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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

This International Standard is a supporting document to ISO 24113 and the GEO and LEO disposal
standards that are derived from ISO 24113. The purpose of this International Standard is to provide
a common consensus approach to determining orbit lifetime, one that is sufficiently precise and
easily implemented for the purpose of demonstrating compliance with ISO 24113. This project offers
standardized guidance and analysis methods to estimate orbital lifetime for all LEO-crossing orbit
classes.
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INTERNATIONAL STANDARD

ISO 27852:2016(E)

Space systems — Estimation of orbit lifetime

1 Scope

This International Standard describes a process for the estimation of orbit lifetime for spacecraft,
launch vehicles, upper stages and associated debris in LEO-crossing orbits.

This

a) 1nodelling approaches and resources for solar and geomagnetic activity modelling;

b) 1
c)

2 Normative References

The
indig
refern

ISO 4
3 |
3.1

Fort

3.1.1
orbif
elapy

Note

Note
radii)

International Standard also clarifies the tollowing:

esources for atmosphere model selection;

ipproaches for spacecraft ballistic coefficient estimation.

following documents, in whole or in part, are normatively referenced in this docunj
pensable for its application. For dated references, only) the edition cited applies. |
ences, the latest edition of the referenced document (ificluding any amendments) appl

4113, Space systems — Space debris mitigation requirements

[erms, definitions, symbols and abbreviated terms

Terms and definitions

he purposes of this document, thie terms and definitions given in ISO 24113 and the foll
[ lifetime

ed time between the orbiting spacecraft’s initial or reference position and orbit demis
1 to entry: An example’of the orbiting spacecraft’s reference position is the post-mission orbit

2 to entry: The‘erbit’s decay is typically represented by the reduction in perigee and apoge¢
as shown inFigure 1.

ent and are
For undated
es.

bwing apply.

e/reentry

altitudes (or
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Perigee and Apogee Height vs Time

(3=860.72cm*/kg, 300 x 1250 km, i=70° Jac71 F10=75,81,Ap=5)
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3.1.2
earth equa
equatorial r

Figure 1 — Sample of orbit lifetime decay profile

forial radius
hdius of the Earth

Note 1 to enfry: The equatorial radius of the Earth is(aken as 6 378,137 km and this radius is used ds the
reference forfthe Earth’s surface from which the orbitregions are defined.

3.1.3

high area-tp-mass

HAMR

space objects are considered to be high area-to-mass (or HAMR) objects if the ratio of area to mass
exceeds 0,1 m2/kg

3.14

LEO-crossing orbit

low-earth orbit, defined%@s-an orbit with perigee altitude of 2 000 km or less

Note 1 to enfry: As cah.,be seen in Figure A.1, orbits having this definition encompass the majority of thg high

spatial densit

y spike.of spacecraft and space debris.

3.1.5
long-duration orbit lifetime prediction
orbit lifetime prediction spanning two solar cycles or more (e.g. 25-year orbit lifetime)

3.1.6
mission phase
period of a mission during which specified communications characteristics are fixed.

Note 1 to entry: The transition between two consecutive mission phases may cause an interruption of the
communications services.

3.1.7
post-mission orbit lifetime
duration of the orbit after completion of all mission phases

Note 1 to entry: The disposal phase duration is a component of post-mission duration.

2 © IS0 2016 - All rights reserved
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3.1.8
space object
man-made object in outer space

3.1.9
orbit
path followed by a space object

3.1.10
solar cycle

ISO 27852:2016(E)

x11-year solar cycle based on the 13-month running mean for monthly sunspot number and is highly

corr

wavglength
Note

Note
onto

D to entry: For reference, the 25-year post-mission orbit lifetime constraint spe

)

1 to entry: Historical records back to the earliest recorded data (1945) are shown in F

3

cj@n SO 241
Fhe historical data; it can be seen that multiple solar cycles are encapsulated bj[/ is long time

Adjusted Daily Ottawa/Penticton Solar Flux (1 0{7911 wavelength
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Figure 2 — Solar cycle (x11-year duration)

3.2 Symbols

a orbit semi-major axis

A spacecraft cross-sectional area with respect to the relative wind
Ap earth daily geomagnetic index

B ballistic coefficient of spacecraft = Cp - A/m

Cp spacecraft drag coefficient

Cr spacecraft reflectivity coefficient

© ISO 2016 - All rights reserved
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e orbit eccentricity

F107 solar radio flux observed daily at 2 800 MHz (10,7 cm) in solar flux units (10-22W m-2 Hz-1)
F19,7 Bar solar radio flux at 2 800 MHz (10,7 cm), averaged over three solar rotations

H, apogee altitude =a (1 +¢e) - Re

Hy perigee altitude =a (1 -¢€) - Re

m mass of spacecraft

Re equatorial radius of the Earth

3.3 Abbreviated terms

3Bdy
CAD
GEO
GTO
HAMR
IADC
ISO
LEO
N/A
RAAN

SRP
STSC
UNCOPUOS

4 Orbit]}

4.1 Gene

The orbital
specified in

portion of the resulting orbitlifetime estimate shall then be constrained to a maximum of 25 year

ISO 24113 u
launch and
ballistic parj

4.2 Defin

third-body (perturbations)

computer-aided design

geosynchronous earth orbit

geosynchronous transfer orbit

high area-to-mass ratio

Inter-Agency Space Debris Coordination Committee
International Organization for Standardization

low earth orbit

not applicable

orbit right ascension of the ascending node (angle between vernal equinox and orbit ascend
node, measured CCW in equatorial plane, looking in-Z direction)

solar radiation pressure
Scientific and Technical Subcommittee of the.€ommittee

United Nations Committee on the Peaceful'Uses of Outer Space

ifetime estimation

ral requirements

lifetime of LEO-crossing/mission-related objects shall be estimated using the proc
this International Standard. In addition to any user-imposed constraints, the post-mi

sing a combinatien of (a) initial orbit selection, (b) spacecraft vehicle design, (c) space

early orbit €oncepts of operation which minimize LEO-crossing objects, (d) space
ameter modifications at EOL, and (e) spacecraft deorbit maneuvers.

ition(of orbit lifetime estimation process

ing

bsses
5sion
s per
craft
craft

The orbit lift

3 A3 3 H +ad H H H I 2
CUIITCT TS THITATIUIT PTULTS S TS TTPTTSTINMTU ECIICT ILATT Yy TIT IS UI T 5.
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Atmosphere Model

