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Outline

 NASA Orbital Debris Mitigation Requirements
— Accidental Explosion
— Passivation and Disposal
— Reentry Casualty Risk

« Common Battery Designs
— Reentry casualty risk implications
— Survivability and Mission Success

* Challenges for the aerospace battery community
— Call for Standardization and Industry Best Practices
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Relevant USG ODMSP

Objective 2 — Minimizing Debris Generated by Accidental Explosions

2-1. Limiting the risk to other space systems from accidental explosions and
associated orbital debris during mission operations: In developing the design of a
spacecraft or upper stage, each program should demonstrate, via commonly accepted
engineering and probability assessment methods, that the mtegrated probability of
debris-generating explosions for all credible failure modes of each spacecraft and
upper stage (excluding small particle impacts) is less than 0.001 (1 in 1,000) during
deployment and mission operations.

2-2. Limiting the risk to other space systems from accidental explosions and
associated orbital debris after completion of mission operations: All on-board sources
of stored energy of a spacecraft or upper stage should be depleted or safed when they
are no longer required for mission operations or postmission disposal. Depletion
should occur as soon as such an operation does not pose an unacceptable risk to the
payload. Propellant depletion burns and compressed gas releases should be designed
to minimize the probability of subsequent accidental collision and to minimize the
impact of a subsequent accidental explosion.

Extract from 2019 Update to USG ODMSP
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NS 8719.14B Requirements 4.4-1 & 4.4-2:
Limit the Risk from Accidental Explosions

« Two Requirements address limiting accidental explosion both during and
after mission operations
— Quantitative, verifiable limits on design and procedures
— Method of verification is left to the project

Accidental Explosions

Orbital debris analyses assess the probability of accidental spacecraft and launch vehicle orbital stage explosion during and after completion
of deployment and mission operations.

Requirement 4.4-1: Limiting the risk to other space systems from accidental explosions during deployment and mission operations while in
orbit about Earth or the Moon: For each spacecraft and launch vehicle orbital stage employed for a mission (i.e., every individual free-
flying structural object), the program or project shall demonstrate, via failure mode and effects analyses, probabilistic risk assessments,
or other appropriate analyses, that the integrated probability of explosion for all credible failure modes of each spacecraft and launch
vehicle is less than 0.001 (excluding small particle impacts.).

Requirement 4.4-2: Design for passivation after completion of mission operations while in orbit about Earth, or the Moon: Design of all
spacecraft and launch vehicle orbital stages shall include the ability and a plan to either 1) deplete all onboard sources of stored energy and
disconnect all energy generation sources when they are no longer required for mission operations or postmission disposal or 2) control to a
level which cannot cause an explosion or deflagration large enough to release orbital debris or break up the spacecraft. The design of
depletion burns and ventings should minimize the probability of accidental collision with tracked objects in space.
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Assessment of Compliance with Explosion Limits

* Quantitative threshold from Req. 4.4-1: “the integrated
probability of explosion ... is less than 0.001”

— Quantitative (strong): Designer lists figures for component or
subsystem reliability or probability of failure

« Component manufacturers or bus supplier must provide these values
« Combine statistics to calculate explosion or failure probability
» Probability of accidental explosion is less than (i.e., a subset of) failure probability
— Qualitative (weak): Designer...
« Compares the object (spacecraft or upper stage) to similar launched objects
« States energy levels are well below safety margins

» States compliance without specific values or available references
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Assessment of Compliance with Passivation Requirement

* From Req. 4.4-2: Deplete and disconnect energy sources and
storage, or “control to a level” which cannot result in an event

that could release orbital debris

— Qualitative: Designer lists the actions and hardware and software
features used at end-of-mission to deplete, disconnect, and/or
minimize energy generation and storage on the decommissioned

spacecraft

— Semi-quantitative: Designer may include descriptions of expected
energy levels (tank pressure or cell SOC) and subsystem safety
margins, especially if systems cannot be fully depleted and
disconnected

— A thorough assessment includes both of these categories
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Assessment of Compliance with Requirements 4.4-1 and 4.4-2

« Historically a “kill switch” has been needed to guarantee
passivation

— Relay (or other method) between solar array and battery to guarantee no
re-charging

— This has not been popular among designers for understandable reasons
(additional points of failure, cost, and complexity)

« However, other options are available!

