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Foreword and Acknowledgements

This document was prepared with the review and inputs from many engineers within NASA and
private industry representing technical disciplines such as propulsion; structures; guidance,
navigation, and control (GN&C); thermal control; systems engineering; materials and processes
(M&P), etc. over a period of several years. The requirements and information were gathered from as
many different sources as possible. Without these inputs the document could not have been
prepared up to this point.

1 INTRODUCTION

1.1 PURPOSE AND SCOPE

The gaps in requirements that control spacecraft propulsion systems hazards are a particular
emphasis of this document with a strong belief that up-front communication and clarity in the
standards, which consider the many costly lessons learned over time, will reduce technical, cost, and
schedule issues and improve overall safety. The National Aeronautics and Space Administration
(NASA) Procedural Requirements (NPR) document NPR 8705.2C, Human-Rating Requirements for
Space Systems, defines requirements for the control of catastrophic hazards in human-rated space
systems. The NASA Technical Authority (TA) and the NASA Design and Construction (D&C)
standards are the foundation of the process. Some of the applicable standards are owned by NASA,
some are owned by other United States (U.S.) Government agencies, and some are owned by
private industry. Collectively, these TA standards provide a structured and repeatable means of
designing, analyzing, manufacturing, assembling/integrating, testing, servicing/maintaining, and
operating a human-rated spacecraft successfully.

Despite the existence of these TA standards, they are not always applied in a consistent manner by
the various NASA projects/programs, and there are still some significant gaps in the content,
understanding, and application of requirements that are relevant to the control of catastrophic
hazards associated with human-rated spacecraft propulsion systems. This document was created to
address both of those issues by ensuring that existing standards, in whole or in part, are invoked
consistently and known gaps in existing standards are addressed through clarifications and/or new
requirements, thus enabling effective control of propulsion system hazards.

Spaceflight history is full of lessons learned related to failure modes and hazards of propulsion
systems which have been codified into the many technical standards and guidelines publications that
are in use today, whether owned by NASA, the U.S. military, or the aerospace industry. Incorporating
lessons learned into a project upfront has been shown to have significant benefit to its success. This
document, which is specific to human-rated spacecraft propulsion systems, identifies failure

APPROVED FOR PUBLIC RELEASE — DISTRIBUTION IS UNLIMITED
Verify correct revision before use at https://gmsmasterlist.jsc.nasa.gov/Home.aspx/Organization/31



https://qmsmasterlist.jsc.nasa.gov/Home.aspx/Organization/31

Revision: A Document No: JSC-67723
Date: 22 June 2026 Page 11 of 221

.| | Title: STANDARD FOR THE CONTROL OF CATASTROPHIC HAZARDS IN
HUMAN-RATED SPACECRAFT PROPULSION SYSTEMS

scenarios, hazards, specific standards/requirements, and the source of one or more driving lesson(s)
learned. The sources for lessons learned include publicly available reports from the cognizant
engineers and the NASA Lessons Learned Information System (LLIS), with topics such as LLIS
21501. “Projects Benefit from Lessons Learned on Previous Spaceflight Projects” (LLIS-21501,
2017)

In summary, this document is intended to define the key requirements and address known
requirement gaps needed to control catastrophic hazards associated with onboard chemical
propulsion systems of any type on a human-rated spacecraft, including liquid abort systems. Note
that the scope does include all orbital, transit, and lander vehicles but not boosters or upper stages.
The goal is to ensure that the collective body of knowledge reflected by the existing TA standards, in
addition to the supplemental requirements contained herein which have been gathered over a period
of many years of spacecraft propulsion systems engineering, are applied efficiently and effectively
without resulting in the catastrophic events and costly technical issues needing rework that can occur
late in a project/program.

The scope covers gaseous, earth storable liquid, and cryogenic liquid and gaseous propellants and
propulsion systems. It does not cover solid propellants or electric propulsion systems, though the fluid
systems that deliver oxidizer for hybrid propulsion systems and gaseous propellants to electric
thrusters would need to meet the requirements contained herein. Some additional requirements may
apply to supporting subsystems, such as active refrigeration for long duration spacecraft, specific
Xenon (Xe) propellant procurement and use specification, or electric propulsion system thrusters and
their interfacing power systems. However, it is expected that those types of systems would still need
to meet many of same hazard control requirements contained herein, such as service life, maximum
design pressures, material compatibility, ignition hazards, etc., while noting that there may be
additional hazard control requirements imposed on hybrid and electric propulsion systems.

Implementation of this propulsion standard for a given project/program as a Type 2 (i.e. meets or
exceeds) or Type 3 (i.e. reference only) document will be determined by the NASA Project/Program
Manager in conjunction with the NASA TA. Note that any requirements or standards proposed as an
alternate to a Type 2 document would be subject to an evaluation of technical equivalence by the
NASA TA and approval by the NASA Project/Program Manager.