\ Method 1 or 2: Orbit

Integration and
Propagation Package A

) 0@ !.ifetime
N timate

Method 3: Graphical

Spacecraft Orbit Initial
Conditions at Epoch

¥ o or Tabular Look-up
A~ Spacecraft Ballistic Wa'e
{ |Characteristics, Attitude )| 2
" Rules < 6\
QO
N\
Figure 3 — Orbit lifetime e&l‘fh}ation processl4]
)
5 Orbitlifetime estimation methods&@ld applicability
xO
5.1 | General C\)j“

N
There are three basic analysis methods used to estimate orbit lifetime,[3] as depicted fin Figure 3.
Detefmination of the method used to estimate orbital lifetime for a specific space object shall be based
upon the orbit type and pertu ons experienced by the spacecraft as shown in Table 1.
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Table 1 — Applicable method with mandated conservative margins of error (in percent) and
required perturbation modelling

|Special orbit

|Conservative margin applied to each method

SRP =solarra

diation pressure

Orbit apogee Sun- High Method 1: Method 2: Method 3: Method 3
i ? -
altitude, km sync: ;1(1;_ea Numerical |Semi- Table look-up Graph,
mass? integration |analytic formula
) fit
Apogee < 2 qOORm NO NO NoO margin 5> Y0 margin TO %% margin 2590 margin
req'd
Apogee <2 (00 km No Yes No margin; 5 % margin; 10 % margin IFF N/ALQ :
use SRP use SRP Cr=1,7 e
Apogee <2 (00 km Yes No No margin 5 % margin N/A (8Q7A
req'd ﬁ/\
Apogee <2 (00 km Yes Yes No margin 5 % margin; N/A O v N/A
req'd; use SRP %)
use SRP ‘&\
Apogee > 2 (00 km Either |Either No margin 5 % margin; N/Q A N/A
req’d; use use 3Bdy+ Q
3Bdy+SRP  |SRP )
N/A = not applicable
3Bdy = third-body perturbations

Method 1, ¢
model, third
Method 2 u
spacecrafth
retaining rq
formulae th
and repetiti
include at gi

5.2 Meth

Method 1 ig
to incorpor
resonance o
driven attity
the angle-of

rate is also

pd 1: High-precision numerical integration

ertainly the highest fidelity model, utilizes*a numerical integrator with a detailed gravity
-body effects, solar radiation pressure, and a detailed spacecraft ballistic coefficient model.
ilizes a definition of mean orbital elemients,[4] [3] semi-analytic orbit theory and av¢rage
allistic coefficient to permit the veryrapid integration of the equations of motion whilg still
asonable accuracy. Method 3 is\simply a table lookup, graphical analysis or evaluatipn of
bt have been fit to pre-computed orbit lifetime estimation data obtained via the extepsive
ve application of Methods/and/or 2. It is worth noting that all methods (1 through 3)(shall
avity zonals J and /3 ata yinimum.

the direct numerical integration of all accelerations in Cartesian space, with the ability
hte a detailed gravity model (e.g. using a larger spherical harmonics model to ad
ffects), third-body effects, solar radiation pressure, vehicle attitude rules or aero-torque-
hde torques, and a detailed spacecraft ballistic coefficient model based on the variatipn of
-attack, with respect to the relative wind. Atmospheric rotation at the Earth’s rotatjonal
easily incorporated in this approach. The only negative aspects to such simulationk are

ress

(@) they run much slower than Method 2, (b) many of the detailed data inputs required to make this
method realize its full accuracy potential are simply unavailable, and (c) any gains in orbit lifetime
prediction accuracy are frequently overwhelmed by inherent inaccuracies of atmospheric modelling
and associated inaccuracies of long term solar activity predictions/estimates. However, to analyse a
few select cases where such detailed model inputs are known, this is undoubtedly the most accurate
method. At a minimum, Method 1 orbit lifetime estimations shall account for J; and J3 perturbations
and drag using an accepted atmosphere model and an averaged ballistic coefficient. In the case of
high apogee orbits (e.g. geosynchronous transfer orbits) or other resonant orbits, sun and moon third-
body perturbations and solar radiation pressure effects shall also be modelled (see Reference [28] for

additional d

iscussion).

© IS0 2016 -

All rights reserved


https://standardsiso.com/api/?name=d31437edda97ed4a373d99c08d4b80d7

ISO 27852:2016(E)

5.3 Method 2: Rapid semi-analytical orbit propagation

Method 2 analysis tools utilize semi-analytic propagation of mean orbit elementsl4] [5] influenced by
gravity zonals J; and /3 and selected atmosphere models. The primary advantage of this approach over
direct numerical integration of the equations of motion (Method 1) is that long-duration orbit lifetime
cases can be quickly analysed (e.g. 1 s versus 1 700 s CPU time for a 30-year orbit lifetime case). While
incorporation of an attitude-dependent ballistic coefficient is possible for this method, an average
ballistic coefficient is typically used. At a minimum, Method 2 orbit lifetime estimations shall account
for J, and J3 perturbations and drag using an accepted atmosphere model and an average ballistic
coefficient. In the case of high apogee orbits (e.g. GTO), sun and moon third-body perturbations shall

also be modelled.

5.4 | Method 3: Numerical table look-up, analysis and fit formula evaluations

In th
by e
Inter
of in
Celeq
inter
Stan
shall
Whe
look-
of er

is final method, one uses tables, graphs and formulae representing datd that wa
chaustively using Methods 1 and 2 (see 5.2 and 5.3). The graphs and fopmulae proy
national Standard can help the analyst crudely estimate orbit lifetime for their par
erest; the electronic access to tabular look-up provided via this International Standa
Trak.com) permits the analyst to estimate orbit lifetime for theit-particular case of|
polation of Method 1 or Method 2 gridded data; all such Method 3 data in this I
lard were generated using Method 2 approaches. At a minimum), Method 3 orbit lifetij
be derived from Method 1 or Method 2 analysis productsangeting the requirements s
h using this method, the analyst shall impose at least a<l0 % margin of error to accol
up interpolation errors. When using graphs and formulae, the analyst shall impose a 3
For.

5.5 | Orbit lifetime sensitivity to sun-synchronous

For 4
dens
orbit
[B1 T

un-synchronous orbits, orbit lifetime has'some sensitivity to the initial value of RAA
ity variations with the local sun angle. Results from numerous orbit lifetime estimatiof
s with 6:00 am local time have longer lifetime than orbits with 12:00 noon local time by
his maximum difference (500 d)translates into a 5 % error which can be corrected
the Ipcal time of the orbit. As a result, Methods 1 or 2 analyses of the actual sun-synchi
condjiition shall be used when estimating the lifetime of sun-synchronous orbits (see Reft
and [|38], where more detailsdre given).

