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ABSTRACT

Since the release of the NASA orbital debris engineering model,
which was modifled and adopted as the design environment for
SpaceStation Freedom, a major effort has been made to improve
supporting models for the debris environment. The improvements
result primarily from significant additional data that have been
acquired by the Haystack radar and the ability to accurately model
debris mitigation measures.

In this paper a comparison will be made of results from EVOLVE
with the design environment. The use of EVOLVE to characterize
the eccentricity and inclination distribution of the debris fragments
less than 10cm in diameter and to support the development of new
engineering models for low-earth orbit debris environments will also
be discussed.

1.0 INTRODUCTION

From the early work of Kessler and Cour-Palais it has been known
that the debris environment characteristics of most concern to
operating spacecraft wlll be small fragments associated with on-
orbit breakups (Ref. 1). Large objects (>10cm) will have the
potential to inflict much more damage on impact but the
probability of such an occurance is very small; smaller debris
(Imm-1cm) is large enough to cause functional failure on almost
any spacecraft and occurs with much higher probability.

Data on the velocity characteristics of numerous small debris
created during breakup of a satellite, which is important for
understanding the region of space transited by the debris and the
duration of its effect, have been extremely limited as have direct
observations of debris in this size range. Consequently, the
velocity distribution to be used for debris environment modeling is
somewhat uncertain. New measurements of the environment in the
imm to 10cm size range will be important in reducing this
uncertainty.

The EVOLVE debris environment projection model (Ref. 2)
developed at NASA/JSC generates a catalog of element sets for
objects placed into the environent by space operations and by
breakups. The size and dynamical characteristics of fragmentation
debris created by breakups is determined from the standard size
distribution (Ref. 3) taken from ground test data. Using the
EVOLVE model the orbit distributions are related directly to the
breakup model. Results from EVOLVE will be compared to flux
characteristics defined in the Space Station Freedom (SSF) design
environment (Ref. 4).

2.0 DISCUSSION

The debris environment is generally characterized by the expected
debris flux as a function of altitude, debris size, and time. The
flux has units of impacts per unit area per unit time which this
paper will be impacts/mz/yr. The cross-sectional area flux, which
will be used in this paper, measures the number of impacts per
year onto a sphere of unit cross-sectional area; it is the spatial
density multiplied by a characteristic flow velocity on the order of
the orbital velocity. The flux density function retains the
directional flow information for the debris environment and has
units of impacts/mz/yr/degz. The cross-sectional area flux is the
flux density integrated over solid angle.

EVOLVE is a model for the evolution of the orbital debris
environment. It has as components predictions for future use of
space, represented as mission models containing specific launch
schedules and orbit and satellite characteristics, breakup models for
collision- and explosion-induced breakups, an orbit propagator, and
statistical models to calculate the random occurance of future
collision and explosion events. Environment projections are made
using Monte Carlo techniques so that future debris states can be
characterized in terms of an expected state with some measure in
uncertainty in that state. The environment is characterized at any
time as an ensemble of debris fragments having orbital elements,
size, area-to-mass ratio, and various support information. EVOLVE
uses the historical record of launches and breakups to establish a
current  environment and can therefore either predict the
environment when there is no data or use new measurements to
validate or correct its source terms.

In deling the envir t below 10cm in size, the breakup
models provide the most important source of particles.  The
current NASA/JSC breakup models consist of a size distribution
and a velocity distribution as a function of debris size (Ref. 3).
The size distribution depends on the type of breakup event, of
which there are 3 - collision, low intensity explosion, and high
intensity explosion - and on the mass of the object or objects
involved in the breakup. Low intensity explosions occur when the
source of energy is not in close contact with the structure - for
example pressure tank rupture or ignition of residual fuels. High
intensity explosions occur where high explosive material is in
contact with the structure - e.g ignition of range safety systems.
The size distribution data §s based on ground tests and are
considered to be well-established.  Velocity data is much more
difficult to collect; the only test in which specific provision was
made to do this ware the tests conducted in the last year by
Defense Nuclear Agency (Ref. 5) and these data are not yet
available. In consequence, and also to verify that the velocity
distributions from the tests are valid for on-orbit breakups, there is
a need to acquire environment data in this same size regime.

The velocity perturbation imparted to a debris object at breakup
will cause a change in its orbit plane, energy, and angular
momentum. These changes can be stated in terms of change in

337



inclination, semi-major axis, and eccentricity. !f values for these
three orbital elements are obtained for breakup fragments from a
known breakup point, the delta-v vector for each debrls fragment
can be obtalned (Ref. 6). However, if small debris are being
observed in the context of the general environment such speclfic
information cannot be obtalned except In an average sense. That
is, the larger the magnltude of the velocity perturbation on
breakup, in general the greater the change in angular momentum
and the more eccentric the orbits into which the debris is
scattered. This trend to greater eccentricity manifests ltself as a
characteristically broader distrlbution in radlal veloclty, l.e. velocity
directed toward or away from the center of the earth, that will be
reflected in measurements of radial velocity using ground-based
sensors.