1.2 BACKGROUND

The propulsion technical discipline at NASA, shared across multiple centers, has been heavily
involved in the design, development, testing, and evaluation (DDT&E); failure modes and hazards
analyses; assembly, integration, and testing (AI&T); ground checkout and servicing; launch
preparations; flight operations; and sustaining engineering and maintenance for chemical propulsion
systems on human-rated spacecraft and importantly on other non-human rated vehicles spanning
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multiple projects/programs over the last six decades. A list of the human rated propulsion systems,
dating back to the beginning of the US human spaceflight program, is shown in Table 1. This
document represents a set of knowledge and lessons learned from the propulsion engineering and
flight/ground operations teams, who have provided technical support for propulsion systems of the
past, to inform similar propulsion systems of the future. NASA programs and projects should assess
their compliance with NASA lessons learned at each major program or project milestone. Reference
Each NASA Project Should Assess Its Compliance with NASA Lessons Learned. (LLIS-2042, 2009)

TABLE 1 HUMAN SPACECRAFT ONBOARD CHEMICAL PROPULSION SYSTEMS WORKED BY

THE PROPULSION TECHNICAL DISCIPLINE AT NASA

PROJECT/PROGRAM ELEMENT/VEHICLE/PAYLOAD PROPULSION SYSTEM DETAILS STATUS
PROPELLANT(S) VACCUM THRUST LEVEL(S)
MERCURY SPACECRAFT CAPSULE 90% H202 1 LBF, 6 LBF, 24 LBF FLOWN
(REF) (NASA, 1963, pp. 54,283)
GEMINI CAPSULE ORBIT ATTITUDE MMH / NTO 8 X 25 LBF OAMS FLOWN
AND MANEUVERING SYSTEM 8 X 100 LBF OAMS
(OAMS) AND REACTION 16 X 25 LBF RCS
CONTROL SYSTEM (RCS) (REF) (Blatz, 1964, pp. 14, fig
13)
APOLLO LUNAR MODULE (LM) A50/NTO 10500 LBF (DME) FLOWN
(REF) (Hammock, 1973, p. 7)
APOLLO LUNAR MODULE (LM) A50/NTO 1 X3500 LBF (AME) FLOWN
(REF) (Humphries, 1973, p. 2)
16 X 100 LBF (RCS)
(REF) (Vaughan, 1972, p. 2)
APOLLO SERVICE MODULE RCS MMH / NTO SM: 16X 100 LBF (REF) FLOWN
(Taeuber, 1973, pp. 6, para. 4)
APOLLO COMMAND MODULE (CM) MMH / NTO CM: 12 X 100 LBF (REF) FLOWN
RCS (Taeuber, 1973, pp. 9,39, fig. 18)
APOLLO SERVICE MODULE (SM) MAIN | A50/NTO 21,500 LBF (SME)_(REF) FLOWN
ENGINE (Gibson C. R., 1973, pp. 5, para
3)
SSP ORBITER MAIN PROPULSION LH2/LO2 3 X 512,000 LBF (REF) FLOWN
SYSTEM (MPS) (Martinez, 2011, p. 2), SSME
RS25
SSP ORBITER ORBITAL MMH / MON3 2 X 6000 LBF (REF) (Gibson C., | FLOWN
MANEUVERING SYSTEM 1985, pp. 13, fig 10)
(OMS)
SSP ORBITER REACTION MMH / MON3 38 X 870 LBF, 6 X 25 LBF FLOWN
CONTROL SYSTEM (RCS) (VERNIER) (PRIMARY) (REF)
(Hernandez, 2011, pp. 23, para
2)
GEMINI, APOLLO, SSP LO2/LH2 POWER REACTANT LOX/LH2 UP TO3 XUP TO 16 KW (REF) | FLOWN
STORAGE AND (SUPERCRITICAL) | (Hernandez, 2011, p. 28), (REF)
DISTRIBUTION (PRSD) (Davis, 1970), (REF ) (Simon,
SYSTEM 1985, pp. 15, table 3),
ORION MPCV CREW MODULE (CM) HYDRAZINE 12 X 160 LBF (REF) FLOWN
ORION MPCV SERVICE MODULE (SM) MMH / MON3 1 X 6225 LBF (27.7 KN) (OMS- FLOWN
E)
8 X 110 LBF (490N) (AUX)
24 X 50 LBF (220N) (RCS)
(REF) (Philippe Berthe, 2017, pp.
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https://ntrs.nasa.gov/api/citations/19730011150/downloads/19730011150.pdf
https://ntrs.nasa.gov/api/citations/19730010173/downloads/19730010173.pdf
https://ntrs.nasa.gov/api/citations/19720014237/downloads/19720014237.pdf
https://ntrs.nasa.gov/api/citations/19730017174/downloads/19730017174.pdf
https://ntrs.nasa.gov/api/citations/19730017174/downloads/19730017174.pdf
https://ntrs.nasa.gov/api/citations/19730023031/downloads/19730023031.pdf
https://ntrs.nasa.gov/api/citations/20110013223/downloads/20110013223.pdf
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https://ntrs.nasa.gov/api/citations/19850008634/downloads/19850008634.pdf
https://ntrs.nasa.gov/api/citations/20110015485/downloads/20110015485.pdf
https://ntrs.nasa.gov/api/citations/20110015485/downloads/20110015485.pdf
https://ntrs.nasa.gov/api/citations/19710021434/downloads/19710021434.pdf
https://ntrs.nasa.gov/api/citations/19850008638/downloads/19850008638.pdf
https://ntrs.nasa.gov/api/citations/20140009924/downloads/20140009924.pdf
https://ntrs.nasa.gov/api/citations/20170009574/downloads/20170009574.pdf
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4-5)
ISS SOYUZ ON-ORBIT UDMH / N204 28 X 30 LBF (REF) (Bowman, FLOWN
2016, p. 6:07)
ISS SOYUZ DESCENT MODULE H202 8 SMALL THRUSTERS (REF) FLOWN
(DM) (NASA PRESS KIT, 2004, p.
para 6)
ISS CRS H-Il TRANSFER MMH / MON3 4 X 110 LBF MAIN FLOWN
VEHICLE (HTV) 28 X 25 LBF ACS (REF)
(Matsuo, 2012, pp. 1-2)
ISS CRS AUTOMATED TRANSFER MMH / MON3 4 X 110 LBF MAIN FLOWN
VEHICLE (ATV) 28 X 50 LBF ACS (REF)
(European Space Agency, n.d.)
ISS CRS CYGNUS HYDRAZINE DUAL MODE N2H4 AND MON3 | FLOWN
(N2H4) / MON3 OR N2H4 (REF) (Grumman,
n.d.)
ISS CCP/CRS DRAGON MMH / MON3 8 X 16K LBF LIQUID ABORT FLOWN
16 X 90 LBF DRACO (REF)
(SpaceX, n.d.)
ISS CCP CST-100 STARLINER MMH / MON3 4X 40K LBF LIQUID ABORT, FLOWN
20 X 1500 LBF ORBITAL,
28 X 85 LBF RCS (REF)
(L3Harris, n.d.)

