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ABSTRACT

The study and development of ADR missions in LEO
have become anissue of topical intered to the attertion
of the space community since the future space flight
adivities could be threaened by collisional cascade
everts. This paper presets the amalysis of an ADR
mission scenario where moduar remover kits are
employed to de-orbit some seleded delris in SSO,
while a distinct space tug performs the orbital trarsfers
and rerdezvous manoeuvres, ard installs the remover
kits on the client delris. Electro-dynamic tether and
eledric propusion are considered as de-orbiting
altematives,while chemical propusion is employed for
the space tug. The total remover mass ard de-orbiting
time are idertified as key parameters to compare the
performances of the two de-orbiting options, while an
optimization of the AV required to move between five
seleded objeds is performed for a preliminary design
at system level of the space tug. Final controlled re-
ertry is alsoconsidered and performed by means of a
hybrid engine.

1. INTRODUCTION

Since the begnning of the space adivity in 1957 a
large number of objeds have been placed in orbit,
withou providing any measure for re-ertry or re-
orbiting capalilities. The result was the credion of
very dersely popuated zones [2][13] that became a
threa for the future spaceflight seaurity. Colli sional
everts between objeds alrealy in orbit, ashappenedin
2009 with Cosmos and Iridium, and acacidental or
intentional bre&k-ups and explosions, as happenedin
2007with the ChineseFengyan satellite, are symptoms
of the Kesder Syndrome, an uncontrolled situation
which could prevent any other space adivity in the
nea future [13][14][2]].

Althoughintemational agreamerts led to the adoption
and implemertation of mitigation strategiesthat shoud
have limited the generation of new detris [1][3], long
term projedions on the ewlution of the space
environment [6][17][18] suggeskd that the number of
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objeds in orbit could increese rapdly in the next 20 —
30 yeas, even in case of drastc, unredistic measures
such as an immedate and complete halt of launches
ard release adivities

A shared viewpoint is that the only means to preseve
the human accessto space is by removing delris mass
from orbit with adive removal missions. The bereficial
effeds of ADR have alreadly been demonstrated in
[16][17][18]. A removal trend of a minimum of 5
objeds per yea from the most popuatedregons could
be sufficient to stahilize the space ervironment for the
next 200 yeas [6][18]. However ADR operations are
sewverely constrained by their high predcted cost ard
by technical challenges that <till require to be
addresed[12][17].

In this framework, this paper proposes an ADR misgon
aralysis where moduar remover kits, properly sized
according to the delxis to be disposed, are employed
for de-orbiting operations, while a sewicing vehicle is
respnsible of the orbital trarsfers and rendeavous
maroeuvres to cary the remover kits to the seleded
tamgets.

This concept implements a longlasing infrastricture
for ADR, since new remover kits could be launched
on-demard ard at low-cost in the orbital regons of
interest and the already-orbiting space tug could bring
them to the new delxis for removal.

In this paper, delris in sun-synchronots orbits (SSO)
havebeen identified aspriority targets sinceit is one of
the most densely popuatedregion, due to the intensive
use for commercial interest A preliminary design has
been caried out at system level both for the space tug
ard the remover kits. For the former, anaralysis of the
orbital mechanics has been performedto detemine the
optimum AV required to rerdezvous with multiple
targets in a limited time. In the spedfic case, it has
been considered to remove five objeds within one
yea. For the latter, eledro-dynamic tether ard eledric
motors have been considered asde-orbiting altematives
ard the total remover massand orbital lifetime have
been asaimed as key parametess to compare their
performances.



2. TARGET SELECTION

Being a potertial source of mary bresgup fragmerts
posing an additional cdlision risk, the targetsfor adive
removal shoud be large intactobjeds in crowded LEO
regons charaderized by a substartial orbital lifetime.
They can be rarked according to P, x M®™, where P,
represetts the overall caastophic breakup probability
of the objed during its orbital lifetime, M is the dry
mass ard the exporent reprodwces the trerd of the
cumulative number of cdllisional fragments according
to the NASA stardard breskup model [25].

