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PREFACE

This safety standard establishes a uniform Agency process for hydrogen system
design, materials selection, operation, storage, and transportation. This standard
contains minimum guidelines applicable to NASA Headquarters and all NASA Field
Centers. Centers are encouraged to assess their individual programs and develop
additional requirements as needed. ‘“Shalls” and “musts” denote requirements
mandated in other documents and in widespread use in the aerospace industry.

This standard is issued in loose-leaf form and will be revised by change pages.

Comments and questions concerning the contents of this publication should be
referred to the National Aeronautics and Space Administration Headquarters,
Director, Safety and Risk Management Division, Office of the Associate for Safety
and Mission Assurance, Washington, DC 20546.

Frederick D. Gregory Effective Date: Feb.12, 1997
Associate Administrator for
Safety and Mission Assurance
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ABOUT THIS DOCUMENT

This document and its companion document, Safety Standard for Oxygen and
Oxygen Systems (NSS 1740.15 1996), are identified as Tier 2 Standards and
Technical Requirements in the NASA Safety and Documentation Tree (NHB 1700.1
1993). The information presented is intended as a reference to hydrogen design and
practice and not as an authorizing document. The words “‘shall” and “must” are
used in this document to indicate a mandatory requirement, and the authority for the
requirement is given. The words “‘should” and “will”” are used to indicate a
recommendation or that which is advised but not mandatory.

The information is arranged in an easy-to-use format. The reader will find the
following useful to note:

* A numbered outline format is used so information can be readily found and
easily cited.

* An index is provided in Appendix H to assist the reader in locating information
on a particular topic.

* Acronyms are defined when introduced, and a tabulation of acronyms used in the
document is provided in Appendix F.

* The figures and tables referenced in the text are located in the appendices.

* All sources are referenced so the user can verify original sources as deemed
necessary. References cited in the main body of the text can be found in
Chapter 10, and references introduced in an appendix is cited in that appendix.
The latest revisions of codes, standards, and NASA directives should be used
when those referenced are superseded.

* The International System of Units (SI) is used for primary units, and US
Customary units are given in parentheses following the SI units. Some of the
tables and figures contain only one set of units.
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CHAPTER 1: BASIC HYDROGEN SAFETY GUIDELINES

Note: Hydrogen shall be stored, handled, and used so life and health are
not jeopardized and the risk of property damage is minimized.

SCOPE

This handbook is a central agency document containing guidelines for safely
storing, handling, and using hydrogen in gaseous, liquid, or slush form,
whether used as a nonpropellant or propellant. Each designer, user,
operator, maintainer, assurance person, and designated project manager is
responsible for incorporating the appropriate requirements of this guideline
document into their projects or facilities. However, use of this guideline
document does not relieve the designer, user, operator, maintainer, and
assurance person and designated managers of professional responsibility or
allow them to preclude the exercise of sound engineering judgment.

INTRODUCTION
a. General.

(D) The purpose of the Hydrogen Safety Handbook is to provide a
practical set of guidelines for safe hydrogen use. For the
purposes of this handbook, hydrogen may refer to the gaseous
(GH>), to the liquefied (LH2), and/or slush (SLH2) form.
Specific or special considerations for each form will be
delineated. This handbook contains chapters on properties and
hazards, facility design, design of components, materials
compatibility, detection, and transportation. It also covers
various operational issues and emergency procedures. The
intent of this handbook is to provide enough information that it
can be used alone, but at the same time, reference data sources
that can provide much more detail if required. Any
information contained herein on hazards and use of hydrogen
is based on current knowledge and is subject to change as
more testing is completed and evaluated.

2) Federal and state mandatory regulation shall take precedence
over NASA directives in the event of conflicting requirements.
A primary policy of NASA is that when requirements conflict,
the most stringent shall apply (NSS 1740.11 1993).
101a
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Nonpropellant Use.

The following standards apply and shall be followed for hydrogen
used as a nonpropellant:

ey

2)

3)

“4)

29 CFR 1910.119 (1996) sets requirements for hazard analysis
for systems involving 4535 kg (10,000 1b) or more of
hydrogen in any form.

29 CFR 1910.103 (1996) sets requirements for GH: systems.
This regulation does not apply to single GHz systems using
containers having a total hydrogen content of less than 11 CM
(400 CF), measured at 101.3 kPa (14.7 psia) and 294.1 K
(70 °F). The regulation shall apply where individual systems,
each having a total hydrogen content of less than 11 CM

(400 CF), are located less than 1.5 m (5 ft) from each other.

29 CFR 1910.103 (1996) sets requirements for LH> systems.
This regulation does not apply to portable containers having a
total LH> content of less than 150 L (39.63 gal), nor to a LH:
system with a content greater than 283,910 L (75,000 gal).

All pressure vessels for hydrogen service shall be designed,
constructed, and tested in accordance with ASME Boiler and
Pressure Vessel Code (BPVC) (1995) and NMI 1710.3
(1994), NSS/HP 1740.1 (1974), and NSS 1740.4 (1976). The
appropriate standards from these codes shall be used for
aerospace pressure vessels. All piping systems for hydrogen
service shall be designed, constructed, and tested in
accordance with ANSI/ASME B31.1 (1995) and

ANSI/ASME B31.3 (1996) as appropriate.

Propellant Use.

The following standards and guidelines apply and shall be followed
for LH> used as a propellant:

ey

29 CFR 1910.119 (1996) sets requirements for hazard analysis
for systems involving 4535 kg (10,000 1b) or more of
hydrogen in any form.

1-2
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2) 29 CFR 1910.103 (1996) sets requirements for LH2 systems
except for the requirements for quantity and distance siting
and for personnel monitoring.

3) NSS 1740.12 (1993)(DoD 6055.9 1992) sets requirements for
siting LH> storage in relation to facilities and other propellants
and chemical storage and for personnel monitoring.

4) All pressure vessels for hydrogen service shall be designed,
constructed, and tested in accordance with ASME BPVC
(1995) and NMI 1710.3 (1994), NSS/HP 1740.1 (1974), and
NSS 1740.4 (1976). The appropriate standards from these
codes shall be used for aerospace pressure vessels. All piping

systems for hydrogen service shall be designed, constructed,
and tested in accordance with ANSI/ASME B31.3 (1996).

SLH: and Solid Hydrogen.

No standards specifically apply to SLH> and solid hydrogen at
present. It is suggested that when the total mass of these materials in
the system being considered is equivalent to the amounts cited in
101.b(1) and 101.b(3) that these reference standards be applied.
Except for supplying limited property data in Appendix Al, solid
hydrogen is not discussed further.

Minimum Quantities.

The authority having jurisdiction (AHJ) at the controlling NASA
center is responsible and shall establish requirements for safe storage
and use that shall protect all personnel and facilities, for hydrogen
systems in quantities below the minimum quantity specified in the
above standards and guidelines.

Other Facilities.

Those facilities, equipment, and test articles that do not meet the
definitions of GH2 or LH: systems as stated in the standards and
guidelines above but are in hydrogen service shall have applied for
their design, construction, testing, and use 29 CFR 1910.103 (1996),
29 CFR 1910.119 (1996), NSS 1740.12 (1993), and other standards
as directed by the AHJ at the controlling NASA center.

101f
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g. Retroactivity.

(1) An existing system for hydrogen used as a nonpropellant not
in strict compliance with the provisions of these standards and
guidelines shall be permitted to be continued in use where
such use does not constitute a distinct hazard to life or
adjoining facilities (NFPA 50A 1994 and NFPA 50B 1994).

(2) Existing facilities for LH2 used as a propellant not in
compliance with current standards may continue to be used for
the balance of their functional lives, as long as current
operations present no significantly greater risk than that
assumed when the facility was originally designed, and it can
be demonstrated clearly that a modification to bring the
facility into compliance is not feasible. However, the facility
must be brought into compliance with current standards (NSS
1740.12 1993) in the case of a major renovation.

APPLICABLE DOCUMENTS

Information on safe use of hydrogen systems is cited in each section. Unless
otherwise specified, the latest revision of documentation shall be used. The
latest revision applies in the event of conflict. Unit conversions are
consistent with ANSI/IEEE Std 268 (1992).

PERSONNEL TRAINING

a. Hydrogen Handling Training.

Personnel handling hydrogen or designing equipment for hydrogen
systems must become familiar with the physical, chemical, and
specific hazardous properties of GH2, LH2, and SLH>. Training
should include detailed safety programs that recognize human
capabilities and limitations. The goal of the safety program is to
eliminate accidents and to minimize the severity of accidents that
occur (NHB 1700.1 1993). Appendix B, Example 12 provides a
summary of typical information that may be presented in
training/certification of liquid hydrogen handlers.

1-4
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Designer Training.

Personnel involved in equipment design and operations planning must
be trained to carefully adhere to accepted standards and guidelines and
comply with the regulatory codes (NHB 1700.1 1993).

Operator Certification.

Operators must be certified for handling GH2, LH>, and SLH>, as
appropriate, and in the emergency procedures for spills and leaks.
Operators must be kept informed of any changes in safety procedures
and facility operations (NHB 1700.1 1993 and 29 CFR 1910.103
1996).

Hazard Communication Program.

The AHIJ at the controlling NASA center shall develop, implement,
and maintain at the workplace a written hazard communications
program for their workplaces (29 CFR 1910.1200 1996).

Annual Review.

Each NASA installation will annually review all operations being
performed at the installation to ensure that the safety training program
is working effectively and to identify and enter into the program all
potentially hazardous jobs in addition to jobs designated mandatory.
Employee safety committees, employee representatives, and other
interested groups should be provided an opportunity to assist in the
identification process (NHB 1700.1 1993).

104 USE OF INHERENT SAFETY FEATURES

a.

Hazards Elimination.

Regardless of quantity, all hydrogen systems and operations must be
devoid of hazards by providing adequate ventilation, designing and
operating to prevent leakage, and eliminating potential ignition
sources.

Barriers.
Barriers or safeguards should be provided to minimize risks and
control failures.

104b
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Safety Systems.

Safety systems should be installed to detect and counteract or control
the possible effects of such hazards as vessel failures, leaks and spills,
embrittlement, collisions during transportation, vaporization system
failures, ignitions, fires and explosions, cloud dispersions, and the
exposure of personnel to cryogenic or flame temperatures.

Safe Interface.

A safe interface must be maintained under normal and emergency
conditions so at least two failures occur before hazardous events could
lead to personal injury, loss of life, or major equipment or property
damage.

105 CONTROLS

Warning Systems.

Warning systems should be installed to detect abnormal conditions,
measure malfunctions, and indicate incipient failures. Warning
system data transmissions with visible and audible signals should have
sufficient redundancy to prevent any single-point failure from
disabling the system.

Flow Controls.
Safety valving and flow regulation should be installed to adequately
respond for protection of personnel and equipment during hydrogen

storage, handling, and use.

Safety Features.

System and equipment safety features should be installed to
automatically control the equipment required to reduce the hazards
suggested by the triggering of the caution and warning systems.
Manual controls within the systems should be constrained by
automatic limiting devices to prevent over-ranging.