As evident in this table, the bulk of historical experience with onboard chemical propulsion systems in
human-rated spacecraft involves pressure-fed, earth storable hypergolic propellant systems, which
are the primary source of content appearing in this document. However, other propellant
combinations have also been the subject of significant development, test, certification, and flight
operations over the course of time. While there are many commonalities among propulsion systems
in terms of design, construction, testing/checkout, ground/flight operations, and hazard analyses,
there are also some unique attributes associated with certain propellants that must be considered in
that context. The recent advent of high thrust (128,000 Ibf+ total) pressure-fed liquid abort systems
integrated with orbital maneuvering systems is also evident.

The body of work outlined above represents a high level of practical experience and subject matter
expertise needed to effectively identify, document, and control the catastrophic hazards associated
with spacecraft propulsion systems.

1.3 PROPULSION SYSTEM FAILURE MODES AND HAZARDS

The hazards are typically grouped into four major categories associated with a spacecraft propulsion
system that could result in loss of mission (LOM), loss of vehicle (LOV), and/or loss of crew (LOC), as
listed below:

e Rupture
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https://www.esa.int/Science_Exploration/Human_and_Robotic_Exploration/ATV/ATV_Service_Module#:%7E:text=ATV's%20propulsion%20system%20provided%20the,220%20N)%20for%20attitude%20control.
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https://www.spacex.com/vehicles/dragon/
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e |Leakage — external, internal
e Fire/explosion
e Loss of Control — translation and/or attitude

Of course, there are many possible causes for each of these catastrophic hazards and the controls
are typically rooted in the use of appropriate design and construction standards; rigorous qualification,
acceptance, and integrated system testing; and functional redundancy built into the system. For
spacecraft propulsion systems, the failure modes associated with these hazards include
leakage/release of fluid commodities from weld flaw or mechanical fittings, pressure vessel rupture,
engine burn through, flammable environments, over-pressurization of the system or surrounding
compartments/volumes, structural failure of the interfacing primary or secondary structure, fracture of
thin wall membranes, thruster inadvertent firings due to avionics or wiring fault, loss of thrust vector
control (TVC), thruster failure to fire or shut down due to valve sticking, etc. A table of requirements,
applicability, and catastrophic failure modes/hazards, and lessons learned references is contained in
Appendix A.

1.4 SPACECRAFT AND PROPULSION SYSTEM RELIABILITY

Reliability of the propulsion system, inclusive of the associated hardware and software, is established
through the various design, analysis, assembly/integration, and test requirements contained in these
standards. The goal is to keep it ‘Safe, Simple, Lightweight, Reliable, and Robust.” Of course, that is a
very challenging task full of critical design decisions and process optimization to meet the mission
requirements with minimum practical risk and adequately controlled hazards, within the physics
prescribed by the rocket equation. Extra mass and extra margin above that required are not extra
good. For example, added mass in the propulsion system might be better spent to improve safety or
performance in some other system within the spacecraft. A probabilistic risk assessment (PRA) that
assigns a probability to LOM, LOV, and/or LOC requires test data on failure modes, anomalies, how
often it occurs, and consequences etc. that is specific to the hardware being used and considers the
details of its application (ref NASA/SP-2011-3421 Probabilistic Risk Assessment Procedures Guide
for NASA Managers and Practitioners). The requirements included herein provide that test data,
however the PRA is beyond the scope of this document._Capture of Apollo Lunar Module Reliability
Lessons Learned: Reliability Engineering) (LLIS 1835, 2008)

2 HUMAN RATED SPACECRAFT PROPULSION SYSTEMS

This propulsion system standard, and other standards, derives from NASA Procedural Requirements
(NPR) 8705.2C, Human-Rating Requirements for Space Systems and NASA-STD-8719.29 NASA
Technical Requirements for Human-Rating, specifically:

e NPR 8705.2C, paragraph 2.2.3 requires a process to be defined for identifying, assessing, and
mitigating failure scenarios and hazards through a formal safety analysis process.
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e NPR 8705.2C, paragraphs 2.4.3 and 2.4.4 require a definition of how critical system level
performance characteristics and critical system level interactions will be verified/validated,
respectively, to avoid catastrophic hazards.

e NASA-STD-8719.29, paragraph 4.3.1 provides general requirements for the control of
catastrophic hazards.

e NPR 8705.2C also describes the process for a project/program to define the standards to be
implemented for the activity.