The current distribution of abaroned intact spacecaft
ard upper stages in LEO is descibed in detail in [10].
Between 500 and 1100 km there are several altitude-
inclination bards where efficiert adive dekris removal
might be caried out; three in particular have been
recogrized as the most critical [6][15 amd are
charaderized by the following altitudes and
inclinations:

1. Altitude= 1000+ 100km; i = 82° + 1°;
2. Altitude=800+ 100km; i = 99° + 1°;
3. Altitude= 850+ 100km; i = 71° + 1°.

Among them, the sun-synchronows orbit, the second
listed represemts the most interesting regon to be
considered for the study and desigh of adive removal
missions. It is a very dersely popuated orbital regons
ard its high commercial and scientific interest,
epedally for remote sensing, make it one of the most
intensively used orbit, asit can be observed from Tah.
1. In order to maintain this region safely pradicalde for
future space adivities, the removal of the existing
delris objedsis of the utmost importarnce

Table 1. Space Launches: Jan 1, 2011 - Feb 11, 2013

Missin Number Percentage
Geosynchronous orhit 58 36.0%
Sun-synchronous orbit 30 186 %
Manned spaceprogram (<500km) 28 174 %

Milit ary missions with classified

) 12 75%
or very low orbit
Navigation constdl ations inMEO 11 6.8 %
Miscellaneous abits 11 6.8 %
Esa@pe velocity launches 4 25%
Globalstar (h=921km; i = 52°) 3 19%
Gorets (h = 1490km; i = 82.5°) 2 12%
Molniya orbits 2 1.2%

2.1. Potential targetsin sun-synchronous orbit

As of 19 Felruary 2013 there were 192 spacecatft and
74 upper stages, excluding classfied objeds, in sun-
synchronous orbits with mean altitudes between 700
ard 1100 km [23]. The mean altitude ard inclination
distributions, asa function of the right ascesion of the

ascening noce at 00:00 UTC, are shown, respedively,
in Figs. Land 2.
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Figure 1. Distribution of unclassified satellites and
rocket bodies in sun-synchronous orbits. mean altitude
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Figure 2. Distribution of unclassified satellites and
rocket bodies in sun-synchronous orbits: inclination vs.
right ascension of the ascending node

According to a survey caried out by the Union of
Concerned Scientists [24], the operational satellites
shoud be about 90, so the total number of potertial
targets to be removed is around 175 But contrary to
the situation prevailing in most of the other crowded
altitude-inclination bards, spacecaft and upper stages
in  sunsynchronows  orbits  are  extremely
heteogenecus, with the full ramge of models and
masses represeited [10]. Abardored satellites, for
instance, include both cubesds and the 8 metiic tons
Envisat. This means that a spedfic delris removal
option might be used only a relatively limited number
of times. Howewer, some families of upper stages
might offer attradive targets for renoval, as can be
seenin Tah. 2.

3. ADR CONCEPT

The adive removal scenario proposed in this paper is
basedon the employmert of a large sewicing vehicle,
cdled space tug in the following, which performs
multiple orbital trarsfers and rerdezvous manoewres



Table 2. Upper stagesin sun-synchronous orbits

Dry Mean

Upper Stage No. Mass Altitu de Incll(rl?tlon
(kg) (km)
AgenaD stage 673 7841067 99.9-1000
Altair stege 30 717 981
Ariane1 H8 1450 786 98.8
Ariane 4 H10 1800 756786  983-988
Ariane 5 EPS 3600 770 982

116 707836  97.5-99.1
4000 727827  981-983

Burner 2 stege
CZ-2 2" stage

CZ-4 39 stage 1000 717918  982-994
Delta 2™ stage 820 708942  965-99.6
Dnepr-1 3" stage 2356 758991  97.4-986
H-2 2" stage 2700 7851081 985-988
Molniya 3" stage 879 802 987

