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Foreword

[SO (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.

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the different types
of ISO document should be noted. This document was drafted in accordance with the editorial rules of the
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Introduction

Constraining estimated orbit lifetime of human-made objects is increasingly important as space debris
continues to increase (as documented in Annex A) and as such is one of the central tenets of the global space
debris mitigation strategy. This document is a supporting document to ISO 24113, its derivative spacecraft
disposal standard ISO 23312 and launch vehicle upper stage disposal technical report ISO/TR 20590. The
purpose of this document is to provide a common, consensus-based approach to determining orbit lifetime,
one that is sufficiently precise and easily implemented for the purpose of demonstrating conformity with
ISO 24113. This document offers standardized guidance and analysis methods to estimate orbital lifetime
for all LEO-crossing orbit classes. This document only deals with orbit lifetime issues (orbit decay out of
orbits crossing the LEO protected region); for other important requirements related to how long a space
object will, or will not, cross or occupy a protected region, the user is directed to ISO 24113 and its derivative
SO 23312.
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International Standard ISO 27852:2024(en)

Space systems — Estimation of orbit lifetime

1 Scope

This document describes a process for the long-duration orbit lifetime prediction of orbit lifetime for
spacecraft, launch vehicles, upper stages and associated debris in LEO-crossing orbits after mission phase
(including any mission lifetime extensions).

The docunlent also clarifies:
a) modelling approaches and resources for solar and geomagnetic activity modelling;
b) resourfces for atmosphere model selection;

¢) approdches for spacecraft ballistic coefficient estimation.

2 Normative references

The follow|ng documents are referred to in the text in such a way that'some or all of their content fonstitutes
requirements of this document. For dated references, only the edition cited applies. For undated feferences,
the latest gdition of the referenced document (including any améndments) applies.

[SO 24113,|Space systems — Space debris mitigation requirements

3 Termps, definitions, symbols and abbreviated terms

3.1 Terms and definitions
For the pugposes of this document, the following terms and definitions apply.

SO and [E€ maintain terminology databases for use in standardization at the following addresse|

2]

— ISO Online browsing platfotni:'available at https://www.iso.org/obp

— IEC Elgctropedia: available at https://www.electropedia.org/

3.1.1

disposal
actions pefformed=by a spacecraft (3.1.22) or launch vehicle orbital stage (3.1.9) to permanently reduce
its chance |of acdidental break-up and to achieve its required long-term clearance of the protected regions
(3.1.17)

Note 1 to entry: Actions can include removing stored energy and performing post-mission orbital manoeuvres.

3.1.2

disposal phase

interval between the end of mission (3.1.5) of a spacecraft (3.1.22) or launch vehicle orbital stage (3.1.9) and
its end of life (3.1.4)

3.1.3

Earth orbit

bound or unbound Keplerian orbit (3.1.14) with Earth at a focal point, or Lagrange point orbit which includes
Earth as one of the two main bodies

© IS0 2024 - All rights reserved
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3.1.4
end of life

ISO 27852:2024(en)

instant when a spacecraft (3.1.22) or launch vehicle orbital stage (3.1.9):

a)

b)

c) canno
3.1.5

is permanently turned off, nominally as it completes its disposal phase (3.1.2),

longer be controlled by the operator

end of mission
instant when a spacecraft (3.1.22) or launch vehicle orbital stage (3.1.9):

completes its manoeuvres to perform a controlled re-entry (3.1.18) into the Earth’s atmosphere, or

a)

b) becom

complg

¢) hasits

3.1.6
GEO
Earth orbi
sidereal ro

3.1.7
high area-
having a r3

3.1.8

launch vehicle

DEPRECAT
system des

3.1.9

launch vehicle orbital stage

complete ¢
phase of th

Note 1 to ey
or dispense

3.1.10

LEO-crossiing orbit

orbit (3.1.1

Note 1 to en
spike of spa

3.1.11

es incapable of accomplishing its mission (3.1.12), or

mission (3.1.12) permanently halted through a voluntary decision

F (3.1.3) having zero inclination, zero eccentricity, and an orbital/period equal to
tation period

to-mass
tio of area to mass exceeding 0,1 m2/kg

ED: launcher
igned to transport one or more payloads irito outer space

lement of a launch vehicle (3.1.8).that is designed to deliver a defined thrust during 2
e launch vehicle’s operation and achieve orbit (3.1.14)

s, are considered to be-part of a launch vehicle orbital stage while they are attached.

1) having petige€e within the LEO protected zone, i.e. with perigee altitude of 2 000 km

try: As shown in Figure A.3, orbits having this definition encompass the majority of the high sp
recraft,(8.1.22) and space debris (3.1.20).

btes the tasks or functions for which it has been designed, other than its disposal (3.1:1)

he Earth's

dedicated

try: Non-propulsive elements’of a launch vehicle, such as jettisonable tanks, multiple payload structures

or less

htial density

long-duration orbit lifetime prediction
orbit lifetime (3.1.15) prediction spanning two solar cycles (3.1.19) or more (e.g. 25-year orbit lifetime)

3.1.12
mission

set of tasks or functions to be accomplished by a spacecraft (3.1.22) or launch vehicle orbital stage (3.1.19),

other than

3.1.13

its disposal (3.1.1)

mission phase
phase where the space system fulfils its mission (3.1.12), beginning at the end of the launch phase and ending

when the s

pace system no longer performs its intended mission or purpose

© IS0 2024 - All rights reserved
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3.1.14
orbit
regular recurring path that a space object (3.1.21) takes about its primary attracting body

3.1.15
orbit lifetime
elapsed time between the orbiting spacecraft’s (3.1.22) initial or reference position and its re-entry (3.1.18)

Note 1 to entry: Examples of "initial position" are the injection into orbit (3.1.14) of a spacecraft or launch vehicle
orbital stage (3.1.9), or the instant when space debris (3.1.20) is generated. An example of a "reference position" is the
orbit of a spacecraft or launch vehicle orbital stage at the end of mission (3.1.5).