While there can be slgniflcant eccentricity changes caused by
breakups, since the veloclty perturbations are much smaliler than
the orbltal velocity even at the smallest sizes, plane change angles
and therefore incllnation changes are always small.

The first extenslve measurements of the debris between slzes of
imm and 10cm are currently being obtalned uslng the Haystack
radar (Ref. 7). The range and range rate data are the best
determined of the Haystack data - range from the time delay
between transmit and recelve of a detection signal and range rate
from the Doppler shift. The range measurement accurately
provides the altltude and latltude at which the debris was observed
given the azimuth and elevation of the radar. The range rate
measurement gives the line of sight velocity that, in general, has a
contribution from both the radial velocity and the horlzontal
velocity. However, for the radar pointed to the zenith there is no
contrlbutlon to range rate from the horizontal component of the
debris velocity. Although only radial velocity and not total energy
or eccentrlclty can be obtalned directly from these data, the data
can be used to establlsh consistency between the models and
measurements.

3.0 RESULTS

The debris inclination dlstribution from EVOLVE follows very
closely the distrlbutlon of orbits in which breakups have occured,
as might be expected glven that the velocity perturbations even for
1mm debris are considerably smaller than the orbital velocity, The
distrlbutions (shown in Figures 1-4) reflect orbits crossing through
450km altitude, and are weighted by the spatial density for the
orbits at that altltude; note that each of the flgures Is normalized
by the peak value of the distribution. The Catalog is the Space
Survelllance Network (SSN) Satellite Catalog epoch 1990.0, which
is the same epoch as the EVOLVE results.

The Catalog distribution (Figure 1) Is similar to the EVOLVE
distrlbution for oblects larger than 10cm (Figure 2) as might be
expected. The differences In these distributions reflect the larger
than 10cm fragmentation debris that EVOLVE places In the
environment via the breakup model but that have not beencataloged
by the SSN. The distributions for 1-10cm and 1mm-icm debris
(Figures 3 and 4) show a major contributlon from breakups in
orblts of Inclinatlon 60-70°, High intensity explosions account for
essentlallyt all of the imm-icm debris, but remnants of the P-78
breakup are stlll seen in Flgure 4 below 100°

Signlficant trends in the EVOLVE data Is also s2en In the
eccentriclty distributlons. As with inclinatlon, the eccentricity
distribution |s for orblts passing through altitude 450km and is
welghted by the spatlal density for each orbit at that altitude.
The Catalog (Figure 5) shows that most orbits have eccentricity
less than 0.01 and almost no orbits have eccentricity >0.1;
although there are a number of cataloged oblects in geosynchronous
transfer or other highly elliptical orbit, they make very little
contrlbutlon when weighted by spatial density. The distribution for
the 10cm and larger EVOLVE data (Figure 6) is similar to the
Catalog except for the excess of objects at eccentriclties between
0.04 and 0.08. The broader distributions for the smaller debris
(Fligures 7 and 8) reflect the large changes In eccentriclty during
breakup caused by the In-plane component of the velocity
perturbatlon.

These results are different from the assumptions made in
formulating the deslgn environment for SSF. In this environment,
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a veloclty distribution was derlved for the imm to lcm debrls that
was based on averaging for larger objects from the Catalog; thls is
essentially equivalent to assuming the inclination distrlbution for
this debris Is simllar to the Catalog. Also, the assumptlon was
also made that debris was In nearly circular orbit, so that all
debrls encounters occur very nearly in the local horizontal plane.
Given that the EVOLVE results are different, are the differences
signiflcant for SSF?

The veloclty distrlbution as deflned in SSP 30425 is compared to
the distributlon as defined by the Catalog (Flgure 9) for the
reference orblt of 450km altitude and 28.5° inclination. As can be
seen, the averaglng process using data from an earller Catalog
gives the design environment velocity distribution more welgh for
encounter veloclties above 11.5km/sec, but generally gives less
weight for velocities In the range of 4-11km/sec. The EVOLVE
data for the larger than 10cm debris matches the Catalog rather
well (Flgure 10) but partially fills in the excess at high velocity.
The smaller debris (Flgures 11 and 12) shows a strong cutoff In
impact veloclties greater than 12km/sec, with a strong peak at
11,5-12km/sec. In the size region of concern, EVOLVE predicts
SSF will see a lower velocity flux.

A second Issue is the encounter geometry relative to the local
horlzontal plane. The next set of figures presents flux density
contours as a funtlon of pitch and yaw In the spacecraft rest
frame. Yaw is the angle measured in the local horlzontal plane;
the zero polnt Is the Intersectlon between the local horizontal plane
and the orblt plane in the down-range direction. The pltch angle
is the angle above or below the horizontal plane, with positive
pitch angles denoting directions away from the earth. For the
reference orbit, the velocity vector points to Odeg In both pitch and
yaw.