1-6
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106 FAIL-SAFE DESIGN
a. Certification.
The equipment, power, and other system services shall be verified for
safe performance in the design and normal operational regimes

through certification.

b. Fail-Safe Design.

Any failure from which potentially hazardous conditions are a risk
shall cause the system to revert to conditions that will be safest for
personnel and with the lowest property damage potential.

c. Redundant Safety.

Redundant safety features shall be designed to prevent a hazardous
condition when a component fails.

107 SAFETY

a. Safety Review.

All plans, designs, and operations associated with hydrogen use must
be subject to an independent, safety review in accordance with NHB
1700.1 (1993). Safety reviews should be conducted on effects of
fluid properties, training, escape and rescue, fire detection, and fire
fighting.

b. Operating Procedures.

Operating procedures for normal and emergency conditions shall be
established and reviewed as appropriate (NHB 1700.1 1993).

C. Hazards Analysis.

Hazards analyses must be performed to identify conditions that may
cause injury, death, or property damage.

107c
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d. Mishap Reporting.

Reporting, investigating, and documenting the occurrences, causes,
and corrective action required for mishaps, incidents, test failures,
and mission failures shall follow established basic policy procedures
and guidelines (NMI 8621.1 1983 and NHB 1700.1 1993).

WAIVER PROVISIONS

Although this is a guideline handbook, it contains required safety provisions
noted by shall and must. The actions indicated are required by standards and
regulations and are to be followed to prevent loss of life, injury, or property
damage. Waivers to required safety provisions shall be handled and reviewed
in accordance with local procedures consistent with NHB 1700.1 (1993).
NASA variances, deviations, or waivers do not apply to Federal and
applicable state and local regulations (NHB 1700.1 1993).

Actions specified by should are recommended guidelines and also denote
additional safety considerations.

1-8
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CHAPTER 2: PROPERTIES AND HAZARDS OF HYDROGEN

Note: Hydrogen is an equilibrium mixture of ortho-hydrogen and para-
hydrogen. These molecules have slightly different physical properties but
are chemically equivalent; therefore, the hazards associated with the use
of hydrogen are the same irrespective of the molecular form.

TYPICAL PROPERTIES

a. Ortho- and Para-Hydrogen.

The hydrogen molecule exists in two forms, distinguished by the
relative rotation of the nuclear spin of the individual atoms in the
molecule. Molecules with spins in the same direction (parallel) are
called ortho-hydrogen; and those with spins in the opposite direction
(antiparallel), para-hydrogen. Figure Al.1 shows that the ortho-
hydrogen will convert to para-hydrogen as the temperature of
hydrogen is lowered. The equilibrium mixture of ortho- and para-
hydrogen at any temperature is referred to as equilibrium hydrogen.
The equilibrium ortho-para-hydrogen mixture with a content of

75 percent ortho-hydrogen and 25 percent para-hydrogen at room
temperature is called normal hydrogen. The ortho-para-hydrogen
conversion is accompanied by a release of heat, 703 J/g

(302.4 Btu/Ib) at 20 K (-423 °F) for ortho- to para-hydrogen
conversion, or 527 J/g (226.7 Btu/lb) for normal to para-hydrogen
conversion (Figure A1.2). Unless catalyzed, this conversion is slow
but occurs at a finite rate (taking several days to complete) and
continues even in the solid state. Catalysts are used to accelerate this
conversion in LH2 production facilities, which produce almost pure
para-hydrogen liquid (=95 percent). Be aware of some property
differences in these different forms of hydrogen and observe for
which form the data are given.

b. Slush Hydrogen.

SLH? is a mixture of solid and LH: at the triple point temperature.

Properties of a 50 percent by mass solid or 50 percent by volume
solid mixture usually are given; although, other mass (or volume)
fraction mixtures of solid and liquid are possible.

200b
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Hydrogen Properties.

Selected thermophysical properties of various states of hydrogen,
primarily para-hydrogen, are given in the figures and tables in
Appendix Al. McCarty, Hord, and Roder (1981) provide an
extensive tabulation of the thermophysical properties of hydrogen.
Figure A1.3 shows the vapor pressure of liquefied para-hydrogen as a
function of temperature from the triple point to the normal boiling
point (NBP), and Figure A1.4 shows it from the NBP to the critical
point. Figure A1.5 gives the vapor pressure of para-hydrogen and
normal hydrogen below the triple point. Figure A1.6 gives the
dielectric constant of various states of para-hydrogen. Figure A1.7
gives a comparison of the densities and bulk fluid heat capacities for
slush, triple-point liquid, and normal boiling liquid para-hydrogen.
Figure A1.8 shows a proposed phase diagram (P-T plane) for solid
hydrogen at various ortho mole fractions. Figure A1.9 gives a
proposed phase diagram (V-T plane) for solid normal hydrogen.
Figure A1.10 shows the specific heat (heat capacity) of saturated solid
hydrogen. Figure Al.11 gives the melting line from the triple point
to the critical point pressure for para-hydrogen. Table Al.1 gives
selected thermophysical, chemical, and combustion properties of
para-hydrogen. This table presents property data for gaseous, liquid,
slush, and solid phases. Table A1.2 gives some fixed point properties
of normal hydrogen. Table A1.3 gives a tabulation of
thermodynamic properties of the hydrogen solid-vapor two-phase
region, and Table A1.4 gives a tabulation of the thermodynamic
properties of the hydrogen solid-liquid two-phase region. Table Al.5
gives some data on the molar volume of compressed solid para-
hydrogen. Table A1.6 gives the thermal expansion coefficient of
solid para-hydrogen from 1 to 13.8 K (-458 to -435 °F).

Health Hazard Properties.

Hydrogen is nontoxic, classified as a simple asphyxiant, and has no
threshold limit value (TLV). Hydrogen is not listed as a carcinogen
by the National Toxicology Program, International Agency Research
on Cancer, or Occupational Safety and Health Administration.
Health hazard data are given in a hydrogen Material Safety Data
Sheet (MSDS) in Appendix Al, Addendum.

2-2



Downloaded from http://www.everyspec.com

201 TYPES OF HAZARDS
a. General.

The hazards associated with the use of hydrogen can be characterized
as physiological (frostbite, respiratory ailment, and asphyxiation),
physical (phase changes, component failures, and embrittlement), and
chemical (ignition and burning). A combination of hazards occur in
most instances. The primary hazard associated with any form of
hydrogen is inadvertently producing a flammable or detonable
mixture, leading to a fire or detonation. Safety will be improved
when the designers and operational personnel are aware of the
specific hazards associated with the handling and use of hydrogen.
Hazards of hydrogen use are discussed below.

b. Industrial and Aerospace Accidents.

(D) Industrial and aerospace accidents from the use of hydrogen
have occurred. Tables A7.1 through A7.3 list types of
accidents. Analyses of these accidents indicate the following
factors are of primary importance in causing system failures:

(a) Mechanical failure of the containment vessel, piping,
or auxiliary components (brittle failure, hydrogen
embrittlement, or freeze-up)

(b) Reaction of the fluid with a contaminant (such as air in
a hydrogen system)

(c) Failure of a safety device to operate properly
(d) Operational error

(2) Analyses of accidents have shown that the response, through
design or operating procedures, to a failure should be such that
a single failure does not lead to a series of failures or a chain
reaction of failures; such as, any failure must be restricted to a

local event; otherwise, the hazard and potential for damage is
greatly enhanced.

201b

2-3



Downloaded from http://www.everyspec.com

201c

C. Ignition.

Fires and explosions have occurred in various components of
hydrogen systems as a result of a variety of ignition sources. Ignition
sources have included mechanical sparks from rapidly closing valves,
electrostatic discharges in ungrounded particulate filters, sparks from
electrical equipment, welding and cutting operations, catalyst
particles, and lightning strikes near the vent stack. Table A2.1 lists
additional ignition sources.

d. Fire and Explosions.

A potential fire hazard always exists when hydrogen is present.

(1) GHz: diffuses rapidly with air turbulence increasing the rate of
GH: dispersion. Evaporation can rapidly occur in an LH>
spill; resulting in a flammable mixture forming over a
considerable distance. Although ignition sources may not be
present at the leak or spill location, fire could occur if the
movement of the flammable mixture causes it to reach an
ignition source.

Example: Observation alone is not a reliable technique for
detecting pure hydrogen-air fires or assessing their
severity. A fire resulted from an accident in which
a small leak developed. The equipment was
shutdown and the flame appeared to diminish;
however, molten metal drippings from the
equipment indicated a more severe fire was in
progress.

2) A deflagration could result if a mixture within flammability
limits is ignited at a single point.

3) A detonation could occur if the GHz-air mixture is within
detonability limits and an appropriate energy source is
available. A deflagration could transform into a detonation if
there is confinement or a mechanism for flame acceleration.

4) Flash fires or boiling liquid expanding vapor explosions
(BLEVE) could occur when an external source of thermal
energy is heating LH2 or SLH: and there is a path to the
surroundings.
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Leaks.

Leaks can occur within a system or to the surroundings. Hazards can
arise by air or contaminants leaking into a cold hydrogen system (LH:
or SLH»), such as by cryo-pumping. Leaks are usually caused by
deformed seals or gaskets, valve misalignment, or failures of flanges
or equipment. A leak may cause further failures of construction
materials. For leaks involving LH2, vaporization of cold vapor
hydrogen to the atmosphere may provide a warning because moisture
condenses and forms a fog. Undetected hydrogen leaks can lead to
fires and explosions.

Example: Hydrogen leaks generally originate from valves, flanges,
diaphragms, gaskets, and various types of seals and fittings.
The leaks usually are undetected because of the absence of a
continuous hydrogen monitor in the area. An example of
this condition was a large sphere partitioned by a neoprene
diaphragm with hydrogen stored under the diaphragm and
air above it. An explosion-proof fan was placed on top of
the sphere to provide a slight positive pressure on the
diaphragm. A violent explosion occurred in the sphere
after the plant was shutdown. Hydrogen leaked past the
diaphragm when the fan was turned off. Ignition was
attributed to an electrostatic discharge cause by motion of
the diaphragm or a source associated with the
explosion-proof fan. The explosion could have been
avoided by using an inert gas instead of air across the
diaphragm or monitoring the hydrogen concentration in the
upper hemisphere.

Hydrogen Dispersion.

A property of hydrogen that tends to limit the horizontal spread of
combustible mixtures from a hydrogen spill is its buoyancy.

Although saturated hydrogen is heavier than air at the temperatures
existing after evaporation from a spill, it quickly becomes lighter than
air, making the cloud positively buoyant. The dispersion of the cloud
is affected by wind speed and wind direction and can be influenced by
atmospheric turbulence and nearby structures. Although condensing
moisture is an indication of cold hydrogen, the fog shape does not
give an accurate description of the hydrogen cloud location
(Witcofsky and Chirivella 1982). The use of dikes or barricades

201f
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around hydrogen storage facilities should be carefully examined
because it is preferred to disperse any leaked or spilled LH2 or SLH>
as rapidly as possible. Dikes or berms generally should not be used
unless their purpose is to limit or contain the spread of a liquid spill
because of nearby buildings, ignition sources, etc. However, such
confinement may delay the dispersion of any spilled liquid by limiting
the evaporation rate, and could effect a combustion event that might
occur.