— Show that the system cannot reasonably cause the fragmentation of the
spacecraft (via some standard process of cell- and battery-level failure
mode assessment, other control methods)

— Show positive evaluation of the system to “Crewed Space Vehicle Battery
Safety Requirements”, JSC-20793
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NS 8719.14C Requirement 4.7-1:
Limit the Risk of Human Casualty from Reentering Debris

- Batteries are not usually predicted to survive reentry...except when they are

— “Design for demise” considers reentry shielding of components (e.g., cells) by enclosures,
MMOD impact shields, and bus interior locations

— Releasing many small cells at low altitude is worse than retaining them in a single, larger
container

Debris Surviving Atmospheric Reentry

NASA space programs and projects that use atmospheric reentry as a means of disposal for space structures need to limit the amount of debris
that can survive reentry and pose a threat to people on the surface of the Earth. This area applies to full spacecraft as well as jettisoned
components.

[ The Requirement] applies to all spacecraft and launch vehicles returning to the surface of the Earth from an altitude of greater than 130 km.

Requirement 4.7-1. Limit the risk of human casualty: The potential for human casualty is assumed for any object with an impacting kinetic
energy in excess of 15 joules:

a. For uncontrolled reentry, the risk of human casualty from surviving debris shall be less than 0.0001 (1:10,000).

b. For controlled reentry, the selected trajectory shall ensure that no surviving debris impact with a kinetic energy greater than 15 joules is
closer than 370 km from foreign landmasses, or is within 50 km from the continental U.S., territories of the U.S., and the permanent ice
pack of Antarctica.

c. For controlled reentry, the product of the probability of failure to execute the reentry burn and the risk of human casualty assuming
uncontrolled reentry shall be less than 0.0001 (1:10,000).

d. For long-term reentry of space structures in MEO, Tundra orbits, highly inclined GEO, and other orbits: Surviving debris shall have less
than 7 m? total debris casualty area or 0.0001 (1:10,000) risk of human casualty.

Q
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Assessment of Compliance with Casualty Limits

« Aerothermodynamic modeling of spacecraft and upper stages
— NASA provides the Debris Assessment Software (DAS) tool

* Free and publicly available (upon registration)

> https://www.orbitaldebris.jsc.nasa.gov/mitigation/debris-assessment-software.html
« User inputs data for all components, including nested

— If necessary, NASA projects may request a higher-fidelity

assessment using the Object Reentry Survival Analysis Tool
(ORSAT)

 Allows specification of additional parameters

« Upon approval, ORSAT assessment is available to commercial projects through
Space Act Agreement

o https://www.orbitaldebris.jsc.nasa.qgov/reentry/
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Common Battery Designs (1/3)

« “Traditional” — using fewer, larger format (20+ Ah) cells to
form a spacecraft battery

— This option has lots of flight heritage, even for lithium chemistries

— Larger cells typically have more robust containers (e.g., steel walls),
which improve survivability against the MMOD environment

— This same robustness will also apply to reentry demisability, and
likely cause these to survive to ground impact

— “Design for minimum area” can be used for these batteries

— Single-cell failures can have large effects on mission success

10



National Aeronautics and Space Administration

Common Battery Designs (2/3)

« “More Modern” — using more, smaller format (<10 Ah) cells
to form a spacecraft battery

— This option has some flight heritage, typically using lithium
chemistries

— Small cells typically have thinner steel walls (or even polymer
pouches), which can easily demise during reentry

— However, these cells typically need to be placed in boxes or matrix
materials for easy handling and to protect against thermal runaway
and the MMOD environment

— “Design for demise” can be applied for these batteries and their
containers

— Cell failure is more likely during a mission, but battery topology can
aid in robustness
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Common Battery Designs (3/3)

 How can we balance the needs for MMOD survivability,
mission success, and reentry risk?