NASA-STD-8719.29 paragraph 4.3.1 states that the space system shall provide at least single failure
tolerance to catastrophic events, with specific levels of failure tolerance and implementation (similar
or dissimilar redundancy, alternately referred to as like or unlike redundancy, with dissimilar/unlike
redundancy ensuring no common cause failure modes) derived via an integration of the design and
safety analysis (required by NPR 8705.2). Notable exceptions include pressure vessels and primary
structure, where redundancy of a structural nature is not practically achievable. In some cases,
mission architecture may provide a form of dissimilar redundancy, but its use as a hazard control
must be formally established by a given project/program and it does not provide effective control of
certain catastrophic hazards associated with a propulsion system that are characterized by a short
‘time to effect’ due to rapid progression.

21 APPLICABLE TECHNICAL STANDARDS FOR SPACECRAFT PROPULSION SYSTEMS

The technical standards shown in Table 2 each play a role in addressing the catastrophic failure
modes associated with human rated spacecraft propulsion systems, and all have been cited in one or
more requirement statements appearing in subsequent sections of this document. Therefore, they are
considered as ‘applicable’ Type 2 (i.e. meets or exceeds) standards to the extent specified herein, for
use by all projects/programs charged with developing such systems. Tailoring and/or substitution are
considered possible via an adjudication process to be defined by the NASA Project/Program and
supporting NASA Technical Authorities.

The technical standards and other documents shown in Table 3 also play a role in hazard control for
human rated spacecraft propulsion systems but have only been cited in the text and/or rationale
paragraphs that accompany the requirement statements in this document. The intent is to provide a
source of additional clarification/information on a given topic. Therefore, they are considered as Type
3 (i.e. reference only) standards for use by all projects/programs charged with developing such
systems.

Note that all entries in both tables are listed in alphabetical/numerical order by document number.
Also note that the philosophy here is to provide a pointer to the appropriate technical standards, in
whole or in part, and avoid repeating the detailed requirements language of those standards herein,
unless there is a specific need to clarify, modify, or expand the content to address common
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misconceptions or identified gaps in the implementation for the control of specific hazards. Any
documents listed in Tables 2 and 3 which cannot be found online (e.g. NASA standards at
https://standards.nasa.gov/, NESC engineering reports at https://ntrs.nasa.gov/, NESC technical
bulletins at https://www.nasa.gov/nesc/knowledge-products/nesc-technical-bulletins/, industry
standards at the issuing organization’s web site, etc.) will be made available to an industry partner
upon request for any NASA project/program that levies this propulsion standard as a Type 2 (meets
or exceeds) or Type 3 (reference only) document.

Despite the existence of these standards, there are still some significant gaps in the requirements
relevant to the control of catastrophic hazards for spacecraft propulsion systems. This statement is
based on the many past and recent technical issues experienced during propulsion system
development and operations. These gaps, along with necessary clarifications or augmentations to
existing standards, are the main source of requirements included in this document. To reflect those
distinctions, each requirement number is annotated with a suffix letter, as described below:

S = Standard Exists but needs to be Type 2 in whole or in part
SC = Standard Exists but needs Clarification or Augmentation
G = Gaps in the Standard or Requirement

The applicable revisions of each standard which have been used for the clarification and gap
assessments herein are shown in Table 2, and that information has purposely been omitted from the
remainder of this document to avoid a potential inconsistency. A conflict with a more recent version of
a given standard, or the substitution of another standard altogether, would be subject to an
adjudication process and could be influenced by other project/program considerations. Per the
definition above, requirement numbers containing SC involve clarifications and/or augmentations to
an existing standard for the purpose of addressing known limitations and past points of
confusion/contention specific to propulsion system applications. Accordingly, any scope/content
added by this propulsion standard takes precedence over the original standard being cited in those
instances, subject to specific program requirements, with no applicability to other vehicle subsystems.

Requirement numbers containing S, which impose other existing standards as written, in whole or in
part, do not need separate verifications as part of this propulsion standard if that verification is already
being developed separately for the project/program. Instead, the verifications used for any duplicate
requirements imposed by the project/program can be leveraged for this purpose. Requirement
numbers containing SC or G will require separate verifications as part of this propulsion standard
because those requirements don’t exist elsewhere.

This document uses the word ‘shall’ for requirements that must be implemented and verified to
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ENGINEERING

control catastrophic hazards, ‘should’ for items that represent a recommended best practice but are
not mandatory, ‘will’ for items that represent an expected outcome or statement of fact but are not
verified, and ‘are’ or ‘is’ for items that represent informative/descriptive material.

Tailoring of the requirements in this standard for application to a specific project/program is
acceptable when formally documented and approved by the delegated NASA Technical Authority in
accordance with NPR 7120.5, NASA Space Flight Program and Project Management Requirements.