Storage Vessel Failure.

The release of GH2 or LH2 may result in ignition and combustion,
causing fires and explosions. Damage may extend over considerably
wider areas than the storage locations because of hydrogen cloud
movement. Vessel failure may be started by material failure,
excessive pressure caused by heat leak, or failure of the
pressure-relief system.

Vent and Exhaust System.

Vent and exhaust system accidents are attributed to inadequate
ventilation and the inadvertent entry of air into the vent. Backflow of
air can be prevented with suitable vent stack designs, provision of
makeup air (or adequate supply of inert gas as the situation demands),
check valves, or molecular seals.

Purging.

Pipes and vessels should be purged with an inert gas before and after
using hydrogen in the equipment. Nitrogen may be used if the
temperature of the system is above 80 K (-316 °F), whereas, helium
should be used if the temperature is below 80 K (-316 °F).
Alternatively, a GH2 purge may be used to warm the system to 80 K
(-316 °F) and then switch to a nitrogen purge if the system is below
80 K (-316 °F); however, some condensation of the GH2 may occur if
the system contains LH>. Residual pockets of hydrogen or the purge
gas will remain in the enclosure if the purging rate, duration, or
extent of mixing is too low. Tables A7.1 through A7.3 list 12 fire or
explosion incidents that resulted from such situations, demonstrating
the difficulties in purging hydrogen from large systems. Uniform
mixing and dilution is unlikely in partially enclosed spaces. Reliable
gas concentration measurements should be obtained at a number of
different locations within the system for suitable purges.
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Example: A dangerous purging practice that led to an explosion
occurred when only a portion of a hydrogen system was
isolated to reduce the purge time and volume. Complete
isolation usually cannot be ensured because of the
propensity of hydrogen to leak.

Vaporization System Failure.

Pipe valving in vaporization systems may fail, causing injury from
low-temperature exposures. Ignition of the hydrogen may occur,
resulting in damage from fires and explosions.

Condensation of Air.

An uninsulated line containing LH> or cold hydrogen gas, such as a
vent line, can be sufficiently cold (less than 90 K (-298 °F) at

101.3 kPa (14.7 psia)) to condense air on the outside of the pipe.
The condensed air, which can be enriched in oxygen to about

50 percent, must not be allowed to contact sensitive material or
equipment. Materials not suitable for low temperatures, such as
carbon steel, can become embrittled and fail. Moving parts and
electronic equipment can be adversely affected. Condensed air must
not be permitted to drip onto combustible materials such as tar and
asphalt (an explosive mixture can be created).

Hydrogen Embrittlement.

Containment systems may fail and the subsequent spills and leaks will
create hazards when the mechanical properties of metallic and
nonmetallic materials degrade from hydrogen embrittlement.
Hydrogen embrittlement is a long term effect and occurs from
continued use of a hydrogen system.

Example: Tables A7.1 through A7.3 list piping and vessel ruptures
caused by materials problems including hydrogen
embrittlement, stress corrosion, and weld failures. Most of
the damage was incurred by ignition of the hydrogen
following the rupture. All repairs and modifications to
piping and equipment that handles hydrogen must be
carefully engineered and tested.

2011
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Physiological Hazards.

Personnel present during leaks, fires, or explosions of hydrogen
systems can incur several types of injury.

(1) Asphyxiation is a hazard when someone enters a region where
hydrogen or a purge gas has displaced the air, diluting the
oxygen below 19.5 percent by volume. Stages of asphyxiation
(at ground level) have been noted based on the oxygen

concentration:

15-19 percent by volume

12-15 percent by volume

10-12 percent by volume

8-10 percent by volume

6-8 percent by volume

4 percent by volume

Decreased ability to perform
tasks; may induce early
symptoms in persons with
heart, lung, or circulatory
problems

Deeper respiration, faster
pulse, poor coordination

Giddiness, poor judgment,
slightly blue lips

Nausea, vomiting,
unconsciousness, ashen face,
fainting, mental failure

Death in 8 min; 50 percent
death and 50 percent recovery
with treatment in 6 min, 100
percent recovery with
treatment in 4 to 5 min

Coma in 40 s, convulsions,
respiration ceases, death

2) Blast waves from explosions will cause injury as a result of
overpressure at a given location or a combination of
overpressure and duration at a given location as follows

(DoD 6055.9 1992):

3 psi overpressure
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16 psi overpressure 50 percent eardrum
rupture

10 psi overpressure for 50 ms Threshold of lung

or 20-30 psi overpressure for 3 ms rupture

27 psi overpressure for 50 ms 1 percent mortality

or 60-70 psi overpressure for 3 ms

The radiant heat that reaches and is absorbed by a person from
a GHz-air flame is directly proportional to a variety of factors
including exposure time, burning rate, heat of combustion,
size of the burning surface, and atmospheric conditions
(especially water vapor). Thermal radiation flux exposure
levels show the following:

Flux of 0.47 W/cm® (1490 Btu/min-ft*)  Pain felt in 15-30 s
Skin burns in 30 s

Flux of 0.95 W/cm? (2722 Btu/min-ft*) Immediate skin
reactions

Figure A2.4 shows the distance-fuel weight relationship for
third degree burns for thermal radiation of 134 J/m’

(11.8 Btu/ft?). Figure A2.5 shows heat radiant intensity
versus exposure time for threshold pain values. Figure A2.6
shows the effect of water vapor on radiant energy from a
hydrogen fire.

Cryogenic burns result from contact with cold fluids or cold
vessel surfaces.

Exposure to large LH: spills could result in hypothermia if
proper precautions are not taken.

Collisions During Transportation.

Damage to hydrogen transportation systems (road, rail, air, and
water) can cause spills and leaks that may result in fires and
explosions.

20In
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Example: Most of the incidents during transportation occurred outside
of industrial facilities. Seventy-one percent of the hydrogen
releases did not lead to an ignition. The relatively few
ignitions may be due to a lack of ignition sources or the
rapid dispersal of hydrogen into the atmosphere. In any
event, the accident data provide further incentive to
transport, transfer, and store hydrogen outdoors, away from
occupied areas.

FLAMMABILITY AND IGNITION OF HYDROGEN

Note: Major emphasis should be on containment, detection, and
ventilation because the minimum energy of GH: ignition in air at
atmospheric pressure is about 0.02 mJ (1.9 x 10® Btu) and experience
shows that escaped hydrogen is very easily ignited.

It is necessary for hydrogen to be mixed with an oxidant, the mixture be
within flammability limits, and an appropriate ignition source be present for
hydrogen to burn. Leaks and accumulations occur even with the best efforts
to contain hydrogen. The safe procedure is to eliminate all likely sources of
ignition or place them away from areas of possible hydrogen leakage. Fifty-
three percent of the industrial accidents listed in Table A7.1 occurred because
of leaks, off-gassing, and equipment ruptures. Fifteen percent were purging
or vent-exhaust incidents, and the remaining 32 percent were other types of
incidents. The vast majority of the accidents in ammonia plants listed in
Table A7.2 occurred because of gaskets and valve packing leaking. Eighty-
seven out of 107 aerospace hydrogen incidents listed in Table A7.3 involved
release of GH2 or LH2. When accidents were not caused by equipment
failure, they primarily occurred when procedures were not prescribed or
when prescribed procedures were not followed (Ordin 1974). Accident
reports showed that electrical short circuits and sparks were considered to be
responsible for 25 percent of the ignitions, and static charges were
responsible for about 18 percent of the ignitions. Welding or cutting torches,
metal fracture, gas impingement, and the rupture of safety disks were each
considered responsible for 3 to 6 percent of the ignitions.

a. Flammability.

(1) Mixtures of hydrogen with air, oxygen, or other oxidizers are
highly flammable over a wide range of compositions. The
flammability limits, in percent by volume of hydrogen, define
the range over which fuel vapors will ignite when exposed to
an ignition source of sufficient energy. Flammability limits
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are dependent on the ignition energy, temperature, pressure,
presence of diluents, and size and configuration of the
equipment, facility, or apparatus.

A flammable mixture may be diluted with either of its
constituents until the mixture concentration falls outside the
flammability limits: below the lower flammability limit (LFL)
or above the upper flammability limit (UFL). The
flammability range for hydrogen-air and hydrogen-oxygen
mixtures is broadest for upward flame propagation and
narrows for downward flame propagation.

Neither LH> or SLH: as fuel, and liquid oxygen (LOX) or
solid oxygen as oxidizer, are hypergolic. Mixtures of these
materials have ignited during the mixing process because the
energy required to ignite them is so small (Bunker, Dees, and
Eck 1995). LH: and liquid-solid oxygen have been detonated
by an externally generated shock wave. Comparable
experimental examination of SLH: systems does not exist.

The flammability limits of hydrogen in dry air at 101.3 kPa
(14.7 psia) and ambient temperature are 4.1 percent (LFL) to
74.8 percent (UFL). These limits apply for upward
propagation in tubes. The flammability limits of hydrogen in
oxygen at 101.3 kPa (14.7 psia) and ambient temperature are
4.1 percent (LFL) to 94 percent (UFL). These limits apply for
upward propagation in tubes. Table A2.2 lists the effect of
propagation direction. A reduction in pressure below

101.3 kPa (14.7 psia) tends to narrow the range of
flammability by raising the lower limit and lowering the upper
limit (Table A2.2).

(a) Hydrogen-Air Mixture.

1 The LFL for hydrogen-air mixtures rises to
about 9 percent by volume hydrogen above

10.3 MPa (1500 psia), and the UFL rises to
about 75 percent by volume above 8.3 MPa
(1200 psia). Data indicate that the lowest
pressure for which a low-energy ignition source
produces ignition is approximately 6.9 kPa
(1 psia), at a hydrogen concentration of between
20 and 30 percent by volume (Hertzberg and
Litton 1981).

202a
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Various hydrogen-air mixtures were subjected
to a 45 mJ (4.27x10” Btu) spark ignition source
in a 311 K (100 °F) temperature environment
(Mills, Linley, and Pippen. 1977 and Benz and
Boucher 1981). The tests indicate that the LFL
was 4.5 percent by volume over the pressure
range 34.5 to 101.3 kPa (5 to 14.7 psia). An
increasingly richer hydrogen mixture was
required to obtain combustion below 34.5 kPa
(5 psia). The lowest pressure for which a
low-energy ignition source produced ignition
was 6.2 kPa (0.9 psia) at a GHz-air mixture of
between 20 percent and 30 percent by volume
GH: (Thompson and Enloe 1966).

Using a strong ignition source, the lowest
pressure for which ignition occurs is 0.117 kPa
(0.02 psia).

Raising the temperature from 290 to 673 K (62
to 752 °F) decreases the LFL of hydrogen-air
(downward propagation) from 9.0 to

6.3 percent by volume hydrogen and increases
the UFL from 75 percent to 81.5 percent by
volume hydrogen. Data are for a pressure of
101.3 kPa (14.7 psia).

(b) Hydrogen-Oxygen Mixtures.