Note 2 to entry: The orbit’s decay is typically represented by the reduction in perigee and apogee altitudes (or radii)
as shown inEigure 1

Note 3 to entry: Ballistic flight re-entry typically begins at 25 km to 50 km altitude.
H
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) | ' | ' | ' | "
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Key
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3.1.16

post-mission orbit lifetime
duration of the orbit (3.1.14) after completion of the mission phase (3.1.13)

Note 1 to entry: The disposal phase (3.1.2) duration is a component of the post-mission duration.

3.1.17

protected region

region in outer space that is protected with regard to the generation of space debris (3.1.20) to ensure its
safe and sustainable use in the future

© IS0 2024 - All rights reserved
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3.1.18

re-entry
permanent return of a space object (3.1.21) into the Earth’s atmosphere
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Note 1 to entry: Several alternative definitions are available for the delineation of a boundary between the Earth’s
atmosphere and outer space.

3.1.19

solar cycle
x11-year time period which encompasses the 13-month oscillatory variation of solar radio flux, as observed
by monthly sunspot number and highly correlated with the 13-month running mean of measurements taken
at the 10,7 cm wavelength

Note 1 to er

Note 2

overlaid ont

Key
X

F10.7

3.1.20
space

to eptry: For reference, the 25-year post-mission orbit lifetime (3.1.16) constraint specified\in I
o the historical data; it can be seen that multiple solar cycles are encapsulated by this long-tin

F

10.7

ILlocd H 1 | '} | e 4l 1 4 ph RS S S L1040 1 H I La]
Ll_y. ITISLUTICAI TTLUTUS DAL LU ULINIT TATITITOUL TTLUTUTU Uata \_LJ"I’J_} dl' T OIIUWITIIT 1T IE urc 4.
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Figure 2 — Solar cycle (*11-year duration)

debris

DEPRECATED: orbital debris
objects of human origin in Earth orbit (3.1.3) or re-entering the atmosphere, including fragments and
elements thereof, that no longer serve a useful purpose

Note 1 to entry: Spacecraft (3.1.22) in reserve or standby modes awaiting possible reactivation are considered to serve

a useful purpose.

3.1.21
space

object

object of human origin which has reached outer space

© IS0 2024 - All rights reserved
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3.1.22
spacecraft
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system designed to perform a set of tasks or functions in outer space, excluding launch vehicle (3.1.8)

3.2 Symbols

a orbit semi-major axis

A spacecraft cross-sectional area with respect to the relative wind

A, Earth daily geomagnetic index

B ballisticcoefficientofspacecratt=—C—A4-Fm

Cp spacecraft drag coefficient

Cr spacecraft reflectivity coefficient

e orbit eccentricity

Fio7 solar radio flux observed daily at 2 800 MHz (10,7 cm) in solar-flux units (10-22 W m2 Hz1)

Fi10.7 Bar solar radio flux at 2 800 MHz (10,7 cm), averaged over three'solar rotations

H, apogee altitude=a (1 +e) - R,

H, perigee altitude =a (1 -¢e) - R,

m mass of spacecraft

R, equatorial radius of the Earth

3.3 Abbyeviated terms

GEO geosynchronous Earth orbit

GTO geosynchronous trafisfer orbit

LEO low Earth orbit

RAAN orbit right.aseension of the ascending node (angle between vernal equinox and prbit as-
cendingmode, measured counter-clockwise in equatorial plane, looking in the -[Z direction
of the/éhdsen inertial frame)

SRP solar radiation pressure

4 Orbit lifetime estimation

4.1 General requirements

The orbital lifetime of LEO-crossing mission-related objects shall be estimated using the processes specified
in this document. In addition to any user-imposed constraints, the post-mission portion of the resulting orbit
lifetime estimate shall then be constrained to a maximum of 25 years per ISO 24113 using a combination of:

a) initial orbit

selection;

b) spacecraft vehicle design;

¢) spacecraftlaunch and early orbit concepts of operation which minimize LEO-crossing objects;

© IS0 2024 - All rights reserved
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d) spacecraft ballistic parameter modifications at end of life;

f) spacecraft deorbit manoeuvres.

4.2 Definition of orbit lifetime estimation process

The orbit lifetime estimation process is represented generically in Figure 3.

Atmosphere Model

Spacecraft Orbit Initial
Conditions at Epoch

Spacecraft Ballistic
Characteristics,
Attitude Rules

5 Orbitlifetime estimation methods-and applicability

5.1 General

Method 1 or 2: Orbit
Integration and
Propagation Package

Method 3: Graphical
or Tabular Look-UQ
\\

i

Figure 3 — Orbit lifetime’estimation process(®l

Orbit Lifetim
Estimate

There are three basic analysis methods used to perform a long-duration orbit lifetime prediction (

as depicted in Figure 1. Determination of the method used to estimate orbital lifetime for a spe

object shall be based upon.the orbit type and perturbations experienced by the spacecraft a

Table 1.

17

SO 24113),
cific space
5 shown in
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Table 1 — Applicable method with mandated conservative margins of error (in per cent) and
required perturbation modelling

Special orbit: Conservative margin applied to each method:
Orbit apogee altitude (km) Sun sync? |High area-to- |[Method 1: Method 2: Method 3: table |Method 3: graph,
mass? numerical inte- |semi-analytic look-up equation fit

gration

Apogee <2 000 km No No Use ff; nomargin | Use f5; 5 % margin|Use f5; 10 % Use f3; 25 %
required margin margin

Apogee <2 000 km No Yes Use fand SRP; no |Use fand SRP; Use ;10 % N/A
marginrequired |5 % margin margin

Apogee <2 000 km Yes No Use f; no margin |Use fand SRP; N/A N/A
required 5 % margin

Apogee < 2 Oog_lm Vas Yas Ilcar@ and CDD; RO Usa IB and CDD; I\IIIA I\IIIA
marginrequired |5 % margin Ne

Apogee >2 000 km Either Either Use fand SRP and |Use fand SRP N/A Q WA
3Bdy; no margin |and 3Bdy; 5 % (1,
required margin 0.