5.6 | Orbit lifetime statistical approach for high-eccentricity orbits (e.g. GTO)

For high-eccentricity)orbits (particularly geosynchronous transfer orbits or GTO), it can
to itgrate to lifetinre threshold constraints due to the coupling in eccentricity between the

s generated
ided in this
ticular case
rd (at www.
interest via
hternational
me products
tated above.
int for table
5 % margin

N due to the
s show that
about 5,5 %.
by knowing
onous orbit
brences [28]

be difficult
e third-body

pertyirbationg-and the drag decay. Due to this convergence difficulty, only Method 1 or 2 analyses shall

be ujed when:determining initial conditions which achieve a specified lifetime threshold for

such orbits.

rbit lifetime

Samjple analyses of GTO
sensltiviey to initial con

launcher stages (see References
spectrum of orbital lifetimes.

[29] [30]) highlight th

and

is o

7

g to a wide

Some theoretical considerations about the dynamical properties of GTO orbits are provided in

References [29] and [36].

The following test case illustrates the complex dynamical properties of GTO. Initial parameters are

provided in Table 2.

Table 2 — GTO initial conditions for the Monte Carlo simulation

Perigee altitude 200 km
Apogee altitude GEO altitude
Inclination 2°

© ISO 2016 - All rights reserved
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Table 2 (continued)

Area to mass ratio 5e-3 m?/kg

Solar activity Constant (F10.7 = 140
sfu Ap = 15)

Drag coefficient Constant = 2,2

Reflectivity coefficient Constant =2

Figure 4 shows lifetime results (years) when varying the initial date and the initial local time of perigee.
This latest parameter is defined as the angle in the equator between the sun direction and the orbit
perigee, measured in hours. The date was chosen from day 1 to 365 in year 1998 and the local time of

perigee was
different ini

Figure 4

The shapes

conditions t
of lifetimes

(see Referet]
pointing (17
solstices. Nd
7 h, are an i

an influencd,

chosen by varying the right ascension of ascending node from Ot to 2m. A total of-2
tial conditions were generated.

Initial Local time of Perigee , hours

50 100 150 200 250 300 350
Initial Day of year 1998

— Lifetime variations with respect to initial date and local time of perigee (yea

pf the lifetime contours(confirm that initial day of year and local time of perigee are i
hat make sense to describe GTO evolution since strong patterns are visible. The amplit
variations are worthynoting: from several months to more than 50 years. Previous re
ices [30] and [3Z]) are illustrated here: the longest lifetimes are obtained for initial
h local time),ep)anti sun-pointing (24 h local time) perigee with an initial date aroun
te that theidark red pixels drawn in dark blue areas, as seen for initial day 60 and local
hdication of the presence of strong resonance phenomena. We know that the year als
to alésser extent, through the moon perturbation.

Figure 5 shq

different cur

500

)

nitial
udes
sults
sun-
d the
time
b has

DViZs) semi- major axis evolutlon for several propagatlons of a typlcal low 1nc11ned GTO

vaa

\/m),

which is far below the level of 1ncert1tude on thlS parameter. These dlspersmns lead to variations of
decades in the re-entry duration. Such a strong non-linear behaviour is explained by the aforementioned
resonances. One can see that semi-major axis evolutions are quite similar between all propagation
cases until the entrance in the coupling between J2 and sun perturbations, for a semi-major axis equal
to about 15 500 km. The duration of the resonance (period when the semi-major axis remains constant)
and, thus, the rest of the propagation are completely different. A similar figure can be plotted by keeping
the area to mass ratio constant and slightly changing the solar activity.

© ISO 2016 - All rights reserved


https://standardsiso.com/api/?name=d31437edda97ed4a373d99c08d4b80d7

ISO 27852:2016(E)

SMA evolution sensitivity to slight S/m variation

00%
e0.0%
100%
100.1%
101%
102%
3
0000 ¥ T ¥ LA T L g
o 10 20 30 <0 50 e0

time (years)

Figure 5 — SMA evolution sensitivity to slight A/m variations (from 0,1 to 2 Pb)

These examples show that resonance phenomena havelsubstantial impacts on orbitpl elements
evolytion that can neither be predicted nor managed. Cuinulated uncertainties on drag fofce between
the extrapolation start (mission disposal manoeuvre, féb example) and the instant when the resonance
occufs make the entry condition in this resonance prene to strong variations. As a conseqyence, trying
to esftimate lifetime of GTOs using only one extrapolation may lead to erroneous conclusign since tiny
chanjges in the initial conditions, spacecraft characteristics or force models end in very diffefent lifetime
results. Exceptions to that would be objects"on a GTO whose semi major axis has already decreased
enoujgh to avoid resonances or to be very.close to them. However, since resonance conditions change
with|regards to the possible resonantangles, one can see that performing several propagation cases
is advised to get robust results. As a.conclusion, only statistical results are adequate to ¢stimate the
strong variations of GTO lifetimes;

As a ponsequence, one shouldnet say “this object’s lifetime is Y years” in GTO but rather “tHe lifetime of
this pbject is shorter than/Y.years with a probability p”, coming from a cumulative distributfion function
(see example below).

The key parameterdincertainties to be taken into account in the lifetime estimation are

— initial conditions (date, orbit parameters),

— ballistic.coefficient and drag coefficient, and

— golar activity.

The following test case (see Reference [32]) provides results of Monte Carlo simulations. Initial
parameters are described in Table 3. A total of 2 500 different initial conditions were generated.

© IS0 2016 - All rights reserved 9


https://standardsiso.com/api/?name=d31437edda97ed4a373d99c08d4b80d7

ISO 27852:

2016(E)

Table 3 — Hypothesis for the Monte Carlo simulation

Parameter

Nominal value  Dispersions

Perigee altitude

180 km Small dispersions :

1sigma standard deviation about 1 km, cor-
related to other orbit parameters.

Apogee altitude

GEO altitude Small dispersions:

1sigma standard deviation about 50 km,
correlated to other orbit parameters.

Figure 6 an|
lifetime for

ratio

Inclination 6° Small dispersions:
1sigma standard deviation about 0,01°, cor-
related to other orbit parameters.

Area to mass 5e-3 m?/kg Uniform distribution

+/-20 %

wrt nom. value

Drag coefficient

Function of geo-  None
detic altitude

Reflectivity
coefficient

Constant=1,5 None

Solar activity

Randomly chosen using data from the past

Date

Uniform distribution between day 1 to'day 365, for years
between 2015 and 2033 (the dispersion of the year enables to

cover the moon perturbation).