PV 4" stege 920 713835 984-989
Rokot Briz KM 1420 901 995

Scout 4™ stage 25 7541012 97.8-995
Taurus 4" stage 203 725 99.2

Vostok 2™ stage 1440 885889  992-995

= = [
MNNRENRrOoORNMNSoESAQRORP®

Zerit 2" stage 8300 805994 983-99.1

carying several remover kits that are attaded on the
corespndent  target to accomplish deorbiting
operations. Since the objeds to be renoved are
extremely hetelogeneaus, as happers for those in SSO,
the remover kits could be extremely variable. In order
to dewelop a stardardized solution to tailor proper
remover kits to differert dekris, this paper propcsesa
moduar remover architectue, where each remover kit
is constructed by assembling a certain number of
micro-satellite units, equipped with differert de
orbiting devices, aacording to the charaderistic of the
objed to dispose.

Seweral advartages could be expeded from this kind of
scenalio. The redundancy provided by the concurrert
employmert of multiple moduar vehcles offers a
higher fault tolerance and misgon reliahlity since the
failure of one remover doesnot compromise the ertire
mission; moreover, the separation between orbital
trarsfers armd de-orbiting maroeuvres allows to
optimize indepemently both of them. The removers
moduar architecture implies a high system flexibility,
tharks to the possbility of tailoring each de-orbiting
padage according to the charaderistics of the delris to
dearbit, with significant mass and cost savings, ard
makes the concept scdable and adapiade both to large
ard small objeds, varying the number or the size o
each unit. Finally, tharks to the limited massand size
of the removers with resped to those of a single, large
spacecaft, cost sarzings could be expeded

3.1. Remover modular configuration

The renmover kits are basedon the assembly of a certain
number of elementary units that depers on the client
delris propetties (massand altitude) and herce the de-
orbiting option adopted

Four elementary modues have been idertified:

I amain bus, with the ADCS subsystem, the TT&C
and C&DH subsystems, the power plant, and the
capture device; the main bus is the principal unit
of the remover, at which the other modues
necessary for the de-orbiting are hooked up;

1 an electric thruster unit, which includes the
eledric thruster itself, its own power plant (solar
parels and batteiies), the tank and all the devices
necessary for its functioning;

Il anelectrodynamic tether unit, with all the devices
necessary for its functioning;

IV a hybrid rocket unit for the atmospheric
controlled-re-entry, if necessary.

Among the existing propusive techndogies, eledric
propusion represems a suitable solution for adive
removal of massve objeds thanks to the low
propellart mass requiremerts and since it could be
sufficiently mature to be usedin a very nea future [9].
Electro-dynamic tether appeas to be avery promising
propellart-less concept for adive removal, but the
vulneralility to the space environmert of the classic
cylindrical tethers, till represens one the most critical
perceved obstacles for its employmert [4][19][20].
The use of tape (eledrodyramic) tethers that are
currertly being studied for dearbiting and tested [22]
for their survivabhility to micrometearoids impads may
remove this obstaclein the future.

Eadh unit was preliminary sized, assiming a maximum
mass per unit of 100kg.

The mass and the power required by the subsystems of
the main bus unit were detemined aacording to
historical dataand desig relations reported in [26]. A
preliminary massof 50 kg was estimated including a
safety margin of 20%.

An alrealy developed eledric thruster (BUSEK BHT-
200-X2B) was onsideredfor the propusive unit: it has
a mass of about 1 kg, a spedfic impulse of 1350 s,
13mN of thrust and requires 200 W of power [5][8].
The power plant masswas detemined according to the
nominal power of 200W, with a margin of 20%, ard it
included the massof the solar parels and the battefes.
A dualjunction InGaRGaAsonGE solar cdl
tecmology [11] was considered to size the mass ard
the performances of the solar arays and Li-ion
batteiies were selectad as secondary power source A
15% of masswasaddedfor the hamess [26]. Ti6AI4V,
the common mateiial used for space tark, was assumed
to size the mass of the tank [26]. A margin of 25% was



considered for taking into account the mass of the
mourting hardware and the pressire regulator system.
A total dry mass of 27 kg was obtained, with a
maximum propellarnt mass that could be stored per unit
of about 70kg ata pressire of 70 bar.