Key

N/A notapplicgble

B satellite ballilstic coefficient

3Bdy third-body perturbations

SRP solarradidtion pressure

Method 1,
third-body

2 utilizes @ definition of mean orbital elements,[Z] - [8] semi-analytic orbit theory and average

ballistic cd
reasonabld

certainly the highest fidelity model, utilizes a numerical integrator with a detailed gra
effects, solar radiation pressure, and a detailed space¢raft ballistic coefficient mod

efficient to permit the very rapid integration of the“equations of motion, while stil
accuracy. Method 3 is simply a table lookup, graphical analysis or evaluation of ec

vity model,
el. Method
spacecraft
| retaining
uations fit

to pre-conpputed orbit lifetime estimation data obtained ‘via the extensive and repetitive application of

methods 1

5.2 Met]

Method 1
incorporat

effects), thiird-body effects, solar radiation pressure, vehicle attitude rules or aero-torque-driv

torques, a
attack witl
incorporat

a)

b) many

simply

they riin much slowerthan method 2;

or 2, or both.

nod 1: high-precision numerical integration

is the direct numerical integration of all accelerations in Cartesian space, with th¢
e a detailed gravity model (e.g. using a larger spherical harmonics model to address

nd a detailed spacecraft _ballistic coefficient model based on the variation of th
1 respect to the relative-wind. Atmospheric rotation at the Earth’s rotational rate is
pd in this approach~The only negative aspects to such simulations are:

pf the detailed data inputs required to make this method realize its full accuracy pd
unavailable;

)

atmos

any gali)ns inYorbit lifetime prediction accuracy are frequently overwhelmed by inherent inad

heric modelling and associated inaccuracies of long-term solar activity predictions or

b ability to
resonance
bn attitude
b angle-of-
also easily

tential are

curacies of
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 J;
perturbations and drag using an accepted atmosphere model and an averaged ballistic coefficient. In the
case of high apogee orbits (e.g. GTO) or other resonant orbits, Sun and Moon third-body perturbations and
solar radiation pressure effects shall also be modelled.

5.3 Method 2: rapid semi-analytical orbit propagation

Method 2 analysis tools utilize semi-analytic propagation of mean orbit elements [Z] - [8] influenced by
gravity zonals J, and /; 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
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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 J; 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 equation evaluations

In this final method, one uses tables, graphs and equations representing data that was generated by
exhaustively using methods 1 and 2 (see 5.2 and 5.3). Graphs and equations provided in this document, along
with other table lookup, analysis, and fit equations, can help the analyst crudely estimate orbit lifetime for
their case of interest, permitting the analyst to estimate orbit lifetime for their particular case of interest via

1nterpolat10n of method 1 or method 2 grldded data all such method 3 data in this document were generated

using methe
or method
atleastat
and equati

5.5 Orbi

For Sun-sy
density va
orbits with
(6] This ma|
local time
shall be us
the semi-aj

5.6 Orbi

For high-e
due to the
this convel
which achi

Sample an
(orbit, spad

Some theo
and [13].

A test case

2 analySIS products meetmg the requ1rements When using thlS method the analyst S
bn-percent margin of error to account for table look-up interpolation errors. When‘ug
bns, the analyst shall impose a 25 % margin of error.

t lifetime sensitivity to Sun-synchronous orbit conditions

nchronous orbits, orbit lifetime has some sensitivity to the initial value of RAAN
Fiations with the local sun angle. Results from numerous orbit lifetime estimations

ximum difference (500 days) translates into a 5 % error which can be corrected by k
of the orbit. As a result, method 1 or 2 analyses of thesactial Sun-synchronous orbi
bd when estimating the lifetime of Sun-synchronous orhits, with a 5 % error margin r
halytic approach.

t lifetime statistical approach for high-eccentricity orbits (e.g. GTO)

centricity orbits (particularly GTO), it can\be difficult to iterate to lifetime threshold

gence difficulty, only method 1 or 2.analyses shall be used when determining initial
eve a specified lifetime threshold forsuch orbits.

hlyses of GTO launcher stages [L11-112] highlight this orbit lifetime sensitivity to initial
ecraft characteristic and ferce model), leading to a wide spectrum of orbital lifetimes,

etical considerations.abott the dynamical properties of GTO orbits are provided in Refé

illustrates theccomplex dynamical properties of GTO. Initial parameters are provided

coupling in eccentricity between the third-body perturbations and the drag decay.[?}

m method 1

hall impose
ing graphs

due to the
show that

6:00 am local time have longer lifetime than orbits with 12:00ynoon local time by about 5,5 %.

howing the
t condition
bquired for

ronstraints
[10] Due to
conditions

conditions

rences [11]

n Table 2.

Table 2 — GTO Initial Conditions for the Monte Carlo simulation

Perigee altitude 200 km
Apogee altiI':ude GEO altitude
Inclination 2°

Area to mass ratio 5e-3 m2/kg

Solar activity Constant (Fy, ;=140 sfu A,=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
chosen by varying the right ascension of ascending node from 0 to 2m. A total of 2 500 different initial
conditions were generated.
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Figure 4 — Orbit lifetime as a function\@ initial day of year and local time of perig
O

5 of the lifetime contours confi@}that initial day of year and local time of perigee
that make sense to describe.GTO evolution since strong patterns are visible. The am
priations are worth noti @om several months to more than 50 years. Previous 1
[10] and [12]) are illust din Figure 4: the longest lifetimes are obtained for initial Sy
time) or anti Sun-pojnting (24 h local time) perigee with an initial date around the so
xels drawn in da e areas, as seen for initial day 60 and local time 7 h, are an in
Ce of strong resoﬁéice phenomena. The year is also known to have an influence, to a les
Moon'’s per ative effects.

bcal time of perigee passage, hours UTC

The shape
conditions
lifetimes v
Referenced
(12 h local
dark red p
the presen
through th

Figure 5 ghows s %ﬁajor axis evolution for several propagations of a typical low-inclined
different ctirves spond to changes of 0,1 % or 1 % in the area to mass ratio of the object (4/n
far below t elq?l‘ofincertitude on this parameter. These dispersions lead to variations of decade

are initial
plitudes of
esults (see
n-pointing
stices. The
dication of
ser extent,