The flammability range for hydrogen-oxygen
mixtures of 101.3 kPa (14.7 psia) is from 4 to
94 percent by volume hydrogen for upward
propagation in tubes. Reduced pressures
increase the LFL (Benz and Boucher 1981).
The lowest pressure observed for ignition is
57 Pa (0.008 psia) at a hydrogen concentration
of 50 percent by volume when a high-energy
ignition source was used.

Results of tests at elevated pressures indicate the
LFL does not change with pressure to

12.4 MPa (1793 psia). A UFL of 95.7 percent
by volume hydrogen at 1.52 MPa (220.6 psia)
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(d)

is reported (Benz, Bishop, and Pedley 1988).
Raising the temperature from 288 to 573 K (59
to 572 °F) decreases the LFL from 9.6 to

9.1 percent by volume hydrogen and increases
the UFL from 90 to 94 percent by volume
hydrogen.

Effects of Diluents.

1 Figure A2.1 shows the flammability limits for
hydrogen-oxygen-nitrogen. Table A2.2 shows
flammability limits for GH2 and gaseous oxygen
(GOX) with equal concentrations of added inert
gases (helium (He), carbon dioxide (CO:), and
nitrogen (N2)). Table A2.3 shows the
qualitative effect of He, CO2, N2, and Argon
diluents for various tube sizes. Argon was the
least effective in reducing the flammable range
for hydrogen in air.

2 Figure A2.2 shows the effects of He, CO2, N2,
and water vapor on the flammability limits of
hydrogen in air. Measurements were
performed at 298 K (77 °F) and 101.3 kPa
(14.7 psia) except for the water vapor studies,
which were performed at 422 K (300 °F).
Water was the most effective in reducing the
flammability range, and helium was the least
effective.

Effects of Halocarbon Inhibitors.

1 Figure A2.3 shows the effects of halocarbon
inhibitors on the flammability limits of
hydrogen-oxygen mixtures.

2 Table A2.4 compares the effect of N>, CHsBr,
and CBrF; required to extinguish hydrogen
diffusion flames in air. The inhibitors were
more effective when added to the air stream;
nitrogen was more effective when added to the
fuel stream.

202a
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Autoignition Temperature. Hydrogen is only slightly more
difficult to ignite in air than in oxygen. Ignition temperatures
are dependent on GH: concentration and pressure and the
surface treatment of containers. The reported temperature is
very dependent on the system and values selected should be
applied only to similar systems. At 101.3 kPa (14.7 psia) the
range of reported autoignition temperatures for stoichiometric
hydrogen in air is 773 to 850 K (932 to 1070 °F); in
stoichiometric oxygen it is 773 to 833 K (932 to 1039 °F). At
pressures from 20 to 50 kPa (2.9 to 7.25 psia) GHz-air
ignitions have occurred at 620 K (657 °F).

Minimum Spark Energy for Ignition. Minimum spark energy
for ignition is defined as the minimum spark energy required
to ignite the most easily ignitable concentration of fuel in air
and oxygen. The minimum spark energies of hydrogen in air
are 0.017 mJ (1.6x10°® Btu) at 101.3 kPa (14.7 psia), 0.09 mJ
(8.5x10® Btu) at 5.1 kPa (0.735 psia), and 0.56 mJ

(5.31x107 Btu) at 2.03 kPa (0.294 psia). The minimum spark
energy required for ignition of hydrogen in air is considerably
less than that for methane (0.29 mJ) or gasoline (0.24 mJ);
however, the ignition energy for all three fuels is sufficiently
low that ignition is relatively certain in the presence of any
weak ignition source; such as, sparks, matches, hot surfaces,
or open flames. Even a weak spark caused by the discharge of
static electricity from a human body may be sufficient to ignite
any of these fuels in air.

Quenching Gap in Normal Temperature and Pressure Air.

(a) The quenching gap for hydrogen in normal temperature
and pressure (NTP) air is 0.6 mm (0.024 in.). This
value depends on the temperature, pressure, and
composition of the combustible gas mixture and the
electrode configuration.

(b) Faster burning gases generally have smaller quenching
gaps, and flame arresters for faster burning gases
require smaller apertures. The lowest reported
quenching distance for hydrogen is 0.076 mm
(0.003 in.) (Wionsky 1972). There are three major
considerations in determining the quenching distance
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for a gaseous fuel such as hydrogen: ignition energy,
mixture ratio, and pressure.

1 Quenching gap is a function of ignition energy.
Low ignition energy, 0.001 mJ (9.5x10"° Btu),

corresponds to a small gap, 0.01 cm

(0.0039 in.). Likewise, high ignition energy,

10 mJ (9.5x10° Btu), requires a larger gap, 1 cm

(0.39 in.). (Van Dolah, et al. 1963).

2 Pressure and composition affect the quenching
distance. The quenching distance increases
dramatically at very low pressures. Ata
distance of several inches, the pressure is barely
sufficient to support combustion. The effect of
mixture ratios is less well known; however, it
appears to be constant for a given pressure
between the UFL and LFL (Van Dolah, et al.
1963).

3 Specific values for hydrogen-air
mixtures are not available; however, the
effect of pressure as a function of tube
diameter for deflagration and detonation
of acetylene-air mixtures can be used as
a guideline (Zebetakis and Burgess
1961).

Ignition Sources.

There shall be no sources of ignition, such as from open
flames, electrical equipment, or heating equipment in
buildings or special rooms containing hydrogen systems
(29 CFR 1910.103 1996, NFPA 50A 1994 and NFPA 50B
1994).

Note: Ignition sources must be eliminated or safely
isolated and operations should be conducted as if
unforeseen ignition sources could occur.

202b
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The ignition of GHz-air mixtures usually results in
ordinary deflagration. Table A2.1 gives potential
ignition sources for hydrogen systems. The potential
hazards are significantly less than if detonation results.
It is possible that in a confined or partially confined
enclosure a deflagration can evolve into a detonation.
The geometry and flow conditions (turbulence) have a
strong effect on the transition from deflagration to
detonation.

Electrical sparks are caused by sudden electrical
discharges between objects having different electrical
potentials, such as breaking electrical circuits or
discharges of static electricity. The sparks may
dissipate tremendous amounts of energy in comparison
with friction sparks.

Static electricity can generate sparks that will ignite
hydrogen-air or hydrogen-oxygen mixtures. Static
electricity is caused by many common articles, such as
hair or fur when combed or stroked or a leather belt
operating on a machine. People generate high-voltage
charges of static electricity on themselves, especially
when walking on synthetic carpet or dry ground,
wearing nylon or other synthetic clothing, sliding on
automobile seats, or combing their hair. Flowing GH>
or LH> can generate charges of static electricity. This
is true also for all nonconductive liquids or gases.
Flow in SLH: has the potential for generating static
electricity, although such an effect has not been
confirmed. Turbulence in containers as well as laminar
flow in systems has the same effect. Static charges
may be induced during electrical storms (Beach 1964
and Beach 1965).

Friction sparks are caused by hard objects coming into
shearing contact with each other, such as metal striking
metal, metal striking stone, or stone striking stone.
Friction sparks are particles of burning material that
have been sheared off as a result of contact. The
particle initially is heated by the mechanical energy of
friction and impact. Sparks struck by hand tools are
considered to have low total energy. Mechanical tools
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such as drills and pneumatic chisels can generate high-
energy sparks.

Impact sparks are also caused by hard objects coming
into forcible contact with each other. Impact sparks
are produced by impact on a quartzitic rock such as the
sand in concrete. As with friction sparks, small
particles of the impacted material are thrown off.

Hot Objects and Flames.

(a) Objects at temperatures from 773 to 854 K (932
to 1078 °F) can ignite hydrogen-air or
hydrogen-oxygen mixtures at atmospheric
pressure. Substantially cooler objects, about
590 K (602 °F), can cause ignition under
prolonged contact at less than atmospheric
pressure.

(b) Open flames easily ignite hydrogen-air
mixtures.

Provisions should be made to acceptably contain any
resulting deflagration or detonation if ignition sources
are a required part of a hydrogen use. As an example,
a combustor or engine should not be operated in
hydrogen-rich atmospheres without well-dispersed
water sprays in its exhaust. Experience indicates that
multiple bank sprays will partially suppress the
detonation pressures and reduce the number and
temperature of ignition sources in an exhaust system.
Water sprays should not be relied on as a means of
avoiding detonations. Carbon dioxide may be used
with the water spray to further reduce hazards.

DETONATION

The worst-case event resulting from release of all forms of hydrogen
into the ambient environment is mixing of the hydrogen with an
oxidizer (usually air), reaching detonable concentrations, and
subsequent ignition producing a detonation of the mixture. The

203
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positive buoyancy and rapid molecular diffusion of GH> means that any
release will quickly mix with the surrounding gases. Rapid
vaporization occurs and subsequent mixing with the surrounding gases
can lead to a detonable mixture if LH2 or SLH: leaks. Should a
detonation occur, the resulting reaction zone is a shock wave and the
accompanying blast wave has much greater potential for causing
personnel injury or equipment damage.

a. Detonation Limits.

Lower and upper detonation limits vary considerably with the
nature and dimensions of the confinement and cannot be
specified for any fuel-oxidizer mixture unless the nature and
dimensions of the confinement are also specified (Benz,
Bishop, and Pedley 1988).

(1) Figure A2.7 shows the minimum dimensions of
hydrogen-air mixtures for detonation in three types of
confinement at 101.3 kPa (14.7 psia). The figure
shows a significant effect of confinement type on
detonation limits. The ignition energy for detonation
also becomes large for lean or rich mixtures; however,
it is possible to produce overdriven detonations when
large ignition energy is introduced. Therefore,
detonation limits found in the literature should be used
with caution. Stable detonations are fairly well
characterized by the Chapman-Jouget calculation.
Table B1 gives the type of information obtained from
such calculations for hydrogen-air. This table was
produced using the Gordon-McBride computer code
(Gordon and McBride 1994).

(2) While values of lower and upper detonation limits for
GH>-GOX of 15 and 90 percent hydrogen (Lewis and
von Elbe 1961), respectively, are cited, the values
suffer from the same shortcomings noted for hydrogen-
air and should be used with caution.

3) No specific detonation limits for LH2 and air or GOX
are available. The rapid volatilization of LH>to GH:
and subsequent mixing with air or GOX would result in
detonable mixtures as described above.
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4) Mixtures of solid oxygen in excess (with respect to
stoichiometry) and LH: is shock sensitive. A stimulus
(shock) of 100 to 250 MPa (19,500 to 36,000 psia)
will detonate such mixtures. For comparison,
nitroglycerin is detonated by 250 to 500 MPa (36,000
to 73,000 psia) shocks (Perlee, Litchfield, and
Zabetakis 1964).

Detonation Cell Size.

