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Introduction

This International Standard prescribes requirements for planning and executing manoeuvres and operations to dispose of, at the end of its mission, a space system in or crossing Low Earth Orbit.  Included are requirements related to when the disposal action must be initiated and executing the disposal action successfully.

Space systems — Disposal of satellites operating in or crossing Low Earth Orbit
1 Scope

This standard focuses on disposal of satellites operating in, or crossing, Low Earth Orbit.  Disposal of launch vehicle segments operating in, or crossing, Low Earth Orbit is dealt with in a separate, dedicated standard.

End-of-mission disposal of an Earth-orbiting satellite broadly means removing the satellite from its operational orbit to a region of space where it is less likely to interfere or collide with other operational satellites or with orbital debris.

For satellites in or crossing LEO (Low Earth Orbit) there are six options (as stated in ISO24113) that might be used to ensure compliance with all orbital debris limitation requirements:

a) retrieving it and performing a controlled re-entry to recover it safely on the Earth

b) manoeuvring it in a controlled manner into a targeted re-entry with a well-defined impact footprint on the
 surface of the Earth to limit the possibility of human casualty

c) manoeuvring it in a controlled manner to an orbit that has a decay lifetime short enough to meet all orbital debris limitation requirements                                                                                                                          

d) augmenting its orbital decay by deploying a device so that the remaining orbital lifetime is short enough to meet all orbital debris limitation requirements 
e) allowing its orbit to decay naturally, given that all orbital debris limitation requirements will be met without the need for a disposal manoeuvre or other action

f) manoeuvring the satellite to an orbit outside of the protected region

This International Standard specifies requirements for:

a) planning for disposal of satellites operating in LEO to ensure that final disposal is sufficiently characterised and that adequate propellant will be reserved for any propulsive manoeuvre required,

b) selecting a disposal orbit where the satellite will re-enter the Earth’s atmosphere within the next 25-years, or where the satellite will not re-enter the protected region within the next 100-years, and

c) estimating, prior to launch, a 90% or
 better probability of successfully executing the disposal manoeuvre .

Techniques for planning and executing space hardware disposal are provided that reflect current internationally accepted guidelines and consider current operational procedures and best practices.

2 Terms and definitions

For the purposes of this document, the following terms and definitions apply.

2.1

acquiring agency

organisation that is planning and managing the development and acquisition contracts for the space system 

NOTE
The responsibilities of the acquiring agency include the engineering and technical aspects of the system’s operation. The acquiring agency also provides particular equipment if necessary.
2.2

decay phase

the period that begins at the end of life of a space system, when it has been placed into its disposal orbit, and ends when the space system has performed a re-entry.  Only applies for space systems performing re-entry.

2.3

disposal manoeuvre

the action of moving a spacecraft to its disposal orbit 

2.4

disposal action

the action of manoeuvring the space system into a disposal orbit, or deploying any decay augmentation device

2.5

disposal orbit

the orbit in which the satellite resides following completion of all disposal actions 

2.6

end of life

the point at which a space system is permanently t
urned off (nominally after the space system has begun its decay phase or has been placed in a graveyard orbit) or when control of the satellite from the ground is no longer possible

NOTE: In some cases, a space system may remain operational for testing or other purposes after being moved to a disposal orbit.  

2.7

end of mission

completion of the scheduled mission of the space system, or mission stop due to an on-orbit failure or to a voluntary decision

2.8

graveyard orbit

a disposal orbit which locates the space system outside of the protected region (with no expectation of eventual orbit decay to atmospheric re-entry)
3 Symbols and abbreviated terms

3.1 Symbols

Z
=
Altitude above the surface of a spherical Earth
3.2 Abbreviated terms

EOMDP
End Of Mission Disposal Plan

GEO

Geosynchronous or geostationary orbit

LEO

Low Earth Orbit

SDMP

Space Debris Mitigation Plan

4 Low Earth Orbit region

The Low Earth Orbit region is the volume of space within 2000km of the Earth’s surface.  Unlike the geosynchronous region, orbits in LEO tend to have a wide range of starting inclinations.  In addition, due to the proximity of the Earth, orbits tend to be strongly perturbed, which cause their parameters to quickly change from the initial conditions.  The combination of these two effects means that, while some orbits are more popular than others, any orbit within this volume may be populated.  