GTO. The
), which is
sinthere-
bs. One can

entry duration. Such a strong non-linear behaviour is explained by the aforementioned resonanc
see that se iz . . N : .

ance in the

coupling between J, 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.
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Figure 5 — SMA evolution sensitivity to slight A/m variations (from 0,1 % to 2 %)

These examples show that resonance phenomena have substantial impacts on orbital elements evglution that
can neithef be predicted nor managed.\Cumulated uncertainties on drag force between the exfrapolation
start (missjion disposal manoeuvre for)example) and the instant when the resonance occurs makg the entry
condition ip this resonance prone to’strong variations. As a consequence, trying to estimate lifetime of GTOs
using only|one extrapolation can/lead to erroneous conclusion since tiny changes in the initial conditions,
spacecraft|characteristics pinferce models end in very different lifetime results. Exceptions to that would
be objects pn a GTO whose\semi major axis has already decreased enough to avoid resonances of to be very
close to them. Howevet/since resonance conditions change with regards to the possible resonpnt angles,

one can se¢
statistical

As a conse
objectis s

results.are’adequate to estimate the strong variations of GTO lifetimes.

huence, one should not say “this object’s lifetime is Y years” in GTO but rather “the lifet

e that performing several propagation cases is advised to get robust results. As a conclusion, only

ime of this

orter than Yyears with a probability p”, coming from a cumulative distribution functi

pn.

Key param

— initial

eter uncertainties shall be taken into account in the lifetime estimation:

conditions (date, orbit parameters);

— ballistic coefficient and drag coefficient;

— solara

ctivity.

A Monte Carlo simulation test case [14] yields results that illustrate the variability in lifetime estimates.
Initial parameters for this test case are described in Table 3. A total of 2 500 different initial conditions were

generated.
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Table 3 — Hypothesis conditions for the Monte Carlo simulation

Parameter Nominal value Dispersions

Perigee altitude 180 km Small dispersions: 1 sigma standard
deviation about 1 km, correlated to
other orbit parameters

Apogee altitude GEO altitude Small dispersions: 1 sigma standard
deviation about 50 km, correlated to
other orbit parameters

Inclination 6° Small dispersions: 1 sigma standard
deviation about 0,01°, correlated to
other orbit parameters

Area to mpssTatio 53 1117 & Hrformmdistributiomr =20 % with
/Bg
respect to nominabyalue

Drag coefficient Function of geodetic altitude None
Reflectivity coeffi- Constant =1,5 None
cient
Solar agtivity Randomly chosen using data from the past None
Date Uniform distribution between day 1 and day 365, for ~ The dispersion of the yearfaddresses
years between 2015 and 2033 Moon perturbatiops.
Local time pf perigee Gaussian distribution with a mean value of 22 h Standard deviation of 50 npin for time

of perigee passage

Figure 6 ad Figure 7 provide a statistical histogram and cumulative distribution function of orpit lifetime
for this tesf case.

N|

2 50(

2 00(

1 50(

1 00(

50(

“‘lllllllllllllllll-
0
9 15 22

32 45 59 L
Key

L lifetime, expressed in years

N  number of occurrences in this lifetime bin

Figure 6 — Histogram of orbital lifetimes
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Figure 7 — Cumulative distribution function of orbital lifetimes

on of statistical convergence ¢an be addressed by computing a confidence inter

yal for the
rection for

)

e8]

(2)

Monte Carlo results, associated to a confidence level. The so-called “interval of Wilson with con
continuityf [12] has been well-adapted<for this purpose.
In this appfoach, the upper p; and lewer p, limits of this interval are given by Formulae (1) and (2
2 2
b = 20f +ug —1—ua/2\/ua/2 -2-1/n+4f(n(1-f)+1)
1= 2
2 (n Uy 2 )
2f +Ug oS F 14Uy, \/ua/zz +2-1/n+4f(n(1-f)-1)
P2 = 2
2 (n + ua/z )
Where
n number of single runs (orbit propagations);
f observed probability = number of lifetimes estimated to be lower than a cer-

Uyyp = &1 (1-0/2)

tain value, divided by n;

mal distribution function.

(= 1,96 for example for a confidence interval of 95 %). @ is the cumulative nor-

As shown in Figure 8 and Figure 9, after N Monte Carlo runs one can compare the limit (upper or lower) of
the confidence interval with the targeted probability for the lifetime to be lower than a certain value.
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Figure § — Example of evolution of.the observed probability (lifetimes lower than 25 years) and

95 9% confidence interval
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Figure 9 — Example of cumulative distribution function of orbital lifetimes with a 95 % c¢nfidence
interval (500 runs)
6 Atmospheric densitymodelling

6.1 General

The three biggestifactors in orbit lifetime estimation are:

a) the selpction of an appropriate atmosphere model to incorporate into the orbit acceleration fqrmulation;

b) the selection of appropriate atmosphere model inputs;
c¢) determination of a space object’s ballistic coefficient.

Each of these three aspects is examined.

6.2 Atmospheric drag models

There are a wide variety of atmosphere models available to the orbit analyst. The background, technical
basis, utility, and functionality of these atmosphere models are described in detail in References [16] to [25].
This document does not presume to dictate which atmosphere model the analyst shall use. However, it is
worth noting that in general, the heritage, expertise and especially the observational data that went into
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creating each atmosphere model play a key role in that model’s ability to predict atmospheric density, which
is in turn a key factor in estimating orbit lifetime. Many of the early atmosphere models are of low fidelity
and were originally created based on only one, or perhaps even just a part of one, solar cycle’s worth of data.

The advantage of some of these early models is that they typically run much faster than the latest high-
fidelity models (Table 4), without a significant loss of accuracy. However, the use of atmosphere models that
were designed to fit a select altitude range (e.g. the “exponential” atmosphere model, “static” models, or
models that do not accommodate solar activity variations) should be avoided in cases where they might miss
too much of the atmospheric density variational complexity to be sufficiently accurate.

