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ABSTRACT . ) )

oo orbit will incease congistently aver time, and such is jo fact the
Diebiris mitigation measuses are requised to dispose of the eoc gy in histarical experience.
space sysiems that is exceas 10 heir functional life. The excess .
encrgy can be in the form of residual propeliants and pressurants Onx ahould also note thal the path of ihe object in #pace, due 1o the
semaining at the end of mission, of it can be Lhe kinetic energy in Fmﬂbmom_wbod_mmmmymmdm.eﬂlgﬂl. ia such that over
the spacecTaft or upper stage due to its orbit. Unil the ene1gy is ime the ares “swepi” by any particler object is quile Jarge. Givea
removed, il remains a potential threal to olher objects and the furire thal there are large numbers of objects each in slightly different
state of the enviconment. |o Low Earh Orbit of transfer orbits with ofbits, it is clear that on the time ea of orbita) Lifelume, hundreds
low periges, the most efficient methods pse to Cause the object to to thousands of yeass, Lhe probability of two objects occupying
enter the Earth's atmosphere. [n the high energy orbits, nearly the same point in space at Lhe same point in time
semisynchronous and geosynchrooous, displacement to a storage certainty not once, but repeatedly.
orbit i the only practical scheme. There is an emezging conscnsus

among the prcsen'trce sysiems operators as to the dseigliﬁunoe of
1he debris issues and the cost-effective methods of ing with the 1ot
problem.
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componeals that have limited life, of it may have u limited s:gply activity.
of eoergy with which to mainisin the unique geometry which

makes its function attractive and economic. 1ts very success in

supplying & product may so stimulaiz the markel that a greater, e
more detailed, more subtle set of data s required, so the current |

instrument becomes obsolete.

Most of the energy invested in spacecrafl is kinetic encigy, the
pmduclofmmlbdllnlqmolmevelocity,wuublishmd
maintain the desired orbital geametry. A amall amoumt of the
energy is the propellunt for station kecping and the llant for
contyol momeat gyros used 1o Maintain ofientation ldnetic
energy of the object may be such that its expected orbital lifetime
befmedeuyandcnwi:mormumuummyyunniu

rationa) lifetime. Figure 1 illustraies the relationship
of ¢ orbital lifetime 1o altitude during the exiremes of the
wlucydewhi:hdcmmimthcmheﬁcdn;inuwupper
thermosphere. I the osbits of greatest applications value, the
lifetimes wre quite long.

Frequency

Since one can expect hat most spacecrafiwill be replaced sithe end Energy
of their operational lifetime if the function is coonomically reward-
ing.itisclmdmmpmho!mmandnufnunmofobjeal Figure 2. Orbital debris charscteristics.
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the expected frequency of an event, and the z coordinate, time
duration or its equivalant, orbital altitude.

1a the past, upper stages and aft have been abapdoned atthe
ead of their operationa] life, » icwhom stmos! for upper stages and
afewm or spacecrafl. [n consequence, of the obyects in
Low Earth Orbit (LEQ), only 300 are functional spaceczaft. Of the
remaining 93%, 35% are spent stages and oo longer
operational and &% are debris fragments from breakup events and
EEeoes jettisoned in operational sequences. Since the velocity in

O is approximalely constant for al] objects between 600 and
2000 Im, ope can charactetize the distribution of objects on the
encrgy dimension by indicaling a large frequency at the low end to
sccounl for the stored chemical and mechanical epergy in the
sbandoned stages and spacecraft and the small breakup and opera-
tiona] debris objects. At the high #nd of the energy dimeasion are
the intact stapes and

At the Jow ¢nd of the energy dimension, in the moderate level of
expected frequency and in ngicn of 3 months to 15 years on the
duratioa dirsension, one can indicale that three ta five explosion
events have occurred each year, on average. Some of these are
propulsion ¢vent failures, some wre deliberate detonations of colli-
sion intercepta, butmost in the last decade & to be autogenous
explosions of h)gpeugo!m propellants following failure of & com-
mon bulkhend. events acoount for Lhe larpest number of the
calaloged objects even though the fraction of the orbiting mass of
(bese objectx is only 1 or 2% of the total.