5 Protected region

The LEO protected region, defined by ISO 24113 and indicated in Figure 1, is the volume within a shell that extends from the surface of a spherical Earth (with a radius of 6378km) up to an altitude (Z) of 2000km.

[image: image1.emf]
Figure 1 – View in the equatorial plane of Earth and the LEO and GEO protected regions (not to scale)

6 Primary requirements

On the condition that the functions and performances essential to conducting each option have already been incorporated in the design, this standard defines the requirements placed on the operators of space systems.
6.1 Ensuring execution of disposal manoeuvres

To ensure that a disposal plan is sufficiently characterised and that adequate propellant is reserved for any propulsive manoeuvre required, an “End of mission disposal plan” (EOMDP) shall be developed.
6.2 Decay orbit lifetime

As specified in ISO 24113, if placed into a disposal orbit below 2000 km, for which atmospheric re-entry of the satellite is the eventual objective,  the lifetime of this orbit must be less than 25-years.  Specifically, this refers to a continuous time period ending with atmospheric re-entry of the space system. It does not represent the total post-mission dwell time in the protected region.

Note that the 25-year duration should be regarded as an upper limit.  It is preferable to reduce the decay phase duration to as small a time period as possible.

The consequence of impact on the Earth must be controlled with ISO 27875 “Re-entry risk management for unmanned spacecraft and launch vehicle orbital stages”.  

6.3 Time in graveyard orbit

As specified in ISO 24113, if placed into a graveyard orbit the space system shall remain outside of, and not interfere with, the LEO protected region for a period of at least 100-years
.
When selecting a graveyard orbit, a long-term (at least 100-year) orbital perturbation analysis shall be conducted (and documented in the EOMDP) to ensure that the disposal orbit is not altered, particularly by solar and lunar gravitational forces, in such a way that the disposed satellite will later penetrate LEO or GEO.

6.4 Priority in selection between decay orbits and graveyard orbits

In the selection between a decay orbit and a graveyard orbit, the priority shall be put on choosing a decay orbit.

Selection of a graveyard orbit will usually only be attractive for LEO spacecraft and orbital stages in orbits between 1400 km and 2000 km at end of mission.  At lower altitudes disposal orbits with orbital lifetimes of less than 25 years would be more cost-effective.  Since missions between 1400 km and 2000km are currently rare, the selection of this disposal option is infrequent.

Irrespective of whether a decay orbit or a graveyard orbit was selected as the disposal action during the design of the satellite, if at end of mission it is possible to place the satellite in a decay orbit that meets the orbital debris requirements, the priority shall be put on choosing this decay orbit.
6.5 Passivation

As soon as is safely possible after completion of disposal actions, the space system shall be passivated to reduce the energy stored on-board.  Details of the passivation procedures shall be given in the EOMDP.

If the space system is to perform a re-entry, it is recommended that any remaining on-board propellant be used to further reduce the decay phase duration.

Further requirements on this, related to the design of the space system, are found in ISO WD16127(N617) Prevention of Break-up of Unmanned Spacecraft.
6.6 Probability of successful disposal

As specified in ISO 24113, the space system shall be designed such that the probability of completing the disposal action, equals or exceeds 0.9 at the time disposal is executed.  Details of the design that provides the basis for the probability estimate shall be included in the EOMDP.  

The probability of successful disposal shall be evaluated as conditional weighted on the mission success, as described in ISO 24113.