TABLE 2: LIST OF TYPE 2 STANDARDS FOR THE CONTROL OF CATASTROPHIC HAZARDS

IN HUMAN-RATED SPACECRAFT PROPULSION SYSTEMS

Document # Document Title Rev TA Type Public
A-A-59150 Cleaning Compound, Solvent, A, 02/14/2003 Eng 2 Y
Hydrofluoroether (HFE)
AFRPL-TR-69- | USAF Propellant Handbooks, March 1970 Eng 2 Y
149 Hydrazine Fuels, Vol |
AFRPL-TR-76- | USAF Propellant Handbook, Nitric February 1977 Eng 2 Y
76 Acid/Nitrogen Tetroxide Oxidizers, Vol
Il
AIAA G-082 Guide: Space Systems — Composite 2022 Eng 2 Y
Overwrapped Pressure Vessels with a
Plastic Liner
AlAA SP-084- | Fire, Explosion, Compatibility, and 1999 w/ Eng 2 Y
1999 Safety Hazards of Hypergols — 12/05/2001
Hydrazine Correction
AIAA SP-085- | Fire, Explosion, Compatibility, and 1999 Eng 2 Y
1999 Safety Hazards of Hypergols —
Monomethylhydrazine
AIAA SP-086- | Fire, Explosion, Compatibility, and Jan 2001 Eng 2 Y
2001 Safety Hazards of Nitrogen Tetroxide
ANSI/AIAA G- | Guide to Safety of Hydrogen and A-2017 Eng 2 Y
095 Hydrogen Systems
ANSI/AIAA S- | Space Systems - Metallic Pressure A-2018 Eng 2 Y
080 Vessels, Pressurized Structures and
Pressurized Components
ANSI/AIAA S- | Space Systems - Composite B-2018 Eng 2 Y
081 Overwrapped Pressure Vessels
ANSI/AIAA S- | In Space Storable Fluid Transfer for 2025 Eng 2 Y
157 Prepared Spacecraft
ASTM D1193- | Standard Specification for Reagent 11/01/2024 Eng 2 Y
24 Water
ASTM G88-21 | Standard Guide for Designing Systems | Nov 2021 Eng 2 Y
for Oxygen Service
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Document # Document Title Rev TA Type Public
ASTM MNL 36 | Safe Use of Oxygen and Oxygen Second Edition | Eng 2 Y
Systems: Guidelines for Oxygen
System Design, Materials Selection,
Operations, Storage, and
Transportation
CGA G-8.2 Commodity Specification for Nitrous Seventh Edition | Eng 2 Y
Oxide
CGA G-11.1 Commodity Specification for Argon Eighth Edition Eng 2 Y
IEST-STD- Product Cleanliness Levels — E, Feb 2013 Eng 2 Y
CC1246 Applications, Requirements, and
Determination
ISO 14644-1 Cleanrooms and Associated Controlled | Second Edition, | Eng 2 Y
Environments — Part 1: Classification of | 12/15/2015
Air Cleanliness by Particle
Concentration
JANNAF-GL- Guidelines for Combustion Stability Jan 1997 Eng 2 N
2022-0001 Specifications and Verification
(Note: Procedures for Liquid Propellant
Formerly CPIA | Rocket Engines
655)
JPD 1720.14 Spaceflight Hardware Classification BL w/ Adm Chg | Eng 2 Y
and Control 1, 04/27/2023
JSC-08080-2 JSC Design and Procedural Standards | Bw/ DCN 001, | Eng 2 Y
08/04/2020
JSC 28596 NASA Standard Initiator User's Guide A, 02/29/2000 Eng 2 N
JSC 62809 Human Rated Spacecraft Pyrotechnic G, 11/08/2024 Eng 2 N
Specification
JSC 65828 Structural Design and Factors of Safety | B w/ Chg 1, Eng 2 Y
for Spaceflight Hardware 07/15/2014
JSC 65829 Loads and Structural Dynamics B, 03/20/2024 Eng 2 Y
Requirements for Spaceflight Hardware
JSC 67035 Best Practices and Guidelines (BP&G) | A, Aug 2017 Eng 2 Y
for Thin Wall Pressure Boundaries
(TWPB) for Human Spaceflight
Applications
JSCES Use of ASME Code or Code of Federal | 01/19/2016 Eng 2 N
151001-1 Regulations (CFR) Title 49 Department
of Transportation (DOT) Pressure
Vessels for Space Applications
MIL-DTL- Detail Specification, Propellant, Rocket | F w/ Amd 1, Eng 2 Y
25576 Grade Kerosene 05/24/2023
MIL-PRF- Performance Specification, Propellant, | F, 08/01/2023 Eng 2 Y
16005 Hydrogen Peroxide
MIL-PRF- Performance Specification, Propellant, | J, 03/02/2020 Eng 2 Y
25508 Oxygen

APPROVED FOR PUBLIC RELEASE — DISTRIBUTION IS UNLIMITED
Verify correct revision before use at https://gmsmasterlist.jsc.nasa.gov/Home.aspx/Organization/31