Local time of

Gaussian distribution, mean value 22 h standard deviation

10

perigee 50 min
d Figure 7 provide a statistical histogkam and cumulative distribution function of |orbit
this test case.
E-io e A e ettt
W WPS: NS SIS SUUNTN SR S—
00 L5 G SOOI SRV W S A,
§
B\ ek
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2
oo ]
o T t +
o 20 0 L 80 100 120
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In thfs approach, the upper p1 and lower p2 limits of this interval are.given by Formula (1):

pl= 2
2(n+ua/2 )
) 2nf+ua/22 —1—ua/2\/ua/22 —2-1n+4f[n(1 - fJ-1]
l =
2(n+ua/22)
wherte

ISO 27852:2016(E)

Cumulative distribution function
°
&
1

o o
»

o
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Figure 7 — Cumulative distribution function of orbital lifetimes

2nf+ua/22—1—ua/2\/ua/22 ~2-1n+4f[n(1- f)+1]

n  is number of single runs (orbit prapagations);

/i is observed probability = number of lifetimes lower than a certain value divided by

al distribution function.

question of statistical convergence may be addressed by computing a cofifidence int¢rval for the
Monte Carlo results, associated to a confidence level. The so-called “intervaljof Wilson wit
for continuity” (see Reference [31]) has been well-adapted for this purpose:

h correction

M)

[ n;

:t:x/z = @1 (1- a/2) (= 1,96,for example, for a confidence interval of 95 %). ® is the cumyilative nor-
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Figure 9 — Example of cumulative distribution function of orbital lifetimes with a 95 %

12

confidence interval (500 runs)

© ISO 2016 - All rights reserved


https://standardsiso.com/api/?name=d31437edda97ed4a373d99c08d4b80d7

ISO 27852:2016(E)

6 Drag modelling

6.1

General

The three biggest factors in orbit lifetime estimation are (a) the selection of an appropriate atmosphere
model to incorporate into the orbit acceleration formulation, (b) the selection of appropriate atmosphere
model inputs, and (c) determination of a space object’s ballistic coefficient. We will now spend some

time

6.2

discussing each of these three aspects.

Atmospheric density modelling

Ther
basi{
[15].
use.

data
atmd
atmd
part

The :
fidel
mod
depig
miss

Ther
varig
whet|
are {
foun
for a
dens
dired
mod
also
num
but

GOS'l

, utility and functionality of these atmosphere models are described in detail in(Refel
This International Standard will not presume to dictate which atmosphere model the :
However, it is worth noting that in general, the heritage, expertise and especially the ol
that went into creating each atmosphere model play a key role in thatmodel’s abilit
spheric density, which is in turn, a key factor in estimating orbit lifetime. Many
sphere models were low fidelity and were created on the basis of only one, or perhap
of one, solar cycle’s worth of data.

dvantage of some of these early models is that they typically run much faster than thg
ty models (see Table 4) without a significant loss of accunacy. However, the use of
els that were designed to fit a select altitude range. (e{g. the “exponential” atmosy
ted below) or models that do not accommodate solar.agtivity variations should be avg
too much of the atmospheric density variations to be'sufficiently accurate.

tions and also run very fast; these models can work well for long-duration orbit life
e numerous cases are to be examined. Eonversely, use of the more recent atmospl
encouraged because they have substantially more atmospheric drag data incorpof
Hation of their underlying assumptions. A crude comparison of a sampling of atmosp
single test case is shown in Figure10 and Figure 11, illustrating the range of tempe
jties exhibited by the various models. Although this International Standard does not
t which atmosphere model.the analyst should use, the reader is encouraged to seek
] guidance from [SO 14222 to select proper atmosphere and associated indices. H
noted that the lengthy prediction timespan associated with this International Stand
ber of atmosphere models suitable for estimation of orbital lifetimes spanning 25 year
hot limited to, thé/NRLMSISE-00,[10] JB2006,[11] JB2008,[12] GRAM-07,[13] DTM-2
'[15] models.

Table 4 — Comparison of normalized density evaluation runtimes

e are a wide variety of atmosphere models available to the orbit analyst. The backgroullld, technical

ences [6] to
inalyst shall
bservational
y to predict
of the early
5 even just a

latest high-
atmosphere
here model
ided as they

e are some early models (e.g. Jacchia 1971 _shown below) which accommodate s¢lar activity

ime studies
here models
ated as the
here models
ratures and
presume to
atmosphere
bwever, it is
hrd makes a
5, to include,
000[14] and

Atmosphere model 0<Alt<5000km 0 <Alt<1000/km
Exponential 1,00 1,00
Atm1962 1,43 1,51
Atm1976 1,54 1,54
Jacchia 1971 13,68 17,31
MSIS 2000 141,08 222,81
JB2006 683,85 584,47
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Temperature vs Altitude
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Figure 10 — Temperature comparison by atmo@re model
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Figure 11 — Comparison of a small sampling of atmosphere models

6.3 Long-duration solar flux and geomagnetic indices prediction

Utilization of the higher-fidelity atmosphere models mentioned in 6.2 requires the orbit analyst to
specify the solar and geomagnetic indices required by such models. Care must be taken to obtain the
proper indices required by each model; subtle difference may exist in the interpretation of similarly
named indices when used by different atmosphere models (e.g. centrally-averaged vs. backward-
averaged F19,7 Bar).
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Key issues associated with any prediction of solar and geomagnetic index modelling approach are as
follows.

a) Fio,7 Bar predictions should reflect the estimated mean solar cycle as accurately as possible. One
such prediction is shown in Figure 12.

b) Large daily F107 and Ap index variations about the mean value induce non-linear variations in
atmospheric density and the selected prediction approach should account for this fact, i.e. one
should account for the highly non-linear aspects of solar storms versus quiet periods.

The frequency of occurrence across the day-to-day index values is highest near the lowest
prediction boundary (see Figure 13)

10,7 cycle timing/phase is always imprecise and should be accounted for; the resultalnt time bias
hat such a prediction error would introduce can yield large F1¢,7 prediction errors of 10p % or more.

]
1

The long-time duration orbit lifetime constraint specified in ISO 24113¥[i.e. 25 y
fequire that the solar/geomagnetic modelling approach provide at leastthat many yea
redictive capability.

bars) would
's (i.e. 25) of

f)
g)

redicted F19,7 values should be adjusted to correct for earth-sun'distance variations.

ome atmosphere models (e.g. JB2006 and JB2008), due te the newly invented indji
hereby, preclude the use of historical indices for long-terim)orbit lifetime studies whi
Iso precluding use of any predictive forecasting model(s){for those indices until such t
ecome publicly available.

ces adopted
le currently
me as those

Accounting for these constraints, the user shall adoptone of the following three acceptablejapproaches.