There are some early models (e.g. Jacchia 1971 of Table 4) which accommodate solar activity variations and
also run very fast; these models can work well for long-duration orbit lifetime studies where numerous
cases are to be examined. Conversely, use of the more recent atmosphere models are encouraged because
they have [substantially more atmospheric drag data incorporated as the foundation of their junderlying
assumptions. A crude comparison of a sampling of atmosphere models for a single test caseg’is shown in
Figure 10 jand Figure 11, illustrating the range of temperatures and densities exhibited\by the various
models. ISP 14222 provides guidance on a variety of suitable atmosphere models andjassociatled indices.
Although this document does not presume to direct which atmosphere model the arfalyst shoyld use, the
lengthy prediction timespan associated with this document makes several of the dtmosphere m¢dels listed
in ISO 14242 suitable for estimation of orbital lifetimes spanning 25 years or more, t6 include, butnot limited
to, the NRLMSISE-00,[20] NRL MSIS Version 2,[27] JB2006,[21] JB2008,[22] GRAM-07,[23] DTM-20p0 [24] and
GOST [232] models.

Table 4 — Comparison of normalized density evaluation runtimes

Atimosphere model 0<Alt<5000Kkm 0<Alt<1000km
Exponential 1,00 1,00
Standprd Atmosphere 1962 1,43 1,51
Standprd Atmosphere 1976 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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Figure 11.>—Comparison of a small sampling of atmosphere models

6.3 Long-duratien’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 apnd’geomagnetic indices required by such models. Compatible input indices are need¢d for each
model; suWMmMMwMMM&y different

atmosphere models (e.g. centrally averaged vs. backward averaged F; 7 g,,.)-

Key issues associated with any prediction of solar and geomagnetic index modelling approach are as follows.

a) Fjy7 gar Predictions should reflect the estimated mean solar cycle as accurately as possible. One such
prediction is shown in Figure 12.

b) Large daily F;;; and A, 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 (Figure 13).
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d) Fj7 cycle timing/phase are always imprecise and should be accounted for; the resultant time bias that
such a prediction error would introduce can yield large F; ; prediction errors of 100 % or more.

e) The long-time duration orbit lifetime constraint specified in ISO 24113 (i.e. 25 years) would require
that the solar/geomagnetic modelling approach provide at least that many years (i.e. 25) of predictive
capability.

f) Predicted F; values should be adjusted to correct for Earth-Sun distance variations.

g) Some atmosphere models (e.g. JB2006 and JB2008), due to the newly invented indices adopted thereby,
preclude the use of historical indices for long-term orbit lifetime studies, while currently also precluding
use of any predictive forecasting model(s) for those indices until such time as those become publicly
available.

Accounting for these constraints, the user shall adopt one of the four acceptable approaches.

— Space Weather approach #1: Utilize Monte Carlo sampling of historical data [28].[29] mapped td a common
solar cjycle period.

— Space weather approach #2: Utilize a predicted Fy, ; g, solar activity prediction profile generated by a
model such asis detailed in Figure 12,[24] coupled with a stochastic or similapgeneration of cortesponding
Fip7 apd A values (e.g. see Reference [30]).

— Space weather approach #3: Utilize a “mean equivalent static” set @fysolar and geomagnetic activity.
While puch an approach produces equivalent solar and geomagneticindices that are suitable for efficient
and equivalent orbit lifetime estimation, such static values are/only valid for the cycles fit, the selected
orbit grediction span (i.e. 25 years) with an associated probability level and the adopted atmosphere
model| New sets of mean equivalent static indices would likely need to be generated for any|changes in
these flunctional dependencies.

— Space [weather approach #4: Utilize the recommended solar forcing dataset for the Coupled Model
Intercomparison Project 6 through which the atmospheric modelling community assesses futfire climate
changg.

Since apprpach #2 is a well-known and common approach, the focus of this clause is on the Monte Carlo

“random draw” approach (ISO 24113) (approach #1), the “mean equivalent static” approachl[1531-35]

(approach §#3), and the solar forcing dataset for the Coupled Model Intercomparison Project 6 (approach #4).

6.4 Method 1: Monte Carlo random draw of solar flux and geomagnetic indices

More than fix solar cycles of observed solar and geomagnetic data exist to choose from (Figure 2).|Processing

of this datq maps each coupledand correlated triad of datum (F; 7 F1g 7 g and A, into a single(solar cycle

range of 10,825 46 years{3)954 days), with the ‘averaged’ solar minimum referenced to 25 Februpry 2007.

By mappinjg this historical data into a single solar cycle (Figure 14, Figure 15, and Figure 16), the user can

then sample coupled’triads of (Fyg7 Fyg7 gap and 4,) data corresponding to the orbit lifetime [simulation

day within the mapped single solar cycle as discussed in Annex B. This solar/geomagnetic datla can then
be updated at, a user-selectable frequency (e g once per orb1t or day) thereby 51mu1at1ng the drag effect
resulting firets e—data. Since

daily data has been accumulated since February 14, 1947 on any given day w1th1r1 the 3 954- day solar cycle
at least five data triads exist to choose from. To preserve any statistical interdependencies (particularly
between F;, ;and Fy 7 g,), itis important that the random draw retain the integrity of each data triad, since
F197 F10.7 Bar and A, are interrelated.

In the Monte Carlo approach for modelling solar and geomagnetic data, coupled triads of (Fy 7 F1o7 gap and
A.) 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 (Fy 7, F19 7 gap
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 can be beneficial
to restart method 1 integration at each parameter set change; for semi-analytic (e.g. with orbital revolution
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time steps via Gaussian quadrature), a new parameter set can be drawn at an orbit revolution time step;
thus, no numerical difficulties will be introduced.