https://qmsmasterlist.jsc.nasa.gov/Home.aspx/Organization/31

Revision: A Document No: JSC-67723

Date: 22 June 2026 Page 19 of 221

Title: STANDARD FOR THE CONTROL OF CATASTROPHIC HAZARDS IN
HUMAN-RATED SPACECRAFT PROPULSION SYSTEMS

ENGINEERING

Document # Document Title Rev TA Type Public
MIL-PRF- Leak Detection Compound, Oxygen E, 07/10/2015 Eng 2 Y
25567 Systems
MIL-PRF- Performance Specification, Propellant, | H, 06/17/2025 Eng 2 Y
26536 Hydrazine
MIL-PRF- Performance Specification, Propellant, Gw/Amd 1, Eng 2 Y
26539 Dinitrogen Tetroxide 04/19/2017
MIL-PRF- Performance Specification, Propellant, F, 08/26/2022 Eng 2 Y
27201 Hydrogen
MIL-PRF- Performance Specification, Propellant Hw/ Amd 2, Eng 2 Y
27401 Pressurizing Agent, Nitrogen 01/09/2024
MIL-PRF- Performance Specification, Propellant, D, 04/20/2012 Eng 2 Y
27404 Monomethylhydrazine
MIL-PRF- Performance Specification, Propellant E, 04/23/2024 Eng 2 Y
27407 Pressurizing Agent, Helium
MIL-PRF- Propellant Pressurizing Agent, Argon D, 02/28/2023 Eng 2 Y
27415
MIL-PRF- Performance Specification, Propellant, | BL, 10/10/2006 | Eng 2 Y
32207 Methane
MIL-STD-461 Requirements for the Control of G, 12/11/2015 Eng 2 Y
Electromagnetic Interference
Characteristics of Subsystems and
Equipment
MSFC-SPEC- | Flow-Induced Vibration Assessment BL, 04/16/2020 | Eng 2 Y
3746 Requirements for Metal Bellows and
Flex hoses
N/A NASA Hydrogen Peroxide Propellant June 2005 Eng 2 Y
Hazards Technical Manual
NASA-SPEC- | NASA Manufacturing and Test BL w/ Chg 2, Eng 2 Y
5022 Requirements for Normally Closed 06/24/2015
Pyrovalves for Hazardous Flight
Systems Applications
NASA-STD- Classifications and Requirements for BL, 09/21/2021 Eng 2 Y
1008 Testing Systems and Hardware to be
Exposed to Dust in Planetary
Environments
NASA-STD- Electrical Bonding for NASA Launch Aw/ Chg 1, Eng 2 Y
4003 Vehicles, Spacecraft, Payloads, and 01/16/2019
Flight Equipment
NASA-STD- Nondestructive Evaluation (NDE) C, 08/03/2023 Eng 2 Y
5009 Requirements for Fracture Critical
Metallic Components
NASA-STD- Strength and Life Assessment for C, 06/16/2016 Eng 2 Y
5012 Liguid Rocket Engines
NASA-STD- Design and Development B, 12/06/2022 Eng 2 Y
5017 Requirements for Mechanisms
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NASA-STD- Fracture Control Requirements for A w/ Chg 4, Eng 2 Y
5019 Spaceflight Hardware 02/01/2016
NASA-STD- Requirements for Threaded Fastening B, 08/06/2021 Eng 2 Y
5020 Systems in Spaceflight Hardware
NASA-STD- Standard Materials and Processes C w/ Chg 1, Eng 2 Y
6016 Requirements for Spacecraft 11/15/2023
NASA-STD- Standard for Models and Simulations A, 05/08/2019 Eng 2 Y
7009
NASA-STD- Leak Test Requirements A, 02/22/2023 Eng 2 Y
7012
NASA-STD- Safety Standard for Explosives, A w/ Chg 2, Eng 2 Y
8719.12 Propellants, and Pyrotechnics 03/18/2021
NASA-STD- NASA Payload Safety Requirements A, 03/30/2022 S&MA 2, Y
8719.24 and
Annex to Annex to NASA-STD-8719.24, NASA B, 03/30/2022
NASA-STD- Payload Safety Requirements:
8719.24 Requirements Table
NASA-STD- NASA Technical Requirements for BL, 12/11/2023 | S&MA 2 Y
8719.29 Human Rating
NASA-STD- Electrical, Electronic, and BL, 06/17/2013 | S&MA 2 Y
8739.10 Electromechanical (EEE) Parts
Assurance Standard
NASA/TM- Treatment of Transient Pressure 09/02/2021 Eng 2 Y
20210022275 Events in Space Flight Pressurized
Systems
NESC-RP-19- | Filtration of Spaceflight Propulsion and | April 2022 Eng 2 Y
01498 Pressurant Systems
NESC Revisiting Filtration Standards and 03/09/2022 Eng 2 Y
Technical Definitions for Spaceflight Propulsion
Bulletin No. and Pressurant Systems
22-02
NPR 6000.1 Requirements for Packaging, Handling, | H, 11/10/2010 Eng 2 Y
and Transportation for Aeronautical and
Space Systems, Equipment, and
Associated Components
NPR 8705.2 Human-Rating Requirements for Space | C w/ Chg 2, N/A N/A Y
Systems 07/10/2017
SAE ARP 599 | Dynamic Test Method for Determining D, 05/05/2020 Eng 2 Y
the Relative Degree of Cleanliness of
the Downstream Side of Filter Elements
SAE ARP 901 | Bubble-Point Test Method B, 09/30/2022 Eng 2 Y
SLS-SPEC- SLS-SPEC-159, Cross-Program [, 10/27/2021 Eng 2 Y
159 Design Specification for Natural

Environments (DSNE)
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SMC-S-016 Test Requirements for Launch, Upper- | 09/05/2014 Eng 2 Y
Stage, and Space Vehicles

SMC-S-025 Evaluation and Test Requirements for 07/26/2017 Eng 2 Y
Liquid Rocket Engines

TOR- Objective Reuse of Heritage Products 04/30/2012 Eng 2 Y

2013(3909)-1

TT-1-735 Isopropyl Alcohol A w/ Notice 3, Eng 2 Y

06/06/2007
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AlA NAS412 Foreign Object Debris (FOD) Prevention 3, Eng |3 Y
Guidance Document 08/31/2023

AlAA 90-2749 Methods Used to Investigate and Resolve the 1990 Eng |3 Y
Space Shuttle Helium Pressure Regulator
Instability

AlAA 91-2172 Propellant Management Device Conceptual 1991 Eng |3 Y
Design and Analysis: Vanes

AIAA 93-1970 Propellant Management Device Conceptual 1993 Eng |3 Y
Design and Analysis: Sponges

AIAA 97-2811 Propellant Management Device Conceptual 1997 Eng |3 Y
Design and Analysis: Galleries

AIAA 98-1055 Forced Convection Boiling and Critical Heat Flux | 1998 Eng |3 Y
of Ethanol in Electrically Heated Tube Tests