The EDT unit was estimatedto have amass between
50 kg and 70 kg depemling on the massof the delris to
deabit: 50 kg was assumed for objeds below 4000kg,
while 70 kg for the more massve objeds. The unit
includes the tether, tip mass ard all the mechanisms
necessary for the degoyment ard control of the system
dynamics dter degoyment [22].

For the HEM (Hybrid Engine Module) a parametiic
mass evaluation was performed, being propellart and
inert massdeperdert on the size d the cgptured debris
ard of the chasing unit. The method here adopted for
inert mass evaluation was mainly derived from [26].
The performance of HTP (High test peroxide, 87%
concentration) and HTPB-basedelastaner (Hydroxyl-
teminated polybutadene) at 10 bar pressire,
exhausting in vacuum througha nozzle with arearatio
of 100 were consdered HEM configuration was
investigated at O/F = 7, about the maximum of the
gravimetric spedfic impulse, which was dou 315s.

The masgs of the elementary modues are reports in
Tah 3

Table 3. Mass of the elementary modules

Parameter Vaue
Main bus nmess 50kg
EPunit dry mass 27kg
Maximum propellant massper unit (EP) 70kg

EDT unit mass 50kg- 70 kg

3.2. Mission operations

The mission is considered to start with both the space
tug and the removers already in the same orbit and
docked together. Asauming a renmoval trerd of 5
objeds per misgon, it wassuppased that five remover
vehicles were launched already assembled in a singe
larger structure. The ertire system is transferred by the
space tug to each seleded delris, according to an
optimized sequence of manoeuvres. At the end of each
trarsfer, a remover kit is detaded from the structure to
accomplish the cepture and de-orbiting operations of
the correspndent debris, and the spaae tug trarsfers
the remnant removers to the subsequent targets.

Two scenarios are considered for the delris de
orbiting. In Scenario 1, the orbit of the delris is
lowered through a continuows low thrust manoewre,
while in Scenario 2 an eledro-dynamic tether is used
finally, a controlled re-ertry is performed with the
hybrid engine modue, propety sized according to the
final system mass (delris + remover kit). Once all the

five removals have been accomplished, a new set of
five removers is launched in orbit, together with a
dedcated unit that re-suppy the space tug with the
propellart necessry to perform the new sequence of
orbital trarsfers.

3.3. Mission analysis

The main objedives of the amalysis were i) to
detemine the proper configuration of the remover kits
for each seleded delris (i.e. number of eledric thruster
unitsard/or EDT unit), ii) to quartify the performances
of the differet deorbiting stratedes and iii) to
estmate the size d the space tug, according to an
optimized sequence of orbital trarsfers between some
selededdelris.

The two de-orbiting scenarios previously mertioned
were compared basedon the total massof the remover
kits and the orbital lifetime asdrive paranmeters.

The renoval of five objeds per yea wasasumed for
sizing the massof the space tug propusion system. The
main problem to face was the deteminaton of the
optimal sequence of five orbital trarsfers that
minimizes the total AV neassry to accomplish the
ertire mission. Since all the targets lied in the same
S0 regon, the altitude ard inclination variations did
not affea significartly the AV budget; more critical
were the changes in terms of RAAN. Seweral sets of
five objeds were considered and a Matlab code was
dewveloped to detemine the best sequence of multiple
orbital transfers. In this evaluation, it wasfirst verfied
the posdbility to take advartage of the natural
precession of the line of nodes due to the Earth’s
oblateressto obtain a RAAN alignment within a given
time limit. If the time limit is not met, then the code
computes the AV necessary to change the RAAN
between chaser and target through an impulsive
maroeuvre. Considering a time interval for eah
rerdezvous ard cgpture phase of about 15 days, the
remaining time for the orbital trarsfers was 290 days.
Considering that four transfers are requiredto reach the
five delris, amd suppasing that no impulsive
maroeuvres would have been performed for RAAN
charges,the time limit for the natural alignmert of the
RAAN was set at seventy-two days, in order to ensure
atotal mission time of one yea.

3.4. Remover mass

The mass of the remover kits depers on the number
ard the type of units assembled.

