t = 7.5
µs (STI's technique shifts eroded nodes - see Fig. 8). The
combined x-momentum of the ballistic fabrics at t = 600 µs was
0.05 gm⋅cm/µs, about 6% of the total (Fig. 7b). At this time, all
objects other than the witness plate were omitted, and the
witness plate continued under its own inertia. By t = 4000 µs
the velocities were very small; and the calculation ended.

Fig. 9 is a perspective view at t = 64 µs of the ballistic
fabric layers overlaid by eroded nodes from the aluminum
sphere, the aluminum bumper layer, and the fabrics them-
selves. Fig. 10 is a grid plot of the fabrics. It shows a near-
centered region of focused damage, extending to the edge.

At t = 64 µs in the analysis, the ballistic fabrics were
eroded so that all objects other than the witness plate were
subsequently represented as mass nodes with velocity, capa-
ble of progressively interacting with the witness plate through
momentum transfer. Such nodes evolve without change in
entropy, so time step constraints no longer apply. All nodes

capable of interacting with the witness plate were retained and
shifted backwards to a time (t = 41 µs) at which the location
of the leading node was close to the surface of the witness
plate. The calculation continued to t = 4000 µs under the usual
constraints on the time step; motion of the witness plate did
not settle until this time. The analysis gave an indentation of
1.7 cm in the witness plate, close to the limit for failure.

In the B707 experiment, the projectile perforated and
petaled the witness plate, with a hole 2.1 x 1.6 cm in size. In a
similar experiment, B742 [4], the witness plate was not
perforated, but had an indentation of 0.9 cm. For B742 the
fabrics were clamped along the edges, and the witness plate
was represented with a rolled plate, instead of a milled one.

The analysis simu lated B707 with the best material models
available, based on estimates derived from similar materials.
Proper material models should allow the calculations to
reproduce the petaling observed in the experiment.

Important outcomes of the analytical effort were the
demonstration of the tremendous potential of the incremental
momentum transfer technique in characterizing debris impacts
on spacecraft shielding and the necessity to continue the
analysis for long intervals to fully characterize an event.   
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Fig. 6. Composite bumper arrangement. The experiment was made in two-thirds scale.
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a. X-momentum at early time. The momentum exchange
between the projectile (the sphere) and the bumper
had ceased by the time the jump (node shift)
occurred.

b. X-momentum, emphasizing the late time. By t = 4000 
µs, the witness plate had settled down.

Fig. 7. X-momentum in the Space Station shield calculations. The circled Roman numerals are designators of the
stages of the analysis.

Fig. 8. Material location plot in Stage II. The model is viewed from the symmetry
plane at z = 0. After the jump the leading node was close to the fabrics, and all
nodes in the projectile and bumper were eroded. Those that would never interact
with subsequent layers were dis carded. The fabrics are viewed in perspective at
the right edge. The eroded nodes are light in color.   



Fig. 9. Material location plot at the end of Stage III,
t = 64 µs. The model is viewed from the symmetry
plane at z = 0. The fabrics are dark, and the eroded
nodes are light.

Fig. 10. Shape of the hole in the ballistic fabrics at the end of
Stage III, t = 64 µs. Note that the orientation of the y-axis is
reversed from Fig. 9.



III. CONCLUSIONS

The incremental momentum transfer technique has been
shown to increase the efficiency of analysis of impact on
spacecraft shielding by a factor of 1340 for two-dimensional
analysis. The factor for three-dimensional analysis is expected
to be even greater. The method is accurate as well as efficient
and capable of predicting verifiable, unanticipated hazards.
The analysis has also shown that the relevant time frames can
be very long, yet the technique is fully capable of covering
the entire intervals of interest.

The technique was implemented with the AUTODYN 2D
and AUTODYN 3D computer programs. These programs have
integrated, graphical user interfaces that provide productive
work environments. Versions are available for PC's,
workstations, and mainframe computers.

The technology can be used to reduce the life-cycle costs
of future systems by improving the durability of spacecraft . It
can also be used to predict the damage to existing spacecraft
expected from unanticipated, newly-discovered hazards,
thereby offering the possibility of the timely introduction of
countermeasures or workarounds.
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