A detonation wave is not a single planar wave front but has a
three-dimensional structure consisting of cells. The size of the
cell, as measured through the pattern left by a detonation on a
smoked plate, is of considerable value in predicting the onset
of detonation and describing the conditions for stable
detonation waves. The cell size has been shown to relate to
several key parameters in assessing a potential hazard,
including critical energies and dimensional characteristics of
structural confinement of the detonation (Lee, et. al. 1982).
The length (a) of a detonation cell is one to two times its width
(b). The aspect ratio (a/b) increases with decreasing initial
pressure. Detonation cell lengths for stoichiometric GHe-
air/GOX at 101.3 kPa (14.7 psia) are 15.9 mm (0.626 in.) and
0.6 mm (0.024 in.), respectively (Bull, Ellsworth, and Shiff
1982). The measurements are specific to the system
configuration used. Figure A2.8 gives the variation of
detonation cell widths for GHz-air mixtures at 101.3 kPa

(14.7 psia). Ignition energy requirements depend on the
concentration of the detonable mixture. Figure A2.9 gives the
grams of tetryl required to detonate the GHz-air mixtures
shown in Figure A2.8.

Effect of Temperature, Pressure, and Diluents.

The effect of temperature on detonation cell size for GHz-air
mixtures gives mixed results. The original source should be
consulted when citing such effects. Bull, Ellsworth, and Shiff
(1982) showed decreasing cell size with increasing pressure
for GHz-air. Increasing concentrations of diluents (percent by
volume CO:2, H20) significantly increases cell widths of GH2-
air detonations (Shepard and Roller 1982).
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Energy of Explosion.

The explosive yields for hydrogen-air follow:

NTP GHz-air
approximately 24 g TNT/g GH: (24 1b TNT/Ib GH>)

2.02 kg TNT/m’ GH: (0.126 1b TNT/ft’ GH>)
0.17 g TNT/kJ GH2 (4x10* Ib TNT/Btu GH>)

NBP LH»-air
1.71 g TNT/cm® LH2 (107.3 1b TNT/ft' LH2)

It should be emphasized that only a fraction of this theoretical
explosive yield will be realized in an actual open air mishap.
It is virtually impossible to spill or release a large quantity of
fuel and have all of it mix in proper proportions with air
before ignition. Appendix B, Example 1, gives an example of
the calculation of the detonation characteristics of hydrogen-
air-oxygen mixtures using the Gordon-McBride computer code
(Gordon and McBride 1994). TNT produces a short duration,
high impulse pressure wave, whereas, a hydrogen-air
explosion would have a longer duration and lower impulse
pressure wave; the external effects of the two can be quite
different.

Deflagration-to-Detonation Transition.

A hydrogen-air combustion can start as a detonation, or it can
start as a deflagration and then transit to a detonation after the
flame has traveled for some distance. The composition range
in which a detonation can take place is narrower than that for
deflagration. The commonly quoted range for detonation in a
hydrogen-air mixture is from 18.3 to 59 percent hydrogen.
However, with higher energy ignition sources, the limits can
be extended. The factors that influence whether hydrogen-air
combustion will occur as a detonation, rather than a
deflagration, include the hydrogen percentage, the strength of
the initiator, complete or partial confinement of the reaction,
and the presence of structures that can induce turbulence in the
flame front. An energetic source of initiation is required for
combustion to start as a detonation. A mechanism to
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accelerate the flame velocity is necessary for a deflagration to
transit to detonation. Factors that favor this transition include
the composition being within the detonation range, a degree of
confinement, and anything that can induce turbulence in the
flame front as it travels through the combustible mixture. The
latter tends to stretch out the flame front and increase its
velocity (Lee 1977).

CHARACTERISTIC PROPERTIES OF GH:

While knowledge of the general chemical and physical properties of
hydrogen must be available to the designer and operators of hydrogen
systems, some characteristic properties of GH: are of particular
concern for hazard analyses. The characteristics and properties of
particular concern are discussed in this section.

a. Detection.

Hydrogen gas is colorless, odorless, and not detectable in any
concentration by human senses. Hydrogen is not toxic but can
result in asphyxiation by diluting the oxygen required in
breathing air. An atmosphere containing oxygen at a
concentration of less than 19.5 percent by volume is considered
oxygen deficient (NHS/IH 1845.2 1983).

b. Variable Density.

Hydrogen gas is lighter than NTP air and tends to rise at
temperatures above 23 K (-418.6 °F). Saturated vapor is
heavier than air and will remain close to the ground until the
temperature rises. Buoyant velocities are related to the
difference in air and fuel densities; therefore, the cold, dense
fuel gases produced by LHo spills will rise more slowly than
standard temperature and pressure fuel gases. The buoyant
velocity of hydrogen in NTP air is 1.2 to 9 m/s (3.94 to
29.5 ft/s).

204b
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Lack of Flame Color.

A hydrogen-air-oxygen flame is colorless. Any visibility is
caused by impurities. At reduced pressures a pale blue or
purple flame may be present. Severe burns have been
inflicted on persons exposed to hydrogen flames resulting from
the ignition of hydrogen gas escaping from leaks.

Flame Temperature in Air.

The flame temperature for 19.6 percent by volume hydrogen
in air is 2321 K (3718 °F). Table B2 gives the calculated
characteristics of several mixtures of hydrogen-air-oxygen
using the Gordon-McBride code (Gordon and McBride 1994).

Burning Velocity in NTP Air.

The burning velocity in NTP air, defined as the subsonic
velocity at which a flame propagates through a flammable
fuel-air mixture, is 2.70 to 3.50 m/s (8.86 to 11.48 ft/s). The
burning velocities are affected by pressure, temperature, and
mixture composition. The high burning velocity of hydrogen
indicates its high explosive potential and the difficulty of
confining or arresting hydrogen flames and explosions.

Thermal Energy Radiated from Flame to Surroundings.

(D) Exposure to hydrogen fires can result in significant
damage from thermal radiation. Thermal radiation is
affected by the amount of water vapor in the
atmosphere.

2) Atmospheric moisture absorbs thermal energy radiated
from a fire and can reduce the values. This effect is
significant for hydrogen fires. The intensity of
radiation from a hydrogen flame at a specific distance
depends heavily on the amount of water vapor present
in the atmosphere and is expressed as:
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I — Ioe-O.O046wr (Eq 1)
where:

Io = initial intensity (energy/time-area)

w = water vapor (percent by weight)

r = distance (meters)

Figure A2.6 shows additional data on the effect of
water vapor on radiant energy from hydrogen fires.

3) Table A2.5 includes effects of thermal radiation
exposure on several materials.

Diffusion Coefficient in NTP Air.

The diffusion coefficient for hydrogen in NTP air is
0.61 cm?/s (6.6x10™ ft¥/s).

Limiting Oxygen Index.

The limiting oxygen index is the minimum concentration of
oxygen that will support flame propagation in a mixture of
fuel, air, and nitrogen. For example, no mixture of hydrogen,
air, and nitrogen at NTP conditions will propagate flame if the
mixture contains less than 5 percent by volume oxygen.

Joule-Thomson Expansion.

Most gases at ambient temperatures cool when expanded
across a porous plug; however, the temperature of hydrogen
increases when the gas is expanded at a temperature above its
inverse Joule-Thomson temperature 193 K (-112 °F).
However, the inverse Joule-Thomson effect will not be the
primary cause of any combustion that occurs when hydrogen is
vented from a high-pressure source. The temperature increase
from this effect is only a few degrees Kelvin at the most; it
would not raise the gas to its ignition temperature unless the
gas was already near the ignition temperature.
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CHARACTERISTIC PROPERTIES OF LH:

All of the hazards that exist with GH: also exist with LH2 because of
the ease with which the liquid evaporates. Characteristic properties of
LH: also of particular concern for hazard analyses are discussed in
this section.

Low Boiling Point.

LH: has an NBP of 20.3 K (-423.5 °F) at sea level pressure.
Any LH: splashed on the skin or in the eyes can cause serious
burns by frostbite or hypothermia. Inhaling vapor or cold gas
produces respiratory discomfort and asphyxiation can result.

Ice Formation.

Vents and valving from storage vessels and dewars may be
blocked by accumulations of ice formed from moisture in the
air. Excessive pressure may then rupture the container and

release hydrogen.

Continuous Evaporation.

The continuous evaporation of LH: in a vessel generates GHz,
which must be vented to a safe location or temporarily
confined safely. Storage vessels and other containers should
be kept under positive pressure to prevent air from entering.
LH: is subject to contamination with air condensed and
solidified from the atmosphere or with trace air accumulated
during LH> production. The quantity of oxygen can buildup
during repeated refilling or pressurization of permanent LH>
storage vessels. This mixture is easily ignited and can then
detonate.

Pressure Rise.

LH: will eventually warm to the surroundings giving a
significant pressure rise if it is confined, as in a pipe between
two valves. Considering GH: as an ideal gas, the pressure
resulting from a trapped volume of LH: vaporizing and being
heated to 294 K (70 °F) is 85.8 MPa (12452 psia). However,
the pressure is 172 MPa (25,000 psia) when hydrogen
compressibility is considered. A significant pressure increase
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will occur in a system with only one phase present and the
LH: experiences a temperature increase. Appendix B,
Example 3 is a sample calculation for such a system.

€. High Density.

The higher density of the saturated vapor may cause the
hydrogen cloud to flow horizontally or downward immediately
upon release if an LH: leak occurs.

f. Electric Charge Build Up.

Willis (1966) measured the electrical conductivity of LH> and
found typical resistivities to be about 10" Q-cm at 25 V and
that the resistivity was a linear function of applied voltage. As
Willis (1966) points out, this indicates that it is not strictly
correct to consider the electrical conductivity of LH2 in terms
of Ohm's Law. Although a current can be passed through
LH:, this current can be explained in terms of charge carriers
formed by background radiation. Thus, the current carrying
capacity is small and more or less independent of the imposed
voltage. Investigation has shown that electric charge build up
in flowing LH: is not a great concern.

206 CHARACTERISTIC PROPERTIES OF SLH:

All the hazards that exist with GH2 and LH> also exist with SLHo-.
Additional system components are required to handle the two-phase
SLH:; therefore, transfer and storage operations become more
complex. Characteristic properties of SLH2 also of particular concern
for hazard analyses are discussed in this section.

a. Vapor Pressure.

The vapor pressure of SLH2 is 7.04 kPa (1 psia). Therefore,
the SLH: system is designed structurally to operate at
pressures below atmospheric and greater care must be taken
during operations to prevent air leakage into the system.
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Volume Change.

Heat leakage into SLH> without ullage present requires the
continual addition of high solids fraction SLH2 and the
removal of LH> because SLH: expands as it degrades.
Significant increases in volume can occur when the solid phase
of SLH:2 melts (see Appendix B, Example 3).

Thermal Stratification.

Thermal stratification of SLH> storage can occur by design, a
layer of LH2 on top of the SLHo rising in temperature to

20.27 K (-423.5 °F) and an equilibrium pressure of 101.3 kPa
(14.7 psia), or by operation, such as the introduction of
helium into the ullage space for pressure control. Upsetting of
the thermal stratification can lead to hazardous pressure
changes in both cases.

Thermal Acoustic Oscillations.

Thermal acoustic oscillations can lead to pressure surges in
SLH: systems. Egress of SLH2 into warmer instrument or
discharge lines causes vaporization and pressure forcing the
SLH: back to the bulk SLH> where cooling causes a reverse
surge: such an oscillation results in an increased heat leak.

Aging.
Aging of the solid hydrogen particles in SLH> could result in
particle settling or change in critical flow velocity of the

SLH>. Subsequent settling would result in overpressurization
of the SLH> flow.