In Scenario 1, the mass of the remover kits was the
sum of the masses of the main bus, of the HEM and of
the eledric thruster units. The propellant massand the
number of propusive units required for the seleded



delris were detemined in an iterative way, starting
from the baseequations of propusion (Egs. 1-2) and
assaiming a maximum propellart mass per unit of 67
kg, considering a’5% of residual fuel mass[26]:

dv
m, = My (e'sp90 — 1) D

u I
dv = \/a:i—\[; 2

In these equations, dv is the dv for a low thrust
maroeuvre [27], ls, is the spedfic impulse of the
eledric thruster, gy is the gravitational accderation, &
ard & are the initial and final semi-major axes of the
de-orbiting manoewre, my, is the final mass at the erd
of the de-orbiting phase(dekris mass and remover kit
dry mass).

In Scenario 2 the massof the remover kits was simply
the sum of the mass of the main bus, of the EDT unit
ard of the HEM.

To size the massof the hybrid ergine modue, the
controlled re-ertry was assumed to begn at 250 km
altitude. As initial approach, the AV budget regarded a
single firing which moved the spacecaft assembly to
anelliptical trarsfer orbit with perigee at zero altitude.
No optimization wasperformed on this spedfic asged.
Such manocewre requires AV = 75 m/s.

HEM propellart budget was obtained with Tsiolkovski
equation, assuming a constant spedfic impulse during
the firing. This is not adually true for a hybrid rocket
since an oxidizer-to-fuel mass ratio shifting can occur
during operations, depemling on grain geometry.
However, this information is beyond the level of detail
for this study and proper grain design can limit such
occurrerce

Inet computation considered combustion chamber
vesel, injedion plate, tanks for oxidizer ard
pressrrizing gas, nozze, the pressirizing gasitself ard
a 10% margin for other contributions. Structures were
asamedto be made of aluminium.

The presem dearbiting misgon required a low AV
budget from the chemical rocket system. That is, inert
hardware mass did not represen a nedigible
contribution in the total budget. Actually, when
dearbiting of small-medum objedsis needed, the mass
of inert comporerts exceeds the one of the propellart.
The leadng fador is represeanted by the weight of such
comporents that down scde in aacordance with the
quartity of propellart till atechnodlogical limit (eg. the
thicknessof combustion chamber walls).

Globally the HEM inert fradion as well as the ratio
between the HEM modue ard the target payload
deaease asthe massto remove is increased However,

at this standpdnt it is not yet possble to estaltish a
cut-off weight that makes the use of this strategy
convenient since other misson-spedfic asgeds shoud
be considered for the choice of the propusion unit
dedcate to the final firing.
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Figure 3 HEM mass for different target sizes
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3.5. De-orbiting time

In Scenario 1 the orbital lifetime was caculated from
Eqg. 6, assiming constant accederation and nedecting
the propellart lossduring the maroeuvre:

My, AV My dv 3
Frot nyF

mi, is the total initial mass (delris and rermover kit
loaded, and F isthe thrust of each eledric thruster.

At =

In Scenario 2 the orbital lifetime was cdculated
according to [7], assiming a tether length of 5 km.

3.6. Spacetug sizing

A chemical propusion tecmology, basedon liquid
bipropellanis N2O4MMH, was conddered for the
space tug. According to [26] , a spedfic impulse of 300
sand aninert massfradion of 0.17 were asaimed The
total system masswas cdculatedaccording to the Egs
4-6, including a safety margin of 10%:



dv

MR = egolsp (4)
Mprop — (MR - 1)(1 - finert) (5)
Mpay (1 - finertMR)
Miner
finert = e (6)

Minert + mprop

where dv is the dv cdculated for each single transfer,
MR is the massratio, fi.t IS the inent mass fradion,
Myay IS the payload mass, which includes the mass of
the removersthat are carried in each transfer.