The larger and fewer intact cbjects are L potential future source
of more odbjects a9 a function of collision. As we coatinue ta add
objects 10 the orbiting population, even if we totally eliminate
explosions, our medels indicate that the future environment wil) be
dominated by collision evenis not by past chemical explosions.

Defining the issue in this conoeptual srwehu the advantage of nol
oaly illustrating Lhe nature of the problem, but also indicating when
#0d how mitigation procedures can be effected w control the future
course of lhe environment.

Since chemical events are subject to contro) only during the short
duration of the stage operation, (hey must be dealt with while there
is slill communication and command and contrel of ihe spacecraft
ocstage. The mes straightforward and simple manner in which to
control this threat is 1o deplete the stored enezgy by venting the
propeilants and pressurants, Such measures are becoming the
slandard practice among the operators of launch vehicles. The
U. S. Delta and Atlag ve&iclu bave bad such procedures in place
for severl as have the I . Arnage adopted such
procedures for its LEO launches in 1990 and has now extended the
gncﬁealolll launches. China has plans to implement the practice
or the Loag March. Russia has implemenied the practice on some,
but nat all, of its upper stages. [a (he Future, these practices should
grxdually reduce the chserved rate of explosion eveats.

The long lifetime of the most desirable orbils fot LEO applicalions
spacecraft means that there is increasing ility of collision
amoag Lthese satellites as the number of units on orbit continues to
g:w. Growth in numbers sccruex as failed ugits are replaced, but

abandooed unity are leN io plsce a3 new applications and
research are sdded. The issue is exacerbated by the fact
that most of the ¢xplosion events have been in the orbits favered for
these functions.

A further coasidezatioa ix that there i now active planning to place
in LEO significant numbers of communication salellite conslella-
tions for both data and voice. Such "store and forward” communi-
cations constetlalions are atiractive because at low altitude Lhe
inverse square law minimizes the power requirements and they can
communicate with low power hand-beld units anywhere in the
world and do zat require the size and power in ground stations
needed for geocatationary communications. Such sysiems, how-
ever, require significant numbers of ozbital units, ordered in con-
stellntions, to provide continuity of coversge for users.
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expected frequency of collision. Since e orbital mechanics make
the expectation of any one event random and the expectation of Lhe
pexi succeeding event equally random, i1 is not prediciable when
the collisicnal process will begin or bow rapidly it may progress.
But the limil case is obvicus. An¢xponential rate ofcoﬂ'uiomm
occur until the target area and maas is made relatively small and
oumerous and the aystem siabilizes ot 8 new equilibrium which is
sigaificantly moee hazardous 1o new operational spacecraft

Iuis cquatly clear that the only control over this long-tenm outcome
must be exercised while the operalor still has operational control of
he spacecrafi or stage. The control messures are ¢qually clear:
Make the ¢ litetime of (be orbit amall relative t thal of the
lotal populalion and do soafier the spacecraft or stage has executed
its primary function. This can be done by Jowering the perigee of
the salellite’s orbil sufficiently so that the durstion 15 less
than § years or some small percentage of the nominal e

duration. Such & messure cannot be achieved if control of the

spaceeraft is lost, but one can reasonably ¢ that o be infre-
quent. If soch a mis:&ud upon, will, of course,
have (0 be p ures 1o preclude “cheating.”

This conceptual "model” of the environment ilustrates why osbital
debris iz currently & minor problem but can become a major ismue
for future ft design and ions, and indicates both the
general timing and the nature of the mitigation measures that can
and should be considered. If action is initisted iz & timely maaner,
then the options elected and the daies of implementation can be
phased in 8 cost-effective manner. If the problem is allowed to gel
out of control, then even draconian measures will take very signifi-
cant amounts of tire, E:uiom for system operators, for the
mitigation measures (o have appreciable effect.