Approach #1: Utilize Monte Carlo samplingof historical datall6] [17] mapped to a common solar
ycle period.

b] such as is
ng Fi0,7 and

Approach #2: Utilize a predicted F1g95z Bar solar activity profile generated by a mod
etailed[19] in Figure 12, coupled with a stochastic or similar generation of correspond
p values, e.g. Reference [19].

pproach #3: Utilize a “Mean ‘Equivalent Static” set of solar and geomagnetic activitly. Note that

hile such an approach-preduces equivalent solar and geomagnetic indices that are
fficient and equivalent orbit lifetime estimation, such static values are only valid fd
it, the selected orbit prediction span (i.e. 25 years) with an associated probability |

suitable for
r the cycles
bvel and the

dopted atmospheré model. New sets of Mean Equivalent Static indices would likelyf need to be

enerated for any changes in the above functional dependencies.

Sinc¢ Approagh #2 is a well-known and common approach, the focus of the remainder of thfis subclause
will e devated'to (Approach #1) the Monte Carlo “Random Draw” approachl3] and the “Meap Equivalent
Statig” appreach (Approach #3).

6.4 Approach 1: Monte Carlo random draw of solar 1rlux and geomagnetic indices

Note (see Figure 2) that we already have more than five solar cycles of observed solar and geomagnetic
data to choose from. Processing of this data maps each coupled and correlated triad of datum (Fig,7,
F10,7 Bar, and Ap) into a single solar cycle range of 10,825 46 years (3 954 d), with the “averaged” solar
minimum referenced to 25 February 2007.

By mapping this historical data into a single solar cycle (see Figure 14 through Figure 16), the user can
then sample coupled triads of (F10,7, F10,7 Bar, and Ap) data corresponding to the orbit lifetime simulation
day within the mapped single solar cycle. This solar/geomagnetic data can then be updated at a user-
selectable frequency (e.g. once per orbit or day), thereby simulating the drag effect resulting from solar
and geomagnetic variations consistent with historical trends for these data. Since we have accumulated
daily data since the February 14, 1947, on any given day within the 3 954-day solar cycle, we have at
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least five data triads to choose from. It is important that the random draw retain the integrity of each

data triad since F19,7, F10,7 Bar and Ap are interrelated.

In the Monte Carlo approach for modelling solar and geomagnetic data, coupled triads of (F19,7, F10,7 Bar,
and Ap) data are selected for each day (or alternately for each orbit rev) of the orbit lifetime simulation,
thereby simulating the drag effect resulting from solar and geomagnetic variations consistent with
historical trends for these data. The atmospheric density estimated from atmospheric models utilizing
a given (F10,7, F10,7 Bar, and Ap) triad can then be directly utilized by either Method 1 (numerical
integration) or Method 2 (semi-analytic) approaches. Due to the introduced step-function change in
atmospheric density, it may be beneficial to restart Method 1 integration at each parameter set change;
for semi-analytic (e.g. with orbital revolution time steps via Gaussian quadrature), a new parameter set

can be draw

The startin
epoch. Alter
ensure that
The C++ co
CelesTrak.cq
and Ap) imp

16

180 +
160 +
140 4
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100 4
80 +
60

10.7 cm solar flux

240 +
220 +
200 +

estimate
— — uppér
— —lower

1996

1998 +

19994y

2000 +

2001 +

2002 +

2003 +
2004 +
2005 +

n at an orbit revolution time step; thus, no numerical dirficulties will be Introduced,

sunspot number

Figure 12 —<)Seolar flux estimated upper, lower and representative trends

b epoch of the simulation can be selected to match the anticipated actual end-0f-mipsion
nately, starting epochs can be sampled throughout the entire aggregate solar-cycle ahd to
the median (50th-percentile) value meets the specified orbit lifetime criteria of ISO 24113.
e used to implement this atmospheric variation strategy is publicly available at ywww.
)m so that users of this orbit lifetime standard can adopt this standardized (F10,7, F10,y Bar
ementation Approach #1 if desired.
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Figure 13 — Solar flux distribution in ;g-}entage of localized min/max variation
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Figure 14 — F10.7 normalized to average solar cycle
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F10.7 Bar Normalized to Avg Cycle
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Figure 16 — Ap normalized to average cycle
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It can be seen from Figure 16 that Ap is (a) unpredictable, (b) loosely correlated with the solar cycle,
and (c) volatile. Figure 17 demonstrates that density varies greatly (i.e. several orders of magnitude)
depending upon Ap; thus, a geomagnetic storm can induce large decreases in orbital energy (orbit decay)
that the use of some average A, value would miss. Correspondingly, the analyst should incorporate A
variations into the geomagnetic index predictions.

Log(Density) Variation as a Function of Ap Value
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Figure 17 — Log{(density) variation as a function of A, value
6.5 | Method 3: Equivalenteonstant solar flux and geomagnetic indices
A third method for simulation of solar flux and geomagnetic indices is the use of “Equivalgnt Constant

Solarf Flux and Geomagnetic Indices.” In this method, the user generates (or obtains from a qualified
third party) and incorporates pre-computed constant equivalent values of solar flux and geomagnetic
activjity into the arbit lifetime estimation process which will yield the same orbital lifetine as would

interest.

If Method 3 is employed, the equivalent constant indices shall be carefully tuned by the analyst to match
historical solar and geomagnetic influences on orbit decay over a long-duration (i.e. 25-year) timespan
corresponding to the atmosphere model and orbit inclination of interest. This ensures that a space
object having a specific ballistic coefficient and starting orbit that has a 25-year lifetime computed by
using the constant equivalent solar activity yields an orbit lifetime estimate of less than 25 years with a
z % probability level (see Figure 22).
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Figlire 18 — Statistical equivalency between constant and variable solar activity

Equivalent constant solar flux and geomagnetic activity indices are obtdined via the following
algorithm.

a) Select the initial orbit and a ballistic coefficient.
b) Select a[representative geomagnetic Ap index (e.g. 15).

NOTE As there are two uncertain parameters (solar flux and geomagnetic index) with no evident
correlation between them, this method is faced with two degrees of freedom versus only one output
(estimatpd orbit lifetime). The method circumvents thisby adopting a representative geomagnetic Ap jndex
value which is averaged over the timespan of interest (e.g. 25 years).

c) Using the random draw Monte Carlo appiroéach previously outlined (see Method #1), gengrate
n possible future solar activities (includinigg’random draws of starting date which encompass all
possiblg launch dates, including launch slips).

d) Estimatfe orbit lifetime using the solar activity profiles, where n is appropriately sized using Dggum
(Cherndff - Hoeffding) bounding methods.

e) As shown in Figure 23 and-adopting z % to be 50 % (the median value), determine OLT_50 % (the
median|orbit lifetime ofthetrials).