4. SIMULATIONS AND RESULTS

Two setsof five delris were seleded asrepresemative
for the mission amalysis. In the first one, a class of
homogeneas objeds was considered (Tab. 4): in
patticular, in the Ariane third stages class (Tab. 2), four
Ariane 40 and the Ariane 5 were seleded as possble
targets. The seond set of debris (Tab. 5) was
composed by spert spacecaft, with mass variable
between 3000kg and 8100kg.

Tabs. 6-7 show the realts obtained regarding the
removers mass and the orbital lif eimes for the seleded
setsof delris. It is alsoindicated the number of eledric
thruster units which shodd be asembled in the case of
low thrust de-orbiting. In Tals. 8-9 the differerce, in
percentage, between the mass and de-orbiting time
obtaired in the two scenarios, resped with the EDT
cese, arereported The remover massin Scenario 1 ard
the de-orbiting time in both scenarios are strondy
affeded by the target object’s mass. From the results
listed in Tabs. 8-9 it emerges that for lower massive
delris, asfor example the Ariare 40 third stages (mass
below 2000 kg), the mass of the propusive remover
kits is comparable to that of the EDT renover kit (mass
differences below 10% could be nedected due to the
asaimption made in the remover elementary units
sizing); according to the sizing procedure descibed in
sedion 3.4, only one propusive unit is necessary for
the de-orbiting of these objects (see Tah6). The de-
orbiting time, instead resuts higher in the Scenario 1,
which means that the eledro-dynamic force due to the
tether is more effedive than the eledric motor thrust.
For more massive objeds, asthe Ariane 5 third stage
(Tab. 4) or the satellitesin Tab. 5, the number of
propusive units required for the de-orbiting increases,
and hence the propusive thrust, since it was suppcsed
that all the motors work simultanecusly. This implies,
on the ore hard, anincressed remover kit mass but, on
the other hand, the de-orbiting time could be
significantly reduced with resped to that of the EDT
scenalio. Thesetwo parameters, the total remover kit
mass ard the de-orbiting time, play an importart role

during the removal mission desig, driving the choice
of which solution could be betterin eachspedfic case.
The remover mass drives the estimation of the mission
cost, esgedally regarding the launch costs, while the
de-orbiting time represetts a key parameter to consider
for the mission risk assessment. One of the main threa
for the EDT is represemed by its high extension for
few kilometres and its vulnerahlity to small delxis,
which are very numerous in the orbital regons crossed
during the descending phase. Delxis flux simulations
could be required to detemine the risk of catastophic
cdlisions in both scenarios, but this asged is out of the
scope of the paper and it will not be examinedin more
detail. Anyway, it can be concluded that the choice of
which de-orbiting solution could be better than the
other deperls on which one allows the best
compromise between the mass and the de-orbiting
time, according to the costs ard risk requirements
statedduring the removal misson design.

Table 4: Properties of the first set of debris

Name h[fll"ri? [dleg] [d{ezg | I\[/Ikzs]s
2(?4@2] =0 766 9876 3578 1800
glRe:'lAc'J\l =40 756 9876 5885 1800
222'?(’)\] =0 786 9876 1576 1800
Qszlgi\l =0 780 9834 158 1800
’;Ff,fg;“ E> 770 9825  27.05 3600

Table 5: Properties of the second set of debris

Name h mean i Q Mass

[km] [deg]  [deq] [kl
2540;15 822 9863 12179 3000
gllgi';(gP-A 817 9867 11135 4100
g"gicl)P'B 817 9872 11191 4424
3?3?2872’082441 719 9811 11030 6500
Eg\lgggm 764 9844 12053 8100

The mass of the space tug was estmatedaccording to
equations (4), (5) ard (6), considering the optimal
sequerce of orbital transfers detemined for each set of
delxis; The EDT renmpval kits were considered for the
four Ariane 40 delris in Tab. 4, while propusive kits
were assumed for the Ariane 5 ard all the delris in
Tah5. Theresuts are shown in Tabs. 10-11.