Debris mitigation requires that we dispose of the kinetic energy that
excteds the functional life of the nystems shortly after the end of
functional unlity. A potential crilerion for the time allowed to
effect such measures might be that the environmental protection
measures are completed 10 pe more than the same amount of lime
thal the system operated productively, i.e., a 10-year operational
life provides a 10-year period during which ta remove the system,

The most efficient manner of doing 50 is to cause the aystem to entet
the Earth's itmosphere where the serodynamic friction will convert
the cnergy to heat and the system. In mast cases, nothin

significant will fall to Earth in ated areas, but in the case o
very lazge and coassive objects, 11 is prudent 10 target the entry
trajeciory Lo apen OCCan ArCas.

Table 1 illustrates the most recent breakup events, 11 is noteworthy
that Lthe nuzmber of events continues to be significant. It is alse
noteworthy that mast of the events continue to oocur in the altitudes
that have long expected lifetimea.
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Tablel. Recent fragmentations {revised 12 March 1993).



Figure 3 indicates a family of Monte Carlo runs for conlinuing
present praclices and launch rates. There islarge uncertainty both
as 10 when Lhe process might start and as to how rapidly it might
PTORTESS,

Figures 4 and 5 illustrate the effect of implementing various
mitigalion sifategies a1 various Umes. Merely eliminating the
major present cause of debris by zliminaling explosions does not
improve Lhe envitonmeny, it merely delays the onset of collisional
generation of debris, The removal of spacecraft and upper stages
does improve the enviroament over lime if the lcvel of activity
remains al the level characteristic of recent years, butit only holds
the environment to preseat levels if the launch rate increases.
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Figure 3. Monte Carlo expectation of collisions among satcilites
under present operating practices.
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Figure 4, Evolve population projections (cases 1, 2, and 3).

Jtis clear that only by remaving the large objects from orbit can the
cnvironment be kept to Lhe present levels of hezard. Lesser
measures delay the start of Lhe deierioration process but do nol
significantly aller its progress once it is initialcd.

Figure & indicates the velocity change and the fuel mass fraction
required 1o achicve several different measurcs of contrel of the
cntry of a spacecrafi, Clearly, ihe mos| coslly option is lo reenter
the object 1o a controlled location in a single revolution. Il is
comewhal counterintuilive that the cost of such » maneuver should
increase @s the altitude daclines; it is the oonscguencc of the
negative 5 degree angle-of-altack constraint imposedto ensure that
the heating rate is sufficiently high lo destroy the object. (At the
lower altitudes, the constrained Largel aititude is significantl
below 64 km.) Were such an anglc-cf-entry consiraint not impo&ﬂ{
the heafing tates would be low even though the total heal load
would be the same. Heating talc, more than total load, destroys
objects an entry.

Reducing the expected lifelime of the arbit is the less costy
altemnative, but it farfeits contraf of the tme and location of eniry.
Since the object will eventually enter in any case and there is no
control of location in that aventuality, this seems like & minor issue
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Figure 6. Dxlta-V requirements (of disposal from citcular orbit.
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Figure 7. Delia-¥ requitements for deorbit from GTOC.

except for those few objects so massive thal (hey fepreseni
significant threat in the event they impact in a populated arcs. For
such objects it may be neccssary lo incur the greates cost of
controlling the impact arca. If required, there arc less costly but
mate complex strategies than those illustrated here.

Figure 7 illustrates the velocity change requircd 1o cnsure entry of
stages in the geosynchronous Iranster orbit. Since the orbit is
highly elliptical, » modest change al apoges significantly changes
the perigee. The fuel mass fraction to eficct the velocity change is
|ess than 1%, butthe baltery weight required wexicnd the operating
lifelime {0 execule the Mancuver may be 2 mass comparablc to the
propeliant requirement.

Table 2 lists the various fofces available that might be 2 plied lo

cause entry of LEO objects. Clearly, topulsive methods arc the
mast obvious and simple, if available. y can deal with both the
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Table 2. Methods t0 remove objects fram orbit.

explosion and collision hazard by using the flight performance
reserve as a portion of the propellant tor the perigee lowering
mancuver. The other methods may have some atiraction in particu-
lar circumstaoces, bul in most cases will be beavier and more
complex than a propulsive maneuver. To dale, none of these
altemative techniques has been demonsirated in flight, though all
of them have been the subject of considerable analytic study and
oumerical simulation.