— Multidisciplinary process requiring domain knowledge

— Simply choosing a cell format can affect many other aspects of
the mission

— Begin analyzing orbital debris aspects of the mission early in
the mission design to ensure success (and reduce costly
redesigns later in the design cycle)
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Example Reentry Cases (1/3)

Imaging X-Ray Polarimetry Explorer (IXPE, NASA
MSFC mission) is a Small Explorer class mission
set for launch next month

IXPE team (MSFC and Ball Aerospace) engaged
with NASA ODPO early in the design cycle (pre-
mission selection) to ensure compliance with OD
mitigation requirements

Over the course of 5 years, worked iteratively with
ODPO to redesign battery topology and several
other components to maintain compliance while
ensuring mission success and reducing cost (by
making important changes early)
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Example Reentry Cases (2/3)

 Large Format Cells

— 48Ah Li-ion cells for a synthetic example satellite are anticipated to
survive reentry with >15J of KE at impact

— Cells are contained in an aluminum box inside the spacecraft

* Constraint: Do not wish to redesign the battery itself

« Potential Solution:
— Change the box to steel to ensure survival as one piece to impact
— This would reduce the overall casualty area at end of mission
— Steel box should improve robustness to MMOD environment
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Example Reentry Cases (3/3)

« Small Format Cells

— 3.5Ah Li-ion cells for a synthetic example satellite are anticipated to
demise during reentry

— However, cells are contained in a steel box inside the spacecraft which is
not expected to demise

« Again, do not wish to redesign the battery itself

* Potential Solution:
— Change the box to aluminum to ensure its demise

— Thicker walls (or shielding) and stand-offs may be needed to guarantee
similar level of robustness to MMOD environment
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Improving Orbital Debris Assessment

 How to increase rigor of debris assessment reports?
— Ask a space battery expert!
— Educate the community about orbital debris mitigation requirements

— Develop a standardized process

* Encourage projects to use “failure mode and effects analyses,
probabilistic risk assessments, or other appropriate analyses” when
assessing to numerical thresholds

* Provide open references and characteristics to enable third-party
assessment

» Component numerical reliability/failure rates
» Relevant certifications when relying on similarity
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Improving Orbital Debris Assessment

« Perform realistic battery failure and hypervelocity impact tests

— How do vacuum and free-fall conditions affect the outcome?

* Most non-HVI tests in the literature were performed under bench-top
conditions

— Are there in-production cell/battery types that are inherently safe to
meet the quantitative threshold?

* From operations through disposal and atmospheric reentry

« Shown by modeling and experimental evidence

 Move vehicle designers from “take our word for it” to “here is the
evidence”
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Think “Orbital Debris Mitigation”

https://www.orbitaldebris.jsc.nasa.gov/

JACOBS
JETS

18


https://www.orbitaldebris.jsc.nasa.gov/

	Slide Number 1
	Outline
	Relevant USG ODMSP
	NS 8719.14B Requirements 4.4-1 & 4.4-2:�Limit the Risk from Accidental Explosions
	Assessment of Compliance with Explosion Limits
	Assessment of Compliance with Passivation Requirement
	Assessment of Compliance with Requirements 4.4-1 and 4.4-2
	NS 8719.14C Requirement 4.7-1:�Limit the Risk of Human Casualty from Reentering Debris
	Assessment of Compliance with Casualty Limits
	Common Battery Designs (1/3)
	Common Battery Designs (2/3)
	Common Battery Designs (3/3)
	Example Reentry Cases (1/3)
	Example Reentry Cases (2/3)
	Example Reentry Cases (3/3)
	Improving Orbital Debris Assessment
	Improving Orbital Debris Assessment
	Think “Orbital Debris Mitigation”