Electric Charge Buildup.

While investigation has shown that electric charge buildup in
flowing LH: is not a great concern, the accumulation of
electric charge in flowing SLH: has not been definitively
excluded. The elimination of ignition sources might be
compromised during SLH> flow operations.
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Ortho-Para-Hydrogen Conversion.

The product is at least 95 percent para-hydrogen in normal
production of LH2. The equilibrium content of para-hydrogen
at SLH> temperature 13.8 K (-435.2 °F) is 100 percent;
therefore, any ortho-hydrogen will be converted to para-
hydrogen. The heat generation by this residual ortho-to-para
conversion acts as an additional heat leak into the system.
This conversion is slow, but finite if no catalyst is present. At
20 K (-424 °F) the heat of conversion for normal hydrogen is
525 J/g (226 Btu/lb). If the rate of decrease (-dx/dt) of ortho-
hydrogen concentration is a bimolecular reaction and can be
described by

(-dx/dt) = k x* (Eq 2)

where:
x = the fraction of ortho-hydrogen
k = the rate constant, 0.0114/h

The spontaneous conversion of ortho-hydrogen to para-
hydrogen even occurs in the solid state, in which the
conversion rate may be even higher. Appendix B, Example 4
contains the analysis of heat leak and ortho-para conversion on
SLH: systems.

Helium Solubility.

The solubility of helium in SLH: is a concern if helium is used
to pressurize the SLH> storage vessel. Although it has not
been determined for SLH>, several reports are available for the
solubility of helium in LH> over a range of temperature and
pressure (Smith 1952 and Streett, Sonntag, and Van Wylen
1964).
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CHAPTER 3: MATERIALS FOR HYDROGEN SERVICE

Note: Awareness of the unique properties of hydrogen and the effect of
cryogenic temperatures on material behavior is essential.
CONSIDERATIONS FOR MATERIALS SELECTION
a. General.
A hydrogen system can consist of structural members, vacuum
jackets, valve bodies and valve seats, electrical and thermal
insulation, gaskets, seals, lubricants, and adhesives and will involve a
multitude of different materials. The appropriate data must be
available for the selection of a material for a particular use. The
selection of a suitable material for hydrogen applications requires
consideration of the following as appropriate:
(D) Properties suitable for the design and operating conditions
(2) Compeatibility with the operating environment
3) Availability of selected material and appropriate test data for it
€)) Corrosion resistance
(5) Ease of fabrication, assembly, and inspection
(6) Consequences of a material failure
(7) Toxicity

(8) Hydrogen embrittlement

) Potential for exposure to high temperature from a hydrogen
fire

(10)  Cold embrittlement
(11)  Thermal contraction
(12)  Property changes that occur at cryogenic temperatures
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Note: Many hydrogen material problems involve welds or the use
of an improper material, such as a 400-series stainless steel for a
pressure gage bourdon tube.

General Materials.

A number of materials have been found acceptable for use in
hydrogen service for conditions ranging from low temperature/low
pressure to high temperature/high pressure. Table AS5.1 gives a
summary of the compatibility of some materials for hydrogen service.
Table AS5.2 gives a selection of materials for many typical
applications. The selection of a material depends on the specific
conditions of operation. The tables are provided as guidelines.

Metallic Materials.

Metals with a face-centered cubic structure, such as, austenitic
stainless steels, aluminum alloys, copper, and copper alloys, generally
are satisfactory for hydrogen service. Nickel, a face-centered cubic
material, is an exception and generally is not used because it is
subject to severe hydrogen embrittlement. Unstabilized austenitic
stainless steel (some of the 300 series) can revert to a martensitic
structure when stressed above the yield stress at low temperature,
reducing the ductility of the steel. Ordinary carbon steels may be
used in GH2 service, but they lose their ductility at LH> temperatures
and are considered too brittle for low-temperature service. Iron, low
alloy steels, chromium, molybdenum, niobium, zinc, and most body-
centered cubic crystal structure metals are not acceptable for use at
cryogenic temperatures. The yield and tensile strength of metals with
a body-centered cubic structure depend to a great extent on the
temperature, and the materials exhibit a substantial loss of ductility
within a narrow temperature range.

(1) Trapping sites have been identified in face-centered cubic
metals and alloys; therefore, these materials should be
evaluated carefully in making selections. Trapping is
pronounced at low temperatures. It is important in the
temperature region where hydrogen embrittlement is most
pronounced. Trapping is not important in short-time GH: or
LH: exposure.

2) The designation that a material is suitable for cryogenic
service does not necessarily indicate that the material is
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suitable for LH2 or SLH2 service. Nickel steels with 3.5, 5,
and 9 percent nickel are considered satisfactory for cryogenic
service with specific minimum temperature limits as follows:

190 K (-150 °F) for 3.5-nickel steel

129 K (-260 °F) for 5-nickel steel

76 K (-323 °F) for 9-nickel steel

Nonmetallic Materials.

Tables AS5.1 and A5.2 list some nonmetallic materials that may be
used in hydrogen service. The use of elastomers and plastics should
be limited in gasketing, packing or other sealing elements in which
failure as a result of fire could cause hydrogen leakage.

(1) The valve seat materials should be the materials of standard

industrial practice for GH2 near room temperature (Moore, et
al. 1959).

2) Teflon® or Kel-F® can be used in cold GH2 or LH> systems for
the following:

(a) Valve seats (modified Teflon®, although Fluorogreen®
is preferred)

(b) Soft coatings on metallic O-rings to provide more
positive seal

(c) Flat, thin gaskets for tongue and groove flanges in
which the gasket is shrouded on four sides

(d) Spacers in the vacuum area between liquid the flow
tube and vacuum pipe

(e) Gland packing or seals (only if maintained near
ambient temperature as in an extended bonnet of a
shutoff valve)

3) All Teflon® gaskets must be captured on all sides to prevent
cold flow and subsequent leakage. The contraction or
shrinkage allows leakage when Teflon® is cooled from
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ambient to cryogenic temperatures (NASA TM 104438 1992).
Filled Teflon® materials, or Kel—F®, are preferred to Teflon®
for use in LH, service. Kel-F® has a higher tensile strength
and is less brittle at cryogenic temperatures than Teflon®.
Valves for liquid service over 2.1 MPa (300 psia) should use
metal-to-metal seats because the pressure requires excessive
seating force for the Kel-F® and Teflon® (Moore, et al. 1959).

Clad Materials.

The base metal for the component should be an acceptable material
when a clad or lined component is used. The thickness used in
pressure design should not include the thickness of the clad or lining.
The allowable stress used should be that for the base metal at the
design temperature. Clad components may be difficult to weld.

Gasket Materials.

Table AS5.2 lists some gasket materials satisfactory for hydrogen
service.

Welds.

Welds are susceptible to hydrogen embrittlement in all hydrogen
environments. The heat-affected weld zone frequently produces hard
spots, residual stresses, and a microstructure conducive to
embrittlement. Post-weld annealing may be required to restore a
favorable microstructure. Test programs with type 301 stainless steel
and Inconel® 718 have shown that flaw growth in LH2 or SLH2
storage systems is considerably greater in the welds than in the parent
metal. Type 347 stainless steel is very sensitive to cracking during
welding and should not be used without taking proper welding
precautions. Welding requirements are given in the ASME BPVC
(1995) and ANSI/ASME B31.3 (1996).

Material Properties.

(1) It generally is best to use the room temperature, or higher
temperature if necessary for operational requirements, strength
of a material in the design of cryogenic equipment, although
the strength of materials generally tends to increase as their
temperature is lowered. This recommendation is based on the
recognition that cryogenic equipment must also operate at
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room temperature (or higher), and temperature gradients are
possible within the equipment. Many test conditions and the
form of the material (such as plate, bar, wire, pipe, forgings,
etc.) affect material properties; consequently, unless the
conditions and forms are given and are applicable, material
property values should not be considered as approved design
values. Approved design values may be obtained, for
example, from ASME BPVC (1995) that gives allowable
stresses for materials used in pressure vessels. Table AS5.3
presents the allowable stress for some representative materials
from the ANSI/ASME B31.3 (1996). Tables A5.4 (elastic
properties), AS5.5 (mechanical properties), and A5.6 (thermal
properties) give some typical property values at room
temperature and LH> temperature for some materials suitable
for LH2 service.

2) The effect of exposure to hydrogen should be considered in
setting the allowable stress for hydrogen systems. Often, the
allowable stress for vessels or piping used for GH2, LH2, and
SLH: is set at no greater than 50 percent of the minimum yield
of the material at ambient temperature as an added safety
factor (NASA TM 104438 1992).

Forbidden Materials.

Gray, ductile, or cast iron shall not be used in hydrogen service
(29 CFR 1910.103 1996 and NFPA 50A 1994).

Note: Asbestos and asbestos impregnated with Teflon® were once
recommended for hydrogen service, but they shall not be used
because of the carcinogenic hazard of asbestos.

Quality Control.

Materials for hydrogen service should be carefully selected, and good
quality control procedures should be used. A material shall not be
used until appropriate testing and analysis have indicated that the
material is satisfactory for its intended purpose if it is not known to be
compatible with hydrogen. Materials used shall be compatible with
GH:, LH>, and SLH2 under the conditions (such as temperature and
pressure) in which they will be used and shall conform to the
specifications approved by the responsible engineering authority. The
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properties used for design should be based on tests conducted under
conditions that simulate service or worst-case conditions. Test
techniques to investigate material compatibility with hydrogen should
include the direct exposure of the materials. As appropriate, testing
should include tensile, fracture toughness, crack growth, fatigue
(including low-cycle fatigue), bend, and stress rupture over a range of
pressures and temperatures. Only materials that have been evaluated
for suitable fatigue life should be used because LH2 or SLH:2 systems
are subjected to cyclic loading. Materials for hydrogen systems
should be selected after evaluations under interactions of stress,
pressure, temperature, and exposure conditions.

Note: The designer should be careful in selecting material
property values reported in the literature because test and
material conditions are highly variable.

HYDROGEN EMBRITTLEMENT

General.

Hydrogen can cause a significant deterioration in the mechanical
properties of metals. This effect is referred to as hydrogen
embrittlement. Hydrogen embrittlement involves a large number of
variables such as the temperature and pressure of the environment; the
purity, concentration, and exposure time of the hydrogen; and the
stress state, physical and mechanical properties, microstructure,
surface conditions, and nature of the crack front of the material.

Types of Embrittlement.

(1) Hydrogen embrittlement can occur in one or a combination of
the following three forms:

(a) Environmental hydrogen embrittlement that has been
observed in metals and alloys plastically deformed in a
GH: environment. Deformations under such conditions
lead to increased surface cracks, losses in ductility, and
decreases in fracture stress. Cracks start at the surface.

(b) Internal hydrogen embrittlement caused by absorbed
hydrogen. Small amounts of hydrogen may cause
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premature failures in some metals; the failures may
occur with little or no warning. Cracks start internally.

() Hydrogen reaction embrittlement that occurs when the
absorbed hydrogen chemically combines with one or
more of the constituents of the metal to form a brittle
hydride. This reaction occurs more readily at elevated
temperatures. Hydrogen has formed methane with the
carbon in steels.