Table 6;: Removers mass and de-orbiting time for the
first set of debris

Propulsion (Scen.1) EDT (Scen.2)

N Mass n, T Mass T
e [kd] v kd
ARIANE 40 216 1 1.40 195 1.10
ARIANE 40 216 1 1.37 195 1.10
ARIANE 40 216 1 145 195 1.10
ARIANE 40 216 1 144 195 1.10
ARIANE 5 359 2 1.39 270 211

Table 7: Removers mass and de-orbiting time for the
second set of debris

of the lines of the ascending node, the massof the
space tug could be reduced, but the missgon time would
exceed the limit of ore yea. Alternative orbital
trarsfers could be considered to awoid the impulsive
maroeuvres, asfor example first lowering the orbit of
the space tug in order to obtain a quite different nodal
precesson, and then raising it again when the orbital
plane has rotated propedy to match the next dekris;
also altemative propusion systems could be
implementedto lower the mass of the space tug.

Table 10: total AV, optimal sequence, total mission
time, and space tug masses (propellant and wet)
estimated for the first set of debris for the Scenario 1.

AV  sequerce Time Prop.mas Wetmass
LWL [days] [ka] [kal

6.87 43512 54 5269 6983

Propulsion (Scen.1) EDT (Scen.2)
Name Mass n, T Mass T

[ka] [yl [ka] [yl
SPOT5 327 2 1.27 245 191
METOP-A 401 2 171 312 257
METOP-B 422 2 1.84 326 2.75
COSMOS2441 561 3 150 412 3.39
ENVISAT 675 3 2.03 478 452

Table 11: total AV, optimal sequence, total mission
time, and space tug masses (propellant and wet)
estimated for the first set of debris for the Scenario 1.

Table 8: remover mass and orbital lifetime of the
propulsive scenario compared to those of the EDT
scenario, for thefirst set of debris

Name Am®) AT (%)
ARIANE 40R/B 108 36.9
ARIANE 40R/B 108 376
ARIANE 40R/B 108 357
ARIANE 40R/B 10.8 302
ARIANE5 R/B 330 -344

Table 9: remover mass and orbital lifetime of the
propulsive scenario compared to those of the EDT
scenario, for the second set of debris

Name Am@®) AT (%)
SPOT5 335 -334
METOP-A 285 -333
METOP-B 294 -329
COSMOS 2441 36.1 -55.8
ENVISAT 413 -55.2

The AV budegets for the orbital trarsfers are
significantly high, resulting in a quite massve
propusion system for the space tug, whase mass could
be of the order of several tons, asit can be observed
from the lastcolumn of Tabs. 10-11. This fad is due to
the dignificant AV required for the impulsive
maroeuvres necesary for the RAAN alignment. The
total misgon time is well within one yea, allowing a
removal trerd of five objeds per yea as stated in
sedion 3.3. Taking advarntage of the natural alignment

AV sequerce Time Prop.mas Wetmass
[km/s] [days] [ka] [kal

4.5 51243 56 2524 3345

5. CONCLUSIONS

This paper preserted the analysis of an ADR mission
scenario where a large space tug is employed to
trarsfer a certain number of moduar removal kits, ard
relese them in proximity of the delris to de-orbit.
Two de-orbiting scenarios were aralysed in the first
one, the orbit of the delris is lowered through a
continuows low thrust manoewre, in the second an
EDT is enployed The two altematives have been
compared in tems of total remover mass and de-
orbiting time. From the restuts obtained it emerged that
for low massive objeds (<2000 kg), the two options
are comparale in terms of removal kit mass but the
EDT performs better as regards the de-orbiting time.
For quite masgve dekris (>2000kg), althoughthe mass
of propusive removal kits increases, the de-orbiting
timeis significantly lower comparedto that of the EDT
scenario. A risk asesmert ard a mission costs
aralysis shoud be performed to detemine which
solution could perform better, according to the costs
ard risk requirements stated in the removal mission
design. A preliminary sizing of the space tug was
performed, considering a chemical bipropellart
propusion techndogy. An optimal sequence of
multiple removals was detemined for two sets of
delris. Form the reallts obtained, it emerged that very
massive space tugs are required to accomplish this kind
of mission. Alternative manoewres and /or propusion
systems could be consideredto reduce the mass needed
for the ertire misgon.
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