The least cost-effective and functional is the general class of “ufter-
the-fact debris removal systems.” They require adding new mass
andsysiems into the environmenl, their operations are complex and
threalening to funciional units which aze difficult to distinguish
from *debnis,” and they must sddress 4 more difficull problem than
0o¢ need nddreas if reasonable preveative prudence is exercised.
While they are technically feasible and an interesting design
challenge, these sysiems are nol viable candidates in the real warld
of economic considerations.

Drag enhancement and tether devices may be effective comple-
meals to limited uisive capabiliry in some instances. It may be
mare economic and mass efficient to add drag enhancement or a
tether Lo a spacecraft rather than resize its propulsion capability or
addap sion Byslem 1o 1 spacecTaft Lhal uses control moment
magnelic lorquers Lo avoid mass ¢jection systems and
ir associated contamination. These are quite reasonable waya to
lim{\ orbital lifetime, bul provide cantral of the entry poiat only 31
the price of significant complexity.

in the high energy orbits, the only sizalegy is b move objects from
the high value orbil 10 1 disposal otbit area. It is best if this is done
in a series of maneyvers since at the end of t life,
unceriainty is high us to the quantity of the remainiag propellasi.
Four or maore bumns ix & manzner in which to ensure that (he
desired displacement is achiaved before propetiant ¢xhaustion.

The minimum ive in geostationary orbit should be 300 to 400
km with an additional allowance for solar pressure effects on large
wrea spacecrafi. [t ia also prudent to vent may residuals and
pressuranty, and otherwise remove alt sources of stored energy, lo
passify the vehicle at the end of its life o preclude sutogenous
¢xplosions or the selease of the siored energy due to @ minor impact
evenl.

Al the geosynchronous allitude, there is 2 stable orbit inclined 7.3
degrees 10 the equator with 2 right asceasion of the ascending node
of zero. In this orbit, the perturbing forces are a1 a minimum and
no north-south station keeping is required. This places some
limitalians on service at high inclinations and requires some
tracking by ground antennas, but for some services ahould be
utractive since the mass otherwise allocated to mancuver propel-
lants can be allocaled 1o soler arrays or antenna size. A further
atiraction is that when spacecraft are raised above the service arc at
end of life, they continuve 1o have very low relative velocity with
ﬁm e other objects in this plane (approximately S0 mps versus
mps iq gtostabionary).
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fave an iniormal of lotmal policy that they will minimize orbilal
debris consisient with economic achievement of mission objec-
tives, There are a variety of interpretations of the meaning of such
acriterion, and there is an ¢emerging consensus as 1o the most cost-
effective strategies.

It is cur expectation that in the next few years, the space orming
organizalions will formulate a plan for implementing a palicy and
practice that will be consistent among il organizations, .3 will
wish 10 see that set of concepts embodied in some insizument to
ensure uniform compliance 30 thal economic competition is on a
“level playing field.” Toward that end, NASA has lmnﬁed with
the U. S. National Academy of Engineering to conduct an Interna-
tonal Warkshap ta review the sccomplishments since the issuance
of the ESA, U. §. and Japancse asseasmenis of the debris issue, and
& formulate 3 coordinated baseline for the future research and
definition that would support a coordinated intemnational approach
to implementing miligation measures (fig. 8).

« Sgansor -Nawora! Azaca™y of Sagnesring, Asranoutes and Space
Snaneenng Boad

“arlciparts - Twanty 56 thify :1%erngt cnal *ep/asa~iavaes Ipm

geverrment, acadenia and bu:lders and opa‘atars of space systems

« Goectve - Defing what is Lne pressnt state ¢l Lnderstand ng of tre
:35Les ard wha! iro research actvities lor ‘~e near ter~ 'Licre shay ¢
e

- T-ma - Fall o* *893

+ Produzt - A reper ‘or broac natiora’ and irterr at-onal distebutior

Figure 8. Techaical assessment siudy.

I these efforis succeed, the space community may set a significant
precedent for the management of an environment before the
conlamination became a major Lhres 0 ot only those who must
operate within it but alse the public at large.
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