If known, the starting epoch of the simulation shall be selected to match the anticipated actual end-of-
mission epoch. Alternately, starting epochs may be sampled throughout the entire aggregate solar cycle and
to ensure that the median (50th-percentile) value meets the specified orbit lifetime criteria of ISO 24113.
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Figure 12 — Solar flux estimated upper, lower and representative trends
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Figure 17 — Log(density) variation as a function of altitude and 4, value
6.5 Method 2: predicted F, - g,sS0lar activity prediction profile
The second approach for simulationof solar flux and geomagnetic indices is the use of long-term predictions

as is discug

6.6 Met]

A third me
flux and ge
and incorf

sed in 6.4 and shown.in Figure 12.

hod 3: equivalent constant solar flux and geomagnetic indices

thod for simulation of solar flux and geomagnetic indices is the use of “equivalent con
omagnetic indices”. In this method, the user generates (or obtains from a qualified t
orates~precomputed constant equivalent values of solar flux and geomagnetic ag

the orbit li
measured

etime estimation process which will yield the same orbital lifetime as would the us

stant solar
hird party)
tivity into
e of actual

es not well

known and is a sensitive parameter of orbit lifetime estimation (about *+4 years for a typical LEO orbit),
the starting epoch can be included in the Monte Carlo as a random parameter (the initial day is a random
realization within the first solar cycle). This pre-computation of equivalent constant indices avoids the use

of random

draws each orbit and repeated Monte Carlos for the actual orbit of interest.

The equivalent constant indices shall be carefully tuned for any atmosphere model and orbit inclination
of interest by the analyst. Use of tuned indices shall be verified to match historical solar and geomagnetic
influences on orbit decay over a long-duration (i.e. 25-year) timespan and for the 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 18).
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constant solar flux and geomagnetic actiyity indices are obtained via the following st¢

the initial orbit and a ballistic coefficient.

p representative geomagnetic A index (e.g. 15).
As there are two uncertain parameters (solar flux and geomagnetic index) with no evident

n them, this method is facedwith two degrees of freedom versus only one output (estimated or

thod circumvents this by)adopting a representative geomagnetic A, index value which is avera
hn of interest (e.g. 25-years) or more.

the random draw Monte Carlo approach previously outlined (method #1), generate
solar activities (including random draws of starting date which encompass all poss
ncludingTaunch slips).

te orbit lifetime using the solar activity profiles, where n is appropriately sized us

pS.

correlation
bit lifetime).
bed over the

n possible
ible launch

ng Dagum

off—"Hoeffding) bounding methods.

As shown in Figure 19 and adopting z % to be 50 % (the median value), determine O, (the median orbit

lifetim

e of the trials).
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Figure 19 — Lifetime cumulative distribution function

f) Iteratd on either initial orbit semi-major axis or perigee altitude until an?0s o, of 25 years is found. At
every $tep estimate n orbit lifetimes using new (randomly-drawn) soldx activity profiles. The orbit that
has an|0Os, ¢, of 25 years is called the end-of-life limiting orbit.

g) Using the solved-for end-of-life limiting orbit, determine by itetation the constant equivalenlt solar flux
index (Fyg 7 50 ¢, as shown in Figure 20) which also yields an ogbit lifetime of 25 years.

Y

X
Key
X  constant Fy
Y lifetimg
a Lifetimje constraints
b F 10.7_z %

Figure 20 — F, ; ,o, value computation

h) Determine the viability region of the solved-for F, ; ,o, value as a function of:
1) (initial orbit inclination;
2) orbit eccentricity;
3) ballistic coefficient of the space object;

4) local time of the ascending node;
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5) atmosphere model.

i) Itis the task of the analyst to ensure that the equivalent constant solar activity values or expressions
derived through these steps are applicable to the end-of-mission orbits to be analysed.

j)  Parametric runs can be used to yield functional relationships for constant equivalent solar flux as a
function of ballistic coefficient, orbit altitude(s), inclination, etc. One such expression for constant
equivalent (“mean equivalent static”) solar activity has defined as follows [33]:

A, =15 3)
Fj97=201+3,25In(B)-7In(Z,) 4)
B is the ballistic coefficient, which equals Cp «4 / m (m?/kg);

Z, is the apogee radius (mean parameter) minus Earth radius (6 378 km), Z, < 2 200 km.

For extrapglation using a variable drag coefficient vs altitude, a constant value 6f €, shall be used fo compute
the constapt equivalent solar activity. A C, value of 2,2 has been chosen, but-the analyst is encpuraged to
select a mdre appropriate value if warranted.

Figure 21 gshows a plot of F, ; values using the parametric Formula {4) for several ballistic coeffficients and
apogee altitudes.
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Figure 21 — Constant equivalent flux values (drag coefficient of 2,2 assumed)
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[f done correctly, the Monte Carlo approach #1 (random draws of initial date and solar activity) and approach
#3 (equivalent constant solar flux index) should yield the same orbit lifetime.

Figure 22 depicts a typical LEO cumulative distribution function of lifetimes considering random initial
date and solar activity (Monte Carlo). The perigee has been tuned to obtain p = 0,5 for 25 years. The same
25 years lifetime is obtained with one run considering the constant equivalent solar activity.
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Figure 22|— Typical LEO cumulative distribution function considering random initial date and solar
activity

6.7 Method 4: reference solar forcing scenario

A fourth method fer simulation of solar flux and geomagnetic indices is the use of the recommegnded solar
forcing datlaset forthe Coupled Model Intercomparison Project 6 through which the atmospheri¢ modelling
community assesses future climate change. This dataset[3¢] provides the Fy,; A, and K, indicgs until the
year 2300 [(more detailed information on solar radiative and particle forcings is also supplied but is not
needed for the relatively simple atmospheric models that are typically used for orbit lifetime estimation).
The full dataset is availablel3Zl,

7 Atmospheric density implications of thermospheric global cooling

Recent indications of global cooling in the thermosphere can affect orbit lifetime estimations. The
thermosphere is defined to occur roughly between 80 km and 500 km altitude, which is a key part of the
LEO regime for which this document is applicable. Both spacecraft measurements and theoretical models
indicate that the thermosphere is cooling off[251[381.[39].[40] causing density to lower. The entire middle
and upper atmosphere conditions have experienced cooling and contraction, resulting in a decline in
thermosphere density at fixed heights. It is estimated that because of this effect, atmospheric density has
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decreased by between 1,7 % and 2 % [321.140] per decade. This decrease yields a corresponding increase in
orbit lifetime of between 4 % and 7 %lél.