In these flgures, there is symmetry about both the 0° yaw and 0°
pitch fines. There is a trend to lower encounter velocities as the
encounter moves farther away from 0° yaw; the gap between the
footprints across 0° yaw Is a direct result of the absence of high
velocity encounters shown in Figures 9-12. Each of the figures
presents contours of 90%, 50%, 10%, and 1% of the peak flux
density.

For the design environment, all encounters occur in the local
horizontal plane. For the Catalog (Figure 13) and the EVOLVE
data for the largest sizes (Flgure 14), the peak in the flux density
distributlon occurs at ~43° yaw angle, and the 10% flux density
contour lies within 1° of the local horizontal plane. With
increasing eccentriclty for the lcm to 10cm EVOLVE debris, the
peak in the flux density moves to “45° yaw, and the pltch
distrlbution opens slightly (Figure 15); however, the 10% flux
density contour remalns within 2° of the local horizontal plane
except for some lower velocity impacts near 90° yaw. The imm
to 1cm EVOLVE data opens the pitch distribution somewhat more
(Figure 16), but still the 10% contour is within 3deg of the local
horlzontal plane. The peak in the distributlon has moved to "50°
yaw.

4.0 CONCLUSIONS

EVOLVE results have been presented that allow a comparlson of
the debrls environment as defined from the design environment wlith
that produced by EVOLVE that make direct use of the breakup
models. EVOLVE predicts a somewhat lower characteristic Impact
velocity than does the design environment and would reduce the
average Impact veloclty from “10km/sec to “9km/sec. Whlle this
would reduce the penetrabillty of the debrls somewhat, it might be
equally Important that characteristically smaller velocities will
requlre less extrapolation of hypervelocity impact experimental data
and Increase confldence in penetratlon equations derived from them
(Ref. 8). There does not appear to be any way that a source of
higher veloclty Impactors will be found as thls would require debris
to populate orbit Inclinations above 110deg, and there is no known
source for such debris.

The spread in pitch angle shown by EVOLVE with smaller sizes
also does not seem to be significant. It will only Increase the flux
on surfaces facing near the zenlth or nadir, but these impacts will



be at very low incidence angle and therefore not be very
penetrating. Equally important, SSF will not remaln in a constant
pitch proftle, but will experience pitch excursions much larger than
the few degrees of spread at least while the STS is docked. The
greatest penetrating exposure for the nominally nadir and zenith-
faclng surfaces might be expected to occur while the STS Is
docked.

It Is probable that in future modeling the pitch spread will be less
than that shown in this paper. Recently acquired data from the
Haystack radar Indicates that the breakup veloclties in the current
model are somewhat too high for the small debris. Haystack
observations at 90deg elevatlon angle provide a sensitive indicator
of eccentriclty distribution, These data are presented in Figure 17.
Modeled data for 5mm and larger debris, a good characterlstic size
for Haystack operatlng In thls mode, shows the EVOLVE data for
the standard breakup model. The significantly broader EVOLVE
distrlbution is indicative of the EVOLVE debris being in
characteristically higher eccentricity orbits than what !s observed,
and implies that the velocity perturbations for the small debris in
the breakup models are too large. If the velocity distribution is
reduced so that 90% of the debris of sizes below 10cm has the
velocity distribution of the 10cm debris, the EVOLVE data becomes
consistent with the Haystack measurements, as seen In Figure 18.
This reductlon In the velocity distribution Implies that the small
debris is more closely coupled with the large debris during the
breakup process. WIth this veloclty distribution, the pitch spread
for the smaller debrls will be more like that shown in Flgure 14,
which is very little different from the design environment.

The issue of new sources for imm and larger debris, which could
affect the debrls inclinatlon distribution and therefore the impact
velocity distributlon, needs to be investigated. In analyzing the
LDEF crater distributlon with surface orientation, Kessler has
shown In previous work (Ref. 9) that the observed crater
distributlon can be explained by increasing the percentage of debris
in high eccentricity (apogee altltude > 10000km) orbit relative to
the catalog. In so doing, for flux to a limiting slze the ratio of
front surface (yaw=0°, pltch=0°) flux to side surface (yaw=0°,
pitch=90°) flux Is 0.91:1; the ratio for front surface flux to rear
surface (yaw=0°, pitch=180°) flux is 2.8:1. For EVOLVE with
the standard breakup velocity distribution the front to side flux
ratlo is 1.4:1 and the front to back ratio is 30,000:1 for imm and
larger debris, For EVOLVE with the velocity distribution to agree
with Haystack data, the front to side flux ratio is 1.3:1 and the

front to rear flux ratle is 400,000:1 for Imm and larger debris,
The very large difference in the front to rear flux ratios is
indicatlve of a very different inclination distrlbution for the scaled
up catalog when compared to the breakups, and would indicate
that breakups do not contribute significantly for the sizes of debris
represented in the LDEF data. It may be, however, that both the
Haystack data at the small debris end of its range and LDEF data
at the large end of its range will point to new sources that will
need to be modeled by EVOLVE.
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