AIAA 2001- Compton Gamma Ray Observatory: Lessons 2001 Eng |3 Y

3631 Learned in Propulsion

AIAA 2011- Lessons Learned from the Design, Certification, | 2011 Eng |3 Y

5838 and Operation of the Space Shuttle Integrated
Main Propulsion System (IMPS)

AlAA 2015- Density Fit for MON Oxidizer Blends Including 2015 Eng |3 Y

4158 Accuracy

AIAA 2015- Vapor Pressure Fit for MON Oxidizer Blends 2015 Eng |3 Y

4159 Including Accuracy

AIAA Journal of | Solubility of Pressurant Gases in Liquid 2015 Eng |3 Y

Propulsion and
Power, Vol 31,
No 4, July-
August 2015

Hydrazine at Elevated Temperature

AFRL-RZ-ED-
TP-2008-184

Nitrous Oxide Explosive Hazards 05/19/2008 Eng |3 Y

AFRPL-TR-67-
256

Propellant Specifications Preparation and Use Oct 1967 Eng |3 Y
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ANSI/AIAA S- Mass Properties Control for Space Systems A-2015 Eng |3 Y
120
ARAED CR- Hazard Classification Testing of Liquid May 1990 Eng |3 Y
90002 Propellants
CGA G-5.3 Commodity Specification for Hydrogen 8th Edition, Eng |3 Y
2024
FED-STD-209 | Airborne Particulate Cleanliness Classes in E, Eng |3 Y
Cleanrooms and Clean Zones 09/11/1992
(cancelled
11/29/2001)
JANNAF CPIA | Rocket Engine Performance Prediction and April 1975 Eng |3 Y
Publication 246 | Evaluation Manual
JS-2018-009, Gary Johnson, Lessons Learned from 50+ Years | 04/30/2018 | E 3 Y
NNJ13RA01B in Human Spaceflight and Safety
KSC-STD-Z- Design of Hypergolic Propellants Ground C Eng |3 Y
0006 Support Equipment, Standard For
MIL-STD-1252 | Inertia Friction Welding Process, Procedure and | 06/30/1975 Eng |3 Y
Performance Qualification
MSC-03466 Apollo 11 Mission, Anomaly Report No. 3, November Eng |3 Y
Service Module Entry 1970
MSFC-DWG- Assessment of Flexible Lines for Flow Induced A, Eng |3 Y
20M02540 Vibration 12/19/1991
MSFC-SPEC- | Test Control Document for Assessment of BL, Eng |3 Y
626 Flexible Lines for Flow Induced Vibration 02/28/1990
MSFC-STD- High Voltage Design Criteria September | Eng |3 Y
531 1978
N/A Scaled Composites Safety Guidelines for N20O 06/17/2009 Eng |3 Y
NASA-HDBK- Spacecraft High Voltage Paschen and Corona Change 3, Eng |3 Y
4007 Design Handbook. 2020-12-29
NASA-HDBK- Fracture Control Implementation Handbook for Vol I: A, Eng |3 Y
5010 Payloads, Experiments, and Similar Hardware, 12/15/2023
Vol | and Il Vol Il: A,
01/09/2024
NASA-HDBK- Pyrovalve Applications and Performance Aw/Chg2, |Eng |3 N
5013 Handbook 12/27/2021
NASA-HDBK- NASA Handbook for Models and Simulations: An | A, Eng |3 Y
7009 Implementation Guide for NASA-STD-7009 05/08/2019
NASA-HDBK- Measuring and Test Equipment Specifications, 2010-07-13 | S&M | 3 Y
8739.19-2 NASA Measurement Quality Assurance Baseline A
Handbook - ANNEX 2
NASA-HDBK- Measurement Uncertainty Analysis Principles 2010-07-13 | S&M | 3 Y
8739.19-3 and Methods, NASA Measurement Quality Baseline A
Assurance Handbook - ANNEX 3
NASA SP-8055 | Prevention of Coupled Structure-Propulsion October Eng |3 Y
Instability (POGO) 1970
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NASA SP-4203 | On the Shoulders of Titans: A History of Project
Gemini
NASA SP- NASA Systems Engineering Handbook 2 Eng |3 Y
2016-6105
NASA-STD- Standard for The Design and Fabrication of Dw/Chg2 |Eng |3 Y
5005 Ground Support Equipment
NASA-STD- Flammability, Offgassing, and Compatibility Bw/Chg2, |Eng |3 Y
6001 Requirements and Test Procedures. 04/21/2016
NASA/TM- Treatment of Transient Pressure Events in October Eng |3 Y
20210022275 Space Flight Pressurized Systems 2021
NASA TM X- Investigation of Slosh Anomaly in Apollo Lunar October Eng |3 Y
2362 Module Propellant Gage 1971
NASA TN D- Fundamental Techniques of Weight Estimating May 1971 Eng |3 Y
6349 and Forecasting for Advanced Manned
Spacecraft and Space Stations
NASA TN D- Apollo Experience Report: Pressure Vessels September Eng |3 Y
6795 1972
NASA TN D- Apollo Experience Report — Command and June 1973 Eng |3 Y
7151 Service Module Reaction Control Systems
NESC 90/95 POD Radiography Concern for COPVs N/A Eng |3 Y
Technical and Metal Tank Welds
Bulletin 19-02
NESC Material Compatibility Assessment of Spacecraft | N/A Eng |3 Y
Technical Oxidizer Systems
Bulletin 20-06
NESC Evaluating and Mitigating Liner Strain Spikes in N/A Eng |3 Y
Technical COPVs
Bulletin 20-07
NESC Experimental and Computational Study of N/A Eng |3 Y
Technical Cavitation in Hydrogen Peroxide
Bulletin 21-01
NESC Treatment of Transient Pressure Events in N/A Eng |3 Y
Technical Space Flight Pressurized Systems
Bulletin 22-03
NESC Helium Solubility in MMH and NTO N/A Eng |3 Y
Technical
Bulletin 22-07
NESC Contamination Reduction in High Purity N/A Eng |3 Y
Technical Hydrazine
Bulletin 22-08
NESC Including Key Design Features in Safety-Critical | N/A Eng |3 Y
Technical Pyrotechnic Firing Circuits
Bulletin 23-01
NPR 7123.1 NASA Systems Engineering Processes and Dw/Chg2, |Eng |3 Y
Requirements 07/05/23
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SAE AS1424 Hose Assemblies, Metal, Medium Pressure, High | H, April Eng |3 Y
Temperature 2020
SAE AS85421 | Fittings, Tube, Fluid Systems, Separable, Beam | C, May 2021 | Eng |3 Y
Seal, 3000-4000 psi, General Specification for
SAND2012- Technical Reference on Hydrogen Compatibility | September Eng |3 Y
7321 of Materials 2012
SSCMAN 91- Range Safety User Requirements Manual - 12/27/2022 | Eng |3 Y
710, Volume 3 | Launch Vehicles, Payloads, and Ground Support
Systems Requirements