Such thermospheric density decreases are estimated to only increase with time. With CO, concentrations
likely to increase more rapidly in the future, the reduction in thermosphere density is also expected to speed
up. Reference [41] noted that under a moderate CO, forcing scenario, the future thermosphere density trend
(2015-2070) is expected to approximately double compared to the historical period.

Scaling coefficients that can be used in conjunction with empirical models such as NRLMSIS 2.0 to take into
account the effect of future reductions in thermosphere density associated with CO,-induced cooling and
contraction are provided in Reference [42]. They also estimated the impact of future density reductions for
several example objects. They concluded that by 2030, a 27 % to 30 % reduction in thermosphere density
at 400 km altitude compared to the year 2000 is likely, which would also increase orbital lifetimes by about
30 %.

8 Estimating ballistic coefficient (f)

8.1 General

The first dtep in planning a LEO-crossing space object disposal is to estimate the ballistic foefficient.
Accurate ¢stimation 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 durdtion of the
prediction] but this is not always the case. Cross-sectional area and-dtag coefficient estimations are now
examined [separately. Spacecraft mass shall be varied according to best-available knowledge but can
typically be assumed to be constant from end of life until orbit decay.

8.2 Estimating aerodynamic force and solar radiation pressure coefficients

8.2.1 Gejneral

Drag, along with solar radiation pressure and third-body effects as discussed in Annex C, can inflpence orbit
lifetime.

A reasonable value of the dimensionless.drag coefficient, Cp, is 2,2 for a typical spacecraft. HQwever, the
drag coefficient, C,, depends on the shdpe of the spacecraft and the way air molecules collide yith it. For
certain gedpmetric configurations such ‘as spheres, cylinders and cones, the value of axial drag foefficient,
Cp, can bg evaluated more precisély than previously noted provided something is known|about the
flow regime and reference area./The analyst shall consider Cj, variations based on spacecraft{shape and
anticipated uncontrolled attitudinal stability. The drag coefficient can become considerably highler than 2,2
for elongated spacecraft shapes; for those shapes, a more accurate result can be obtained by using the “panel
model” deqcribed in 8.2.2.

Cp is known to vary/as a function of attitude (for asymmetric objects) and orbit altitude. Byt for long-
duration orbit lifetime estimations, these effects can potentially be ignored or averaged out singe the orbit
lifetime pefcent error can be quite small due to averaging effects over very long-duration (e.g. 25|year) orbit

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

If the spacecraft shape is not overly complex, aerodynamic force and SRP coefficients can be estimated using
a spacecraft panel model.[43].[44].[45] A panel model consists in its simplest form of aset of i =1, ..., N panels,

each panel described only by its area A; and its outward normal unit vector n; that defines its orientation in
a spacecraft body-fixed frame with respect to the relative wind as shown in Figure 23.

These models do not provide information on the shape and relative position of each panel. Obscuration of one
panel by another is not incorporated into this simple panel model. Finer detail of the spacecraft surface, such
as protruding antennae, star camera baffles, are either neglected or can be handled by slightly adjusting the
parameters of the larger flat surfaces.
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For such panel models, the radiation pressure force coefficient vector for the entire spacecraft can be
computed by simply summing the panel contributions, as follows:

€= Cr (5)

Ur—e\ql/‘ia

a Drag.
b Lift.

Figure 23 — Lift and drag directions with respect to the relative wind direction forflat plate model

For calculating the aerodynamic force coefficient using such a panel model, a double sunimation ignecessary,
both over the spacecraft panels i, and over the atmospheric constituents j. In addition, the contijibutions of
drag and lift were computed separately, and now need to be summed as well.

—= al p]
Ca:zaiz]' o

P (CD,I,] D +CL,1,jﬁL,i) (6)

p . : . . L
where (—]J represents the relative mass concentrations of the.different particles species (j = 0j, N,, O, He,
p

H,...) having different molecular masses m;. The drag direction Uy, is determined from the relatjve velocity

vector v, gs:

V.
liy = - (7)
vl

The unit v¢ctor for the lift and side force diréction, g ;, is perpendicular to u;, and in the plane §panned by

n; (normalfto panel i) and uj.

U, XN, )Xu
uLJ —_ 1 (AD AI ) AD (8)
Il (tgy X A, ) Xty M
Drag and lift coefficientS.can be determined from:

/\

Cp = Ea Uy and € = |C -C uD| with lift being in the unit direction of ——— |_ | (lift can bg zero, such
Cpl,
that the prpgtammer shall guard against division by zero in this last formula).

As necessary inputs to Formulae (5) to (8), each panel’s drag coefficient and combined lift and side force
coefficient are determined from:

Yi Vre Ai
ey (Yi‘/;Zi,j‘*‘Pi,j) N 9

inc ref

F’i .
']
Coij=| -t Yi0i%
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A
CLij= [LG]Z,]+- —re @q\ﬁ?ztj+11J)}——L- (10)
inc ref

where

7 = cos(6;) = —d - A, (11)

. =t -n (12)

14
S. = r 13
J [ o \ (13)
D — T
0,001 m; (u)
|
G; :2_3 (14)
1J
_ 1 —'inSZ
Fj=1 (15)
1
Q; =11G; (16)
4RT

Yre _|I1) 14 W g (18)

Vinc 2 0,001 m; (Ll)vr
A, is the reference area of the spacecraft in square meters and should be a positive constant|during the
whole confputation of drag on a panel models/An averaged spacecraft cross-sectional area is|{commonly
adopted fof Apef-
Also, < is the accommodation coefficient, Tyy is the wall temperature in K, R is the universal gas fonstant in

J , andl v, is the relative velocity\in m/s.