7 Disposal planning requirements

Planning activities for end-of-mission disposal shall start in mission design.  Planning for the actual disposal action shall begin at least six months prior to the date of disposal manoeuvres.
7.1 Disposal manoeuvre planning

An end-of-mission disposal plan (EOMDP) shall be developed, maintained and updated in all phases of mission and spacecraft design and operation.  This document shall form part of the Space Debris Mitigation Plan (SDMP) for the mission and shall include:

a) details of the nominal mission orbit,

b) a statement of the disposal method (retrieval, controlled re-entry, controlled decay, augmented decay, natural decay, or graveyard orbit),

c) details of the passivation operations required,

d) estimates of the propellant required for any disposal manoeuvre,

e) identity of systems and capabilities required for successful completion of the disposal action,

f) time line for initiation and execution of the disposal action, and
g) those individuals and/or entities to be notified of the end of mission and disposal and a time line for notification

7.2 Steps for planning a disposal manoeuvre

The following steps shall be followed when planning a disposal manoeuvre:

1. Estimate the ballistic coefficient (CdA/m) considering spacecraft tumbling.  A description of this technique is given in ISO 27852 Orbit lifetime estimation.

2. Predict the orbit lifetime of the nominal mission orbit beginning at the end-of-life.  No further planning is required if the predicted orbit lifetime based on one of the methods described in ISO 27852 Orbit lifetime estimation is within 25 years.

3. If the lifetime estimation is greater than 25 years, select which disposal strategy is to be used (based on the options in section 1.

Further details for some of these options are given below.

7.2.1 Manoeuvring to a lower altitude orbit

The recommended strategy to lower the orbit altitude is to perform a single-burn at apogee to lower the perigee altitude to the predetermined value that ensures a 25-year lifetime.  It has been proven through numerical simulations that a single-burn manoeuvre requires less propellant than a two-burn Hohmann type transfer to ensure a lifetime less than 25 years.

The single burn should be executed near a predetermined time such that the new argument of perigee is at or close to 270 deg.  This optimum eccentricity vector can shorten the 25-year lifetime by 1 to 20 percent, depending on initial eccentricity and perigee altitude.  Consequently, the amount of required delta-V for ensuring decay within 25 years may be significantly reduced.

7.2.2 Augmenting the decay by deploying a device

This strategy requires the use of drag enhancement devices, such as balloons or parachutes.  The average ballistic coefficient of the spacecraft with the drag enhancement device deployed must be estimated.  The new ballistic coefficient is determined using the same method described above.  This strategy may also require an apogee burn to lower the perigee, depending on the effectiveness of the drag device.  In this strategy, the deployment of the drag device and the apogee burn, if needed, should also be timed as discussed above for achieving the initial optimum eccentricity vector.  An assessment of the drag enhancement device is recommended to demonstrate that either the device will significantly reduce the collision risk of the system by the reduction of the orbit lifetime or that the device will not cause spacecraft or large debris to fragment if a collision occurs while the system is decaying from orbit.
7.2.3 Manoeuvring to a higher altitude orbit
Unlike lowering the altitude of the orbit, moving the satellite to a higher altitude orbit requires two manoeuvres, to raise both the perigee and the apogee of the orbit above the protected region.  When selecting the new altitude for the apogee, care should be taken to ensure it does not encroach into the GEO protected region
.
7.3 Criteria for executing disposal action

Specific criteria for initiation of the disposal action shall be developed, included in the EOMDP, and monitored throughout the mission life.  Examples are propellant amount remaining, redundancy remaining, status of electrical power, status of systems critical to a successful disposal action, and time required to execute disposal action.  Projections of mission life based on these criteria shall be monitored throughout the mission life.

If it is determined that the impact of executing the disposal action will result in an increased probability of the satellite causing debris within the protected region then it shall be acceptable to forego the disposal action. (An example of this is the scenario where, after launch, a problem is identified with the de-orbit propulsion system, which is deemed likely to result in a catastrophic loss of the spacecraft.  In this case it would be better not to use the propulsion system and hence not to execute the disposal action)
7.4 Contingency planning
In the event that the systems and capabilities required for successful completion of the disposal action (as identified in section (e) of the EOMDP) stop functioning prior to the end of the mission it shall be necessary to develop and carry out a contingency plan.  This plan shall identify steps to remove the satellite from the protected region before any further critical systems are lost.  In general, the approach in this situation should be to take best efforts to reduce the orbital perigee as low as possible.
Note that it is not necessary to compile a contingency plan prior to the failure of a critical system as to cover all possible eventualities would be infeasible.