3 HUMAN RATED PROPULSION SYSTEM STANDARDS AND REQUIREMENTS

The following sections call out the existing technical standards and additional requirements aimed at
filling gaps to address the failure modes and controlling the associated catastrophic hazards of a
human-rated spacecraft propulsion system. These requirements are broadly applicable to many types
of liquid and gaseous spacecraft propulsion systems and can be tailored accordingly.

This section is structured as follows, from the vehicle and system level down to the components of
the system as shown in Figure 1. Many of the most significant propulsion system failures can be
traced back to the vehicle or propulsion system initial sizing or conceptual design selections or can be
related to vehicle level interactions with avionics, Guidance, Navigation, and Control (GN&C), flight
software (FSW), structures, thermal control, and other interfacing systems on the spacecraft, or can
be traced to the application of ‘heritage’ components in manner for which it was not capable.

Detrimental interactions within the propulsion system itself can also lead to hardware failures and
associated hazards. Recent examples include, but are not limited to, the following: (1) the operation
of components, in series and/or in parallel, causing transient pressures that result in leakage or
uncommanded state changes of other valves, (2) the combined effects of external ground
environment exposure (e.g. moist air) and internal propellant exposure (e.g. MON propellant)
resulting in permeation through seals that drives unexpected corrosion of ‘non-wetted’ component
parts, (3) MON propellant exposure in combination with elevated pressure and temperature
conditions resulting in Teflon seal swell that adversely affects component flow area/delta P and
leakage performance, and (4) transient liquid propellant flow during water-hammer events caused by
propulsion system activation sequences, line/manifold priming steps, thruster firings, etc. which
damages components exposed to the excessive surge pressures. These types of interactions may
occur for nominal, dispersed, and/or fault cases and conditions, necessitating a methodical and
thorough assessment of all relevant scenarios.

In many cases, these types of issues are discovered late in the program and drive a complex and
costly redesign, additional analysis and/or testing, operating procedure workarounds, or an increased
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level of risk acceptance for the technical authority (TA) and project/program. The goal is the early
detection of any issues during pre-preliminary design review (PDR) tests, and successful completion
of the component level qualification tests and propulsion system level qualification tests with those
components included. Ultimately, a series of development, acceptance, and qualification tests will be
necessary to verify the requirements.
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JSC 67723 Spacecraft Propulsion System Standard

1 1 1 1 1 1
3.1 Vehicle-to-Propulsion 3.2 Propulsion System & 3.3 Pressurant and 3.4 M&P, Fluid 3.5 General Pressurized 3.6 Pressure Vessels and
3.1.1 Vehicle Performance Component Testing Propellants Compatibility (MDP) Propellant Tanks
3.1.2 Critical Math Models (SMC-5-016)
3.1.3 Single Use & Reusable Prop Systems 3.3.1 Fluid Procurement & Usage 3.4.1 M&P NASA-STD-6016 3.5.1 MDP
3.1.4 Redundancy & Fault Tolerance 531 Goneral Tests & Heritaze Evaluation 332 Interface Filtration Level, Sampling 3.4.2 Test, Assembly, Cleaning Fluids 3.5.2 Fracture g'g; :\"',It:ti'lzf:r:::jf:z‘;[:::h
3.1.5 Failure Tolerance Exceptions DFMR 3'2'2 Propulsion Systemn Levzl Qual 3.3.3 Pressurants, Cold Gas 3.4.3 Component Fluid Compatibility 3.5.3 NDE 3.6.3 copv
3.1.6 Protection of Redundant Functions Y P ¥ 3.3.4 Monopropellants, 3.4.4 Oxidizer Compatibility Assessments 3.5.4 Threaded Fast e L .
3.2.3 System Level development tests =B readed Fasteners 3.6.4 Composite with plastic liner
3.1.7 GNC to Thruster Interface ) 3.3.5 Monopropellant hazards 3.4.5 Softgoods -
b 3.2.4 Propulsion System Acceptance, AI&T N P 3.6.5Type V all composite
3.1.8 Plume Impingement 3.2.5 Leakage Allowable & Measurement 3.3.6 Bipropellants 346 Contamination Control 3.6.6 Liquid Acquisition PMD
3.1.9 Propellant Slosh o B 3.2.7 MMH/NTO / Hypergolic haz