K mol
The unit vector in the drag diréction depends only on the relative velocity and is independent df the panel
orientatior, and therefore does not carry the index i. Depending on the orientation of the 2D pgnel within
the 3D sparecraft modelg{the lift contribution of each panel, in the direction u ; shall result in 3 combined
aerodynanpic lift and §ide force.
As an example, the*aerodynamic force coefficient for a single plate having an area of 1,0 m? is|examined.
Next, threg¢ panel angles of incidence with reference to the drag vector (1 e. 01 , the angle betwee h the panel
inward no example, the

conditions and accompanymg configurations shown in Table 5 are examlned for only the oxygen component:

A

ref —

1,

Ty =300, R=8,3144621, =1, T=1000, m;=16u (atomic;xygen)

v, =7600
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The Cp, ang
The consti

Parameter 6, =0° 6; =45° 6, =90°
Y 1,0 0,707 106 78 0,0
l; 0,0 0,707 106 78 1,0
S; 7,454 894 7,454 894 7,454 894
G; 0,008 996 8 0,008 996 8 0,008996 8
B ; 9,805e-26 1,146 84e-13 0,134 140 06
Q; 1,008 996 8 1,008 996 8 1,008 996 8
Z 20 1999999 10
Vre 0,073 4715 0,073 4715 0,0734715
Vinc
Cpij 2,148 218 46 1,492 049 0,075 680 4
Crij 0 0,077 835 82 0,013924 5

C,, profiles associated with this test case, as reported by Doornbes,3] are shown in| Figure 24.
uent data in the example contained in Table 5 match the Doornbos'C, and C; values fo

I OxXygen.

Y |- e ‘|—’ a 3 .-.-}i?. a
34 =0 2 6 = 45°
_ : )
24
_ | K\
14 4 \O
I
; N
0 T T T T T O TT T T T T 1
o [© 10 [] 20 " [30 %0 10 20 30
H He NO N, H He NO N,
X
Key
X  mass of gas particles (u)
Y  drag arld lift coefficient
a Drag.
b Lift.
Figure 24 —<WVariation of drag and lift coefficients for one-sided panel as function of gas cqnstituent

Another viable approach to drag coefficient modelling is to establish a reference C = f (altitude) law
comprised of a mean cross-sectional area (Cp,,e,,) hypothesis.2] 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.[#4] 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 [4¢] is based on CAD drawings of the space object. 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 References [47],
[48], [49] for radiation pressure effects and in Reference [45] for aerodynamics.
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8.2.3 Hypersonic rarefied gas flow adjustments via the Knudsen number and other considerations

When an object (even a simple flat plate) passes through rarefied gases and the body temperature is low,
the thermal speed at which the impacting molecules are re-emitted from the surface can be low compared
to the flat plate speed. This results in an accumulation of molecules on the upwind side of the flat plate
which in turn interacts with the incident-free flow of molecules and affects the orbit lifetime calculation by
altering the kinetic energies of impacting molecules. The magnitude of this effect can be characterized by
the Knudsen number, which is the ratio between the molecular mean free path and plate thickness.

While it is often thought that this free molecular flow approximation is sufficient, this is not always true
due to thermal accommodation of molecules at satellite wall. The Knudsen number can be very large at high
altitude since the free flow mean free path of molecules large, yet it does not always fairly represent what
occurs near to the surface. This is especially true for slowly-reflected molecules due to low plate temperature
and for non-convex space object shapes (imagine two flat plates joined at an obtuse angle, wherg molecules
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be introduced to maintain accuracy.

To eliminate the need for such conservatism, this plate model approach can be extensively 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 space objects 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 space objects which have a large aero-torque moment (i.e., the centre-of-gravity and centre-
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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8.4 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. 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 Figure A.1 through Figure A.4, the collision
risk is especially high in specific orbital regimes (the LEO and GEO belts and at the altitudes of deployed
constellatipns)

Key
X  objects|per million km3
1 jan 2045
2 mar 2007
3  jan 20(Q9
4 apr 2009
5 2010
6 2017
7 2021
a2  Chines¢ ASAT test.

Russianm ASAT test.

¢ Iridiun}/Cosmos eollision.

o

d  New Space Large.Constellations.

Figure A.1 — Evolution of near-earth space spatial density, 2005 - 2021
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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 document 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. This method 3 data
were generating utlhzlng solar/geomagnetlc modelhng approach #1, coupled with a method 2 orbit lifetime

analysis too

hses contamed in Table B.1 spannlng a varlety of tlmes 1nto the- solar cycle 1nc11nat1

gexamine the

8 million c ns, perigee
altitudes ({H,), apogee altitudes (H,), and ballistic coefficients. QPROP uses semi-analyti¢ propagation
of mean orbit elements coupled with gravity zonals J, and /; and selected atmosphere.medels| (including
NRLMSISE}OO, Jacchia-Bowman, Jacchia 1971, etc). QPROP has been used to analyselorbit lifetime and
spacecraft|re-entry by several Government and industrial organizations. Its accura¢yhas been vplidated by
high-precigion numerical integration results (method 1 type).

Table B.1 — QPROP grid of test cases
Parameter Lower limit Upper limit Step size
Time into splar cycle (days) 0 2 964,75 3953/4
Inclination|(°) 0 90 30
B (cm?2/kg) 25 500 25.
Perigee altitude (km) 100 2.000 50
Apogee altitude (km) 250. 10 000 50
Number of frials 0 3 1
The primaty independent variables of the orbit lifetime estimation process are contained in Tdble B.1. By

stepping th
those case
orbit initia

rough all of these variables in the:ranges and step sizes indicated in the table, and the

| condition can be found. While both the NRLMSISE-00 and Jacchia-Bowman atmosph|

are implemiented in QPROP, the NRLMSISE-00 model was used for these analyses due to its fast

with simil

parameterp

number of

For a spac
the altitud
‘maximum

ir long-term propagatign,accuracy. Random draws of the triad of solar and geomag
(see 5.3) were imptemented. To capture variations exhibited by the random drawj
trials were used (féur; in this case).

pcraft having & ballistic coefficient of 200 cm2/kg and starting in a circular, equator
e shown, Figure B.1 depicts the resultant ranges of anticipated orbit lifetime. The ‘min
incorporates the entire range of orbit decay start times with respect to the solar cyclg

The right-hand side of the plot shows how variable the results can get in the neighbourhood

estimated

ifetime.

h detecting
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Figure B.1 and Figure B.2, where it is seen that polar orbits experience reduced atmospheric drag, likely due
to both 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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