100% 4

z% J_____ >

J :
0% Y »  Lifetime
OLT_z%

Figure 19 — Lifetime cumulative distribution function

f) Iterate on either initial orbit semi-major axis or perigee altitude until an OLT_50 % of 25 years is
found. At every step, estimate n orbit lifetimes using new (randomly-drawn) solar activity profiles.
The orbit that has an OLT_50 % of 25 years is called the end-of-life limiting orbit.

g) Using the solved-for end-of-life limiting orbit, determine by iteration the constant equivalent solar
flux index (F10,7_50 % as shown in Figure A.1) which also yields an orbit lifetime of 25 years.
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Determine the viability region of the solved-for F10,7_z % value as a function of
) initial orbit inclination,

) orbit eccentricity,

) ballistic coefficient of the space object,

}) local time of the ascending node, and

) atmosphere model.

tis the task of the analyst to ensure that the equivalehtconstant solar activity values or
erived through these steps are applicable to the efid-of-mission orbits to be analysed.

Parametric runs can be used to yield functional relationships for constant equivalent

3 function of ballistic coefficient, orbit altitudé(s), inclination, etc. One such expression

bquivalent (“mean equivalent static”) solar activity has defined as follows:[34]

whet

N

4

Note

AP =15
AC,
Flo7 =201+3,25 In(—5)-7In(Z,)
e
| P is the geomagnetic index value to be used by the atmospheric model;
'10.7 is the"solar flux value (in SFUs) to be used by the atmospheric model;

ICq/m _is\ballistic coefficient (m2/kg);

La is apogee radius (mean parameter) minus earth radius (6 378 km), Za < 2 ZOJ km.

that for extrapolation using a variable drag coefficient vs altitude, a constant value

expressions

solar flux as
for constant

(2)

f Cq shall be

used to compute the constant equivalent solar activity. A Cq value of 2,2 has been chosen but the analyst
is encouraged to select a more appropriate value if warranted.

Figure A.2 shows a plot of F1p7 values using the above parametric function for several ballistic
coefficients and apogee altitudes.
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Figure 21 — Constant equivalent ﬁ&{ values

%
)
ectly, the Monte Carlo Approach #1 (random&&raws of initial date and solar activity]
B (equivalent constant solar flux index) sh&s@ yield the same orbit lifetime.

a typical LEO cumulative distribution’ﬁQlction of lifetimes considering random initial

and

date
same

and solar adtivity (Monte Carlo). The perigee een tuned to obtain p = 0,5 for 25 years. The
25 years lifdtime is obtained with one run c ering the constant equivalent solar activity.
&
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Atmospheric density implication$.of thermospheric global cooling

nt indications of global cooling in:the thermosphere may have gradually increasing
Ime estimation. The thermosphere’is defined to occur roughly between 80 km and 500
h is a key part of the LEO regime for which the ISO standard is being developed. Bot
urements[14] and theoretical models[13] [16] indicate that the thermosphere is cooling
ity to lower. The mechdnjsm causing this change appears to be that as CO, concent]
ased (from 320 ppnivyin 1965 to around 380 ppmv in 2005) at altitudes below 30
r atmosphere is.correspondingly cooling down. It is estimated that because of

role in orbit
km altitude,
h spacecraft
off, causing
rations have
km and the
this effect,

spheric density‘will decrease by between 1,7 %[20] and 2 %l[21] [22] per decade. This decrease

s a corresponding increase in orbit lifetime of between 4 % and 7 %.[2]

Estimating ballistic coefficient (CpA/m)

7.1

General

The first step in planning a LEO-crossing space object disposal is to estimate the ballistic coefficient

(CpA/m), B where:
B = (Coefficient of Drag Cp) x (Object Cross-Sectional Area)/Object Mass

Accurate estimation of the space object’s ballistic coefficient is another key element in the orbit lifetime
analysis process. Frequently, the analyst will select an average ballistic coefficient for the duration of
the prediction but this is not always the case. We will examine cross-sectional area and drag coefficient
estimations separately. Spacecraft mass shall be varied according to best-available knowledge but may
typically be assumed to be constant from end-of-life until orbit decay.
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7.2 Estimating aerodynamic force and SRP coefficients

A reasonable value of the dimensionless drag coefficient, Cp, is 2,2 for a typical spacecraft. However,
the drag coefficient, Cp, depends on the shape of the spacecraft and the way air molecules collide with
it. For certain geometric configurations such as spheres, cylinders and cones, the value of axial drag
coefficient, Cp, can be evaluated more precisely than previously noted provided something is known
about the flow regime and reference area. The analyst shall consider Cp variations based on spacecraft
shape and anticipated uncontrolled attitudinal stability. The drag coefficient can become considerably
higher than 2,2 for elongated spacecraft shapes; for those shapes, a more accurate result can be

obtained by

using the “panel model” described below.

For long-du
may potenti
effects over

7.2.1 Aer

If the spaceq
quite well u
its simplest
normal unit

These modé
of one panel}
surface, suc

atiom orbit tifetime estimations, €p vartation asa functiom of attitude and-orbitait
ally be ignored since the orbit lifetime percent error may be quite small due to avér:
very long-duration (e.g. 25 years) orbit lifetime time spans.

pdynamic and solar radiation pressure coefficient estimation via a “panel model”

raft shape is not overly complex, aerodynamic force and SRP coefficients'may be estin
bing a spacecraft panel model (see References [39], [40] and [41]). A-panel model consi
form of asetof /=1,..., N panels, each panel described only byits:drea Ai and its out
vector n, that defines its orientation in a spacecraft body-fixed frame.

s do not provide information on the shape and relative pgsition of each panel. Obscur
by another is not incorporated into this simple panel.model. Finer detail of the space

tude
ging

1ated
5ts in
ward

htion
craft

h as protruding antennae, star camera baffles, etc., are either neglected or could be handled

by slightly aldjusting the parameters of the larger flat surfaces:
For such pahel models, the radiation pressure force coefficient vector for the entire spacecraft cqn be
computed by simply summing the panel contributions,ds’follows:
¢, =3¢, (3)
i
For calculatling the aerodynamic force coefficient using such a panel model, a double summatipn is
necessary, Hoth over the spacecraft panels i, and over the atmospheric constituents j. In additior, the
contributions of drag and lift were computed separately and now need to be summed as well.
- P; . :
Ca = Z Z 7 (CD,i,juD + CL,I',juL,l' ) [4‘)
i1
Pj . . . . . .
where | — | representsthe relative mass concentrations of the different particles species (j = 02,N2, O,
P
He, H, ... having'different molecular masses mj. The drag direction u, is determined from the relative
velocity vecfory, as:
. v,
iy = (5)
o]

The unit vector for the lift and side force direction, u, ., is perpendicular to u;, and in the plane spanned

by n; (normal to panel

Ui

“w:n
1

)and up.

u

(

Dxni)qu

(g < <]

Drag and lift coefficients may be determined from:

24

(6)
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_ X -C,
=|C, —Cpup| , with lift being in the unit direction of ‘ ‘ (note that lift
C,-Cp u

a

a

Cp=C,-up and (o

could be zero, such that the programmer should guard against division by zero in this last formula).