Table AS5.7 gives some of the characteristics of these
embrittlement forms. Tables A5.8 and AS5.9 list additional
information on materials embrittlement. Table A5.8
summarizes the susceptibility of some materials to
embrittlement in hydrogen at a 68.9 MPa (10,000 psi) and
295 K (72 °F). Table AS5.9 gives the effects of exposure to
air, helium, and hydrogen at various pressures on the yield
strength, ultimate strength, and ductility of some aluminum
alloys, nickel, nickel alloys, and copper alloys.

Effect on Mechanical Properties.

The mechanical properties of metals are reduced in the presence of
hydrogen. Tables A5.8 and A5.9 give selected data for hydrogen
effects on several metals and alloys. Studies indicate the following:

ey

2)

3)

4

The susceptibility of an alloy to adverse hydrogen effects
increases as the strength of the alloy increases.

Hydrogen embrittlement has been observed over a wide range
of temperatures, but for many metals and alloys, the effect of
internal and environmental hydrogen embrittlement is
maximum in the temperature range of 200 to 300 K (-100 to
80 °F). (Swisher et al. 1974). In contrast, hydrogen reaction
embrittlement is associated with higher temperatures; such as
above room temperature.

The susceptibility of steel to hydrogen embrittlement increases
as the hydrogen purity increases.

Susceptibility to embrittlement generally increases as the
tensile stress level increases.
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(5) Embrittlement leading to an increased crack growth rate
results in a decreased fatigue life.

Surface and Surface Films.

The hydrogen compatibility of metastable austenitic stainless steels
such as American Iron and Steel Institute (AISI) type 304 is markedly
influenced by surface finish.

(1) Severe ductility losses and extensive surface cracking have
been observed in as-machined samples with a 64 rms finish
(Appendix G) tested to failure in 69 MPa (10,000 psi)
hydrogen. The extent of cracking could be minimized by
removing the layer produced by machining.

2) Oxides probably are the most common form of surface film on
metals and alloys. Fabrication and operation of engineering
structures can lead to formation or growth of oxides. Oxides
restrict hydrogen absorption and may influence the degree of
embrittlement in any given exposure because oxides usually
have a lower permeability than the base metals. Anomalies in
the absorption and permeation of hydrogen in Inconel®,
austenitic stainless steels, aluminum alloys, copper, and
low-alloy steels have been attributed to the oxide films.

3) Synthetic surface films must be ductile at their operating
temperature. Copper and gold are recommended (McPherson

1995).

Effect of Electrical Discharge Machining.

The potential for hydrogen embrittlement is increased by electrical
discharge machining. Electrical discharge machining is a commonly
used technique for producing holes, notches, slots, or other cavities in
electrically conductive material. Electrical discharge machining
processes can introduce hydrogen into a machined component.
Hydrogen is provided by the dielectric fluid (usually oil or kerosene)
when it is ionized by the electrical discharge.

Effect of Trapping Sites.

An additional concern is that of trapping hydrogen at sites within the
structure of the metal, including dislocations, grain and phase
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boundaries, interstitial or vacancy clusters, voids or gas bubbles,
oxygen or oxide inclusions, carbide particles, and other lattice
defects. Hydrogen can be trapped at these sites because such defects
occur in most metals. Trapping is most pronounced at low
temperatures and is important in the near-room temperature region
where hydrogen embrittlement is also pronounced.

Reducing the Effects of Hydrogen Embrittlement:

(1) Hydrogen-induced losses in mechanical properties have been
attributed to three independent primary factors:

(a) The development of a critical, absorbed, localized
hydrogen concentration

(b) The existence of a critical stress intensity (crack length
and applied or residual stress)

(c) The existence of a susceptible path for hydrogen
damage

2) Successful loss prevention measures include coatings,
elimination of stress concentrations, impurity additions to
gas-phase hydrogen, oxidation treatments, proper grain size or
grain size mix, specifications of inclusion morphology, and
careful alloy selection. Some suggestions for addressing
hydrogen embrittlement concerns include the following:

(a) Aluminum is one of the few metals known to show
only minimal susceptibility to hydrogen, so its use
effectively eliminates hydrogen embrittlement.

(b) Most GH: equipment is made of medium strength steel
and most LH2 equipment is made of stainless steel.
Hydrogen embrittlement concerns are addressed
through increased thickness, surface finish, welding
techniques, and materials selection.

(c) Containers with thick walls of low-strength metals will
generally contain hydrogen more safely than containers
fabricated from similar alloys treated for high strength,
subject to appropriate welding techniques.
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(d) A metal or alloy is almost certain to have a lower
resistance to fatigue than if hydrogen were not present
if it is exposed to hydrogen and cyclic stresses.
Designers should, in the absence of data, assume a
substantial (up to fivefold) decrease in resistance to
fatigue (NASA TM 104438 1992).

(e) Avoid the use of body-centered cubic metals and alloys
whenever practical. Cast iron shall not be used.

) Hydride-forming metals and alloys should not be used
as structural materials for hydrogen service. Their use
requires careful consideration of operating temperatures
and adverse effects of hydride formation.

(2) Exposure temperatures below room temperature
generally retard hydrogen reaction embrittlement;
however, environmental and internal hydrogen
embrittlement are increased in the temperature range
of 200 to 300 K (-100 to 80 °F).

302 THERMAL CONSIDERATIONS IN MATERIALS SELECTION

a. Low-Temperature Mechanical Properties.

ey

2)

The selection of a structural material for use in LH2 or SLH>
service is based primarily on the mechanical properties (such
as, yield and tensile strength, ductility, impact strength, and
notch insensitivity) of the material. The material must have
certain minimum values of these properties over the entire
temperature range of operation, with appropriate consideration
for nonoperational conditions such as a hydrogen fire. The
material must be metallurgically stable so phase changes in the
crystalline structure do not occur with time or repeated
thermal cycling.

Three main categories of material behavior to be considered
are the following:

(a) The transition from ductile to brittle behavior as a
function of temperature
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(b) The modes of plastic deformation, particularly certain
unconventional modes encountered at very low
temperatures

(c) The effect of metallurgical instability and phase
transformations in the crystalline structure on
mechanical and elastic properties

Two thermal properties to be considered in the selection of a
material for LH> and SLH: service are low-temperature
embrittlement and thermal contraction.

b. Low-Temperature Embrittlement.

ey

2)

Some materials change from ductile to brittle behavior as their
temperature is lowered. This temperature varies for different
materials and can be much higher than cryogenic
temperatures.

Example: The failure of an LNG storage vessel in Cleveland
in 1944 is an example of low-temperature
embrittlement and of the tragic consequences of a
low-temperature embrittlement failure. An LNG
storage vessel made of 3.5 percent nickel steel with
a capacity of 4,248 m’ (150,000 ft’) ruptured and
released 4,163 m® (147,000 ft’) of LNG. The LNG
ignited after having spread into nearby storm
sewers. A nearby storage vessel of a different
design collapsed from the fire and spilled its
contents, which also burned. Flames were reported
to have extended to a height of at least 2,800 ft.
The results were 200 to 400 injuries and 128 deaths
and an estimated $6,800,000 (1944 dollars) in
property damage (Zabetakis, 1967).

The Charpy impact test is commonly used to determine the
ductility of a material (Edeskuty and Stewart 1996). Figure
AS5.1 shows the results of the Charpy impact test at various
temperatures for several materials. The figure clearly shows
the ductile-to-brittle transition of C1020 carbon steel and 201
stainless steel. The large decrease in the Charpy impact
strength for the 9 percent nickel steel indicates it is

302b
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unsatisfactory for LHz service. In contrast, the Charpy impact
strength for 304 stainless steel does not show a significant
change, it actually increases slightly as the temperature
decreases, indicating 304 stainless steel can be used for LH>
service. The Charpy impact strength of 2024-T4 aluminum is
low, but does not change much as the temperature decreases,
indicating that it can be used for LH: service but with caution
because of its low value.

Another indication of the ductile or brittle behavior of a
material is given by the relationship of the yield and tensile
strengths of the material as a function of temperature. The
yield and tensile strengths of a material generally increase as
the temperature decreases; but the rate of increase of the two
properties gives an indication of the change in ductility of the
material. Figure AS5.2 shows the yield and tensile strengths
of 5086 aluminum (a material considered satisfactory for LH>
service) as a function of temperature. The figure shows that
the tensile strength increases faster than the yield strength as
the temperature is decreased. The distance between the two
curves provides an indication of the ductility of the material,
and in this case it indicates the material remains ductile. In
contrast, Figure A5.3 shows the behavior of AISI 430 stainless
steel, a material that becomes brittle. The two curves for AISI
430 stainless steel approach each other at LN temperature,

77 K (-320 °F); therefore, the material becomes increasingly
brittle as the temperature decreases, and it is not considered
satisfactory for cryogenic service (McClintock and Gibbons
1960).

C. Thermal Contraction.

ey

Materials generally have a positive thermal expansion
coefficient although there are a few exceptions to this over
limited temperature spans. The temperature span from
ambient to cryogenic temperature is about 200 K (360 °F) or
more. Such a large temperature decrease will result in a
significant thermal contraction in most materials, and this
contraction must be accommodated in the use of the material
at cryogenic temperature. Figure A5.5 shows (using copper
for example) that the thermal expansion coefficient of a
material is itself a function of temperature.

3-12



Downloaded from http://www.everyspec.com

2) About 90 percent of the total contraction from room
temperature, 300 K (80 °F), to a temperature lower than LN>
temperature, 77 K (-320 °F), will have occurred by a
temperature of 77 K because of the decrease in the thermal
expansion coefficient as a function of temperature for most
materials. Figure AS.5 shows that a thermal contraction of
about 0.3 percent in iron-based alloys, slightly over
0.4 percent in aluminum, and well over 1 percent in many
plastics occurs in cooling from room temperature to cryogenic
temperature. These values can be used for estimates. Figure
AS5.5 shows, for several materials, the total integrated thermal
contraction from room temperature to lower temperatures.
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CHAPTER 4: HYDROGEN FACILITIES

Note: The safe and successful use of hydrogen starts with
knowing of and adhering to appropriate standards and guidelines
for the design of the facilities.

400 SAFETY POLICY
a. General.

Safety shall be considered in all phases of a hydrogen facility
life cycle, beginning with its initial design and continuing
through its fabrication, construction, operation, maintenance,
and ending with its decommissioning.

(D) The safe operation of a hydrogen system depends on a
facility with the necessary safety features designed and
built into it and operating personnel appropriately
trained in and cognizant of safety.

2) The safety of the design shall be reviewed in
accordance with NHB 1700.1 (1993) before hydrogen
facilities, equipment, and systems are constructed,
fabricated, and installed. Safety review and
concurrence procedures should include intended
personnel operations. Construction and construction
practices shall be in accordance with 29 CFR 1926
(1996).

b. Installation Pressure Systems Manager.

An Installation Pressure Systems Manager shall be designated
to direct technical efforts; approve pressure vessels and
pressurized systems (including vacuum) designs, repairs,
configuration changes, etc. and act as the primary point of
contact for all recertification activities. A Pressure Systems
committee should be established. Where appropriate, the
committee should conduct reviews, recommend requirements
and procedures, maintain an overview of pressure system
technology, participate in recertification activities, and provide
guidance on pressure system safety to appropriate officials
including the Pressure Systems Manager and safety officials
(NMI 1710.3 1994).