8 Disposal manoeuvre requirements
8.1 Guidelines for calculating the disposal manoeuvre

If it is necessary for the space system to perform a disposal manoeuvre, the dV requirement of the manoeuvre shall be calculated based on the predicted end of mission orbit of the system, and the required decay or graveyard orbit, according to the steps in section 7.2, and as illustrated in Annex A.
8.2 Computing the decay orbit lifetime

If the space system has been selected for a atmospheric re-entry then the decay orbit lifetime shall be computed in accordance with ISO 27852 Orbit lifetime estimation.
8.3 Computing the time in graveyard orbit

If the space system has been selected for a graveyard orbit then the time that the space system remains outside of the protected region shall be calculated in accordance with ISO 27852 Orbit lifetime estimation.  The time duration in the graveyard orbit shall be counted from the point at which the orbit-changing manoeuvre is complete to the first time at which the perigee of the orbit is less than the upper bound of the LEO protected region.

8.4 Estimating propellant reserves

If the space system is to perform a disposal manoeuvre, it is necessary to ensure that there is sufficient usable propellant to perform the manoeuvre.  Calculation of propellant reserves should be done in accordance with ISO 23339.
8.5 Determination whether the disposal must be a controlled manoeuvre

If the space system has been selected for a re-entry then determination of whether the disposal must be a controlled manoeuvre shall be in accordance with ISO 27875 Re-entry risk management for unmanned spacecraft and launch vehicle orbital stages.

Annex A

(informative)

Guidelines for calculating the disposal manoeuvre

If it is necessary for the space system to perform a manoeuvre into a decay orbit the following steps could be used to assist in planning the manoeuvre:


[image: image2]
Figure 2 - Guidelines for calculating a manoeuvre into a disposal orbit

If it is necessary for the space system to perform a manoeuvre into a graveyard orbit the following steps could be used to assist in planning the manoeuvre:


[image: image3]
Figure 3 – Guidelines for calculating a manoeuvre into a graveyard orbit

Calculate predicted end of mission orbit








Calculate what new perigee height would result in a decay phase duration of <25 years (in accordance with ISO 27852





Calculate the dV requirement to manoeuvre between these two orbits





Calculate the propellant necessary for the space system to achieve the dV requirement











Burn 1 dV required = XX m/s


Burn 2 dV required = XX m/s


Total dV required = XX m/s








Propellant required = XX kg





dV required = XX m/s





New perigee altitude = XX km





Orbit: SMA = 7178 km, eccentricity = 0.05, inclination = 98.60°
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Propellant required = XX kg





New perigee altitude = XX km


New apogee altitude = XX km





Orbit: SMA = 7878 km, eccentricity = 0.05, inclination = 45°








Calculate the propellant necessary for the space system to achieve the dV requirement





Calculate the dV requirement to manoeuvre between these two orbits





Calculate a graveyard orbit which would keep the space system out of the LEO protected region for at least 100 years (in accordance with ISO 27852








Calculate predicted end of mission orbit
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Example








�I wouid have included b-d under a single category: natural decay (either by moving the satellite propulsively or through drag augmentation), etc  


�Looking at this with a fresh  perspective, I wonder if we should specify 90% as opposed to just estimating with confidence the probability of success.  Every estimate has a variance.  90% with a variance of 90%  would be unacceptable while still meeting this requirement.  


�… permanently incapable of conducting its intended mission …    The note contradicts the requirement for turn off.  


�I don't recall whether this just carries over from other standards.   If not, something similar to my previous suggestion might be better.  …"when the system is declared incapable or unsuitable of performing its desired functions .."


�Actions from the last meeting reveal that lifetime at or above 2000 km is indefinite.  


�I think this eventuality is extremely remote.  
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