To feed the above formulae, each panel’s drag coefficient and combined lift and side force coefficient are
determined from:

=, | ”

C...= +7,Q.Z;
D77
b \/; U ] mc Aref
(05 =|16,2; ( Az, ) A (8)
! J ] Vmc Aref
where
; —COS(B ):—ﬁD-ﬁl hift
=i, n, U, _g\\,\:t?ljrag
1%
c _ r
b =
2 __ R (Temperature)
0 001m.( )
]
L1
Jj ——2
ZS].
22
iy = L s
) S]
Qj = 1+Gj
ZI.J =1+ erf(yl.Sj)
AL2 0-001m (

u.j ux}vr

1 V |_ K IAAY

A 1s the reference area of the spacecraft and should be a positive constant during the whole
computation of drag on a panel model. An averaged spacecraft cross-sectional area is commonly
adopted for A

Also, « = accommodation coeff., Ty, = Wall Temp in deg K, R - Univ. Gas Constant.

Note that the unit vector in the drag direction depends only on the relative velocity and is independent
of the panel orientation and therefore does not carry the index i. Depending on the orientation of the 2D
panel within the 3D spacecraft model, the lift contribution of each panel, in the direction u, ; shall

result in a combined aerodynamic lift and side force.
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As an example, we examine the aerodynamic force coefficient for a single plate having an area of 1,0 m2.
We then consider three panel orientations w.r.t. the drag vector (i.e. ,, the angle between the panel

inward normal and the drag vector of 0° 45° and 90°). For this example, we also adopt the following
conditions and examine only the oxygen component:

Aref=1m2, Ty =300K, R =8,314 462 1

vr=7 600 m/s

For these conditions, we obtain the following:

K mol

J

,x=1,T=1000 K, mj=16 u (atomic Oxygen)

Parameter 0, =0° 0, = 45° 0, =90°
Yi 1,0 0,707 106 78 0,0
l; 0,0 0,707 106 78 1,0
Sj 7,454 894 7,454 894 7,454 894
Gj 0,008 996 8 0,008 996 8 0,008 996 8
Pij 9,805e-26 1,146 84e-13 0,134 140 06
Qj 1,008 996 8 1,008 996 8 1,008 996 8
Zij 2,0 1,999 999 1,0
v, 0,073 4715 0,073 4715 0,073 4715
Vine
Cp,ij 2,148 218 46 1,492 049 0,075 680 4
CLij 0 0,077835 82 0,013 9245
The Cp and {1, profiles associated with this test case, as reported by Doornbos (see Reference [39]

shown in th
and (], valud

e Figure 23. Note that the constituent data in the example above matches the Doornb

s for oxygen.

— -{—o Drag 3

Lift

—->—t—> Drag

,are
bs Cp

= 3. — (P — 4R° :' 0
F 6=0 . 0=45 0. 0 =90
g ] B 24
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Figure 23 — Variation of drag and lift coefficients for one-sided panel as function of gas
constituent
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Another viable approach to drag coefficient modelling is to establish a reference Cd = f (altitude) law
comprised of a mean cross sectional area (Cdmean) hypothesis (see Reference [28]). It is based on the
value of the drag coefficient of a plate in tumbling mode.

Higher-fidelity approaches to drag coefficient estimation are also found in literature (see Reference [39]).
Note that more accurate aerodynamic and radiation pressure coefficient estimation techniques do exist
based upon detailed 3D geometry models with an arbitrary number of precisely positioned and shaped
panels. For example, specialized software such as ANGARA (Fritsche et al., 1998) is based on CAD
drawings of the spacecraft. ANGARA is able to calculate both radiation pressure and aerodynamic force
coefficients using the same tools for building the spacecraft geometry. Similar techniques and software
implementations are described in Ziebart (2004) and Ziebart et al. (2005) for radiation pressure effects
and i Fuller and Tolson (Z0UYJfor aerodynamics.

7.3 | Estimating cross-sectional area with tumbling and stabilization modes

Balligtic coefficient can have a large influence on orbit lifetime. Cross-sectional’area is ¢ne of three
key ¢omponents (the others being mass and drag coefficient) which comprise the ballisti¢ coefficient.
In tHis subclause, we examine how average cross-sectional area should-be”estimated if|not already
incorporated into the drag coefficient (as was shown in the previous subelause).

If thq simple panel model described above or a more sophisticated drag coefficient estimatiqn technique
is employed to estimate drag coefficient corresponding to a fixéd reference area, then fthe ballistic
coefflicient shall be based on that estimated drag coefficient)and its corresponding (fixefl) reference
area| Conversely, if a static drag coefficient is adopted, thén any cross-sectional area varjations shall
be sgmpled across all expected attitudes to estimate an average cross-sectional area for irfcorporation
into the ballistic coefficient.

If the¢ attitude of the spacecraft cannot be anticipated (as is typically the case), the user shall compute a
mea} cross-sectional area assuming that the attitude of the spacecraft may vary uniformly (relatively

to the velocity direction), i.e. that all the possible attitudes may be achieved with the samg probability
and dluring the same time. The mean cross-sectional area is obtained by integrating the crdss-sectional
arealacross a uniform distribution of-attitude of the spacecraft (as if an observer would observe a
spacgecraft from any direction and compute the resulting mean observed cross-section).

In the absence of a more detailed.inodel, a composite flat-plate model may be utilized. For pxample, for
a plane sheet of which S is thé area, it can be demonstrated that the “mean surface area” |is S/2 when
averaged over all possible viewing angles; by extension, for a parallelepiped-shaped spacefraft, S1, S2,
S3 being the three surfaces (their opposite sides are to be neglected because when a sidle is visible,
the dpposite one is masked), it can be demonstrated that this “mean surface area” is (S14S2+S3)/2; if
a solpr array of surface S4 is added, the mean surface area is then (S1+S2+S3+S4)/2 (neglecting any
possible maskingbetween the solar array and the spacecraft). This flat plate model has begen shown to
be agcurate to~within 20 % for tracked objects. Since masking effects represent a systemdtic bias that
has the effect.of reducing drag (thereby increasing orbit lifetime), an appropriately conseryative cross-
sectipnal area masking reduction factor shall be introduced to maintain accuracy.

To eliminate the need for such conservatism this plate model approach can he extensivelly refined by
integrating the cross-sectional area of the spacecraft across all anticipated tumbling attitudes (e.g.
using a computer-aided design or CAD program), and then dividing the result by the difference between
the limits of integration. The analyst is then left with a properly weighted average cross-sectional area.

For spacecraft with a large length to diameter ratio, the analyst shall consider whether gravity gradient
stabilization will occur and adjust the cross-sectional area based upon the anticipated stabilized
geometry. Similarly, for spacecraft which has a large aero-torque moment (i.e. the center-of-gravity
and center-of-pressure are suitably far apart and the aerodynamic force is suitably large), the analyst
shall consider whether the spacecraft would experience drag-induced passive attitude stabilization and
adjust the cross-sectional area accordingly.
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7.4 Estimating mass

The mass of the spacecraft shall be assumed to be its total mass at mission completion, where total mass
is comprised of the spacecraft’s dry mass plus the anticipated fuel margin of safety upon completion of
the spacecraft’s deorbit or safing manoeuvres. Note that such fuel margin/mass can be neglected if
venting is planned prior to end of the deorbit phase (e.g. for an upper-stage).
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Annex A
(informative)

Space population distribution

The launch vehicle and its family of deployed objects pass through various orbit regimes during the
ascent phase from launch up to the mission orbit. As can be seen in Figures A.1 through A.4, the collision

risk i

cons

fellations).

RSO Spatial Density (# Obj per km?3)

s especially high in specific orbital regimes (the LEO and GEO belts and at the altitudes

RSO Spatial Density (Ring Shells)
(45 km bins, 1957-2011, All Altitudes, Incl: 0° to 110° All RCS values)
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Figure A.1 — Sample near-earth space spatial density, 2011
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Figure A.2 — Distribution in low-earth orbit
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Figure A.3 — Space population by altitude and eccentricity
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Figure A.4 — Distribution in near-earth space
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Annex B
(informative)

25-year lifetime predictions using random draw approach

If the user of this International Standard wishes to estimate whether a space object has a 25-year
orbit lifetime or not, a set of Method 3 analysis products have been generated and are available in

this Annex.
coupled wit
‘QPROP’). Q
of times-int
coefficients
J2 and J3 aff

etc.). QPROR has been used to analyse orbit lifetime and spacecraft re-entry by, séveral govern

and industr
results (Mef

This Method 3 data were generating utilizing solar/geomagnetic modelling Approach #1,
h a Method 2 orbit lifetime analysis tool (1Earth research semi-analytic orbit propagator
PROP was used to examine the 8 000 000 cases contained in Table B.1, spanning-a vafriety
p-the-solar-cycle, inclinations, perigee altitudes (Hp), apogee altitudes (Ha),]and balllistic
QPROP uses semi-analytic propagation of mean orbit elements coupled with-gravity zpnals
d selected atmosphere models (including NRLMSISE-00, Jacchia-Bowman, Jacchia 1971,
ment
al organizations. Its accuracy has been validated by high-precisiohynfumerical integration

hod 1 type).

Table B.1 — QPROP grid of test cases

Parameter | Lower limit | Upper limit Step size
Time into solar cycle (days) 0 2:964,75 3953/4
In¢lination (deg) 0 90 30
Cpd/m (cm2/kg) 25 500 25
Perigee altitude (km) 100 2000 50
Apogee altitude (km) 250 10 000 50
Nymber of trials 0 3 1
The primary independent variables of the orbit lifetime estimation process are contained in Tabl¢ B.1.
By stepping|through all of these variables'in the ranges and step sizes indicated in Table B.1, and|then

detecting tH
coefficient g
atmosphere
due to its f3
solar and g
variations e

For a spaced
the altitude

ose cases which resulted._in a 25-year orbit lifetime, the dependencies between balllistic
nd orbit initial condition-can be found. While both the NRLMSISE-00 and Jacchia-Bowman
models are implemented in QPROP, the NRLMSISE-00 model was used for these analyses
ster runtime withsimilar long-term propagation accuracy. Random draws of the tripd of
bomagnetic index’parameters (discussed in 5.3) were implemented. In order to capture
khibited by the-tandom draw process, a number of trials were used (four, in this case).

raft having a ballistic coefficient of 200 cm2/kg and starting in a circular, equatorial orpit at

of 25- year estlmated 11fet1me

The dependence of orbit lifetime upon orbit inclination is shown for the same 200 cm2/kg sample case

in Figure B
due to both

.2. In Figure B.2, it is seen that polar orbits experience reduced atmospheric drag, likely

the reduced time spent flying near the solar sub-point in combination with the reduced

atmospheric density at the earth’s poles due to the oblate shape of the earth and atmosphere.
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Orbit Lifetime vs Initial Circ Orbit Altitude
(CdA/m=200 cm*2/kg; Equatorial Orbit)
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Figure B.1 — Sample orbit lifetime (CpA/m = s@cmz/ kg, equatorial orbit) as a function of
initial orbit altitude
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Orbit Lifetime Ratio Between Equatorial & Inclined Orbits
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Figure B.2 — Orbit lifetime dependence upon orbit inclination

[s of these many cases-led to the initial selection of four trials per initial set of
Through extensive simulation, it was found for non-sun-synchronous orbits that
i1ts are not sensitive to the three angular orbit elements (RAAN, argument of perigeg
hly) and therefon€ the three initial values are arbitrarily chosen and assumed for all g

1ly for highfeccentricity orbits; this was discussed in 5.5 and 5.6.

endedthat sun-synchronous orbit cases be studied using a “Method 1” or “2” approach
their orbit lifetimes can be appropriately categorized in graphical and/or functional

time
orbit
orbit
e and
ases.
5 and

until
orm.
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represented-by the

pole-symmetric orbits having complementary orbit inclinations (justifying analysis of only 0° to 90° as
ble B.1).

shown in Ta

The coloured regions shown in Figures B.3 and B.4 denote the categorization of the orbit initial
conditions at the start of the orbit decay with respect to the 25-year post-mission lifetime constraint
specified in ISO 24113. The “green” region denotes orbit initial conditions which will result in an
orbit lifetime shorter than 25 years (in all observed cases). The “yellow” region denotes initial orbit
conditions that could result in an orbit lifetime that is greater than the recommended 25-year limit, in
certain circumstances.

One can observe from Figures B.3 and B.4 that there are a wide variety of initial orbit, timing, solar
and geomagnetic conditions which can combine to produce an orbit lifetime of 25 years. These figures,
while helpful, still leave the user with uncertain knowledge of what the post-mission orbit lifetime will
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