400b
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(1) Due to the unique nature of NASA’s mission, a
number of specialized facilities and operations are
required. Conventional fire protection doctrine and
existing codes and standards may not be appropriate in
some cases. Nevertheless, adequate safeguards shall be
provided for all facilities and operations.

) An analysis shall be conducted to identify all fire
hazards and accomplish the following:

(a)

(b)

(©

(d)

SAFETY REVIEWS

Significant hazards shall be eliminated or
reduced to acceptable risk levels (NHB 1700.1
1993).

Where the hazard cannot be eliminated or
reduced, the system components associated with
the hazard shall be relocated to an area less
threatening to people and property as directed
by the AHJ.

Where the hazard cannot be eliminated,
reduced, or removed, the system components
associated with the hazard shall be isolated
within the facility so as not to pose a danger to
the remainder of the structure or its occupants.

Where the hazard cannot be eliminated,
reduced, relocated, or isolated, protection shall
be provided to ensure adequate levels of human
and structural safety. Should a fire occur, the
occupants of the facility shall be provided with
protection to enable them to leave the area
safely and the structure will be protected to
ensure its continued integrity.

At each phase in the facility life cycle, specific safety tasks shall be
accomplished to ensure safety during construction, operation,
maintenance, and final disposition of the facility. Safety tasks
identified in the Safety Management Plan for each facility acquisition
should be tailored to include the appropriate tasks considering the size
and complexity of the project and the associated safety risks. This
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section describes possible safety tasks for new facilities and for
modification and/or rehabilitation of existing hydrogen facilities.

a. New Facilities.

Safety assessment will be integrated into the overall facility
design review of major projects. Each design review phase
will address and evaluate the safety aspects of the project
consonant with its level and maturity.

ey

2)

3)

4

Concept Design Review (10 Percent Review). Purpose
and design performance criteria should be established.
Proposed and selected design approaches and basic
technologies should be delineated sufficiently to
indicate the type and magnitude of the principal
potential hazards. Applicable design codes, safety
factors, and safety criteria should be specified. A
preliminary hazards analysis shall be started.
Appropriate safety tasks should be planned and become
the foundation for safety efforts during the system
design, manufacture, test, and operations.

Preliminary Design Review (30/60 Percent Review).
Stress calculations for critical structures shall show that
design codes, safety factors, and safety criteria have
been met. The preliminary hazards analysis shall be
completed; system/subsystem hazards analyses should
be under way.

Critical Design Review (90 Percent Review). The
design shall be reviewed for conformance to design
codes, required safety factors, and other safety criteria.
Proposed construction methods and arrangements shall
make clear that construction hazards will be effectively
controlled. Procurement documents, such as a statement
of work (SOW) shall specify appropriate safety
requirements. The system/subsystem hazards analyses
shall be completed and close-out actions shall be
proceeding. An operational hazards analyses shall be
under way.

Design Certification Review (100 Percent Review).
All project documentation (drawings, SOWs,
specifications,) should be complete, reviewed, and
approved. All hazards analyses shall be complete,
including close-out actions. Actions from previous
reviews should be verified as complete.

401a
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&) Ongoing System/Subsystem Hazards Analyses.
Hazards and operational analyses shall be continued
during operations and testing.

(6) Other Reviews. Other reviews that may be conducted
consist of the following:

(a)

(b)

(©

Test Readiness Review. Operational
procedures, along with instrumentation and
control systems, shall be evaluated for their
capacity to provide the required safety.
Equipment performance should be verified by
analysis or certification testing (NMI 1710.3
1994). It may be necessary to develop special
procedures to counter hazardous conditions.

Emergency Procedures Review. The safety of
personnel at or near hydrogen systems should
be carefully reviewed and emergency
procedures developed in the earliest planning
and design stages. Advance planning for a
variety of emergencies such as fires and
explosions should be undertaken so the first
priority is to reduce any risk to life.

Operational Readiness Review. An Operational
Readiness Review may be required for any major
facility change. Hydrogen hazards should be
reviewed for compliance with, for example, NHB
1700.1 (1993).

Existing Facility Modification or Rehabilitation.

For minor modifications to, or rehabilitation of, existing
hydrogen systems, the safety review process shall provide for
review stages to include the following:

(1) Preliminary Design and Layout.

(a)

The initial request shall include a hazards
analysis using the appropriate tools and
equipment, such as, Failure Modes and Effects
Analysis, Fault Tree Analysis, Sneak Circuit
Analysis, Event Tree Analysis, and Hazard
Operability Study for the safety task
undertaken. This hazard analysis shall identify

4-4



Downloaded from http://www.everyspec.com

all of the hazards associated with the facility or
operations from the beginning of hydrogen use
to the disposal of the hydrogen.

(b) Consideration should be given in the design
review and hazards analysis for the shutdown of
transfer systems, for the automatic closing of
special lines and systems, and for the use of
isolation valves in various legs of multiple
systems.

(2) Final Design. Review of the final drawings, designs,
structures, and flow and containment systems shall
include a safety assessment review. Assessment
reviews shall identify areas of compliance as required
by local, state, and Federal agencies.

Safety Assessment Review.

The Safety Assessment Review shall be updated anytime a
system or process is changed. An annual facility inspection
shall be conducted and documented. A formal Operating and
Support Hazard Analysis shall be performed as directed by the
AHJ at the controlling NASA center. Significant hazards
identified shall be eliminated or reduced to acceptable risk
levels. Record of inspections and Operating and Support
Hazard Analyses shall be retained on file at the involved
installation for a minimum of four years (NHB 1700.1 1993).

Operating Procedures.

Operating procedures along with instrumentation and control
systems shall be evaluated for their capacity to provide the
required safety. Equipment performance shall be verified by
analysis or certification testing.

Training.

Operator training shall be reviewed and demonstrated to be
adequate before operations commence. Operator training shall
be evaluated continuously (NHB 1700.1 1993).
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f. Emergency Procedures.

The safety of personnel at and near the hydrogen facility shall
be carefully reviewed and emergency procedures developed at
the earliest planning and design stages. Advance planning for
a variety of emergencies such as fires and explosions shall be
undertaken so the first priority is the reduction of risk to life.

402 GENERAL FACILITY GUIDELINES

The facility and structure design should include sufficient details for
demonstrating satisfactory safety in the storage and transfer areas.
The facility design should provide for good illumination, lightning
protection, alarm systems, and gas detection and sampling systems.
As delineated in Section 101, separate standards and guidelines
address different portions of overall hydrogen systems; however,
there are safety considerations for the design of facilities common to
all portions or subsystems.

a. Electrical Considerations.

Areas where flammable hydrogen mixtures normally are
expected to occur are classified as Class 1, Group B,
Division 1. Areas where hydrogen is stored, transferred, or
used and where the hydrogen normally is contained are
classified as Class 1, Group B, Division 2, as a minimum.
NFPA 70 (1993) should be consulted when deciding whether
an area will be made safer by the more difficult Division 1
installation.

(D) All electrical sources of ignition should be prohibited
in classified areas, including open electrical arcing
devices and heaters or other equipment that operate at
elevated temperatures. This means using approved
explosion-proof equipment (Class 1, Group B, Division
1) or selecting non-arcing equipment approved for
Division 2 (NFPA 70 1993).

2) A Division 1 installation differs from a Division 2
installation mainly in its degree of isolation from the
ignition sources that may occur in the electrical system.
A Division 1 installation relies heavily on
explosion-proof enclosures.
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3) Explosion-proof equipment is equipment qualified by a
testing laboratory as being explosion-proof for a
specific gas. It means that the enclosure is strong
enough to contain the pressure produced by igniting a
flammable mixture inside the enclosure if code-
required seals are properly used. The joints and
threads are tight enough and long enough to prevent
issuance of flames or gases that would be hot enough to
ignite a surrounding flammable mixture. An
explosion-proof enclosure is not gas tight.

NFPA 70 (1993), KSC-STD-E-0002 (1976), and
NFPA 496 (1982) give guidelines for installing and
using explosion-proof equipment.

4) An alternative method for making equipment safe,
other than explosion-proofing, is to locate the
equipment in an enclosure purged and maintained
above ambient pressure with an inert gas.

5) Intrinsically safe installations in accordance with NFPA
70 (1993) and ANSI UL913 (1988) may be used. The
intrinsically safe installation should be approved for
hydrogen service.

(6) When properly classified equipment is not available,
general-purpose equipment in general-purpose housing
may be used if it is continuously pressure purged with
clean air or nitrogen provided no GH: sources are
plumbed into them. Positive indication of continued
purge shall be provided. The purge system shall be in
compliance with NFPA 496 (1982) and 29 CFR
1910.103 (1996). The cost of an installation will be
reduced and safety increased if the items that might
become ignition sources are located outside the
hazardous area. Also, systems installed in the
hazardous area, but not required during hazardous
periods, may be built with general purpose equipment
provided they are disconnected before the hazardous
period begins. The conduits for such systems must be
sealed in accordance with NFPA 70 (1993) when they
leave the hazardous area.

b. Bonding and Grounding.

(D) Mobile hydrogen supply units shall be electrically
bonded to the system before discharging hydrogen
(NFPA 50A 1994 and 29 CFR 1910.103 1996).

402b
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2) LH: containers, static and mobile, and associated
piping shall be electrically bonded and grounded
(NFPA 50B 1994 and 29 CFR 1910.103 1996).

3) NFPA 70 (1993) defines the terms ““bonded” and
“grounded’ and lists sizes of grounding conductors and
acceptable connections based on the expected amperage
to ground.

4) All off-loading facilities shall provide easily accessible
grounding connections and be located outside the
immediate transfer area. Facility grounding
connections should be less than 10 € resistance.
Transfer subsystem components should be grounded
before subsystems are connected.

&) Electrical wiring and equipment located within 0.9 m
(3 ft) of a point at which connections are regularly
made and disconnected shall be in accordance with
NFPA 70 (1993) for Class I, Group B, Division 1
locations.

Roadways and Area Surfaces.

The roadways and area surfaces located below LH: piping
from which liquid air may drop shall be constructed of
noncombustible materials such as concrete. Asphalt shall not
be used.

Transfer Piping.

Piping carrying hydrogen to the use point from the dewars,
trailers, and storage vessels shall be installed above ground.
Lines crossing roadways should be installed in concrete
channels covered with an open grating. Hydrogen
transmission lines shall not be located beneath electric power
lines.

Example: A review of an explosion in one of the buildings of
a test stand complex showed that the explosion
resulted when galvanic corrosion and high pressure
caused a GH: leak in an underground pipe. GH:
was trapped under the test stand apron and entered
several rooms. The explosion originated in the
basement. Shock waves traveled through connecting
ducts to a second room, causing a second explosion.
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e. Elimination of Ignition Sources.

ey

2)

3)

Lightning protection in the form of lightning rods,
aerial cable, and ground rods suitably connected should
be provided at all preparation, storage, and use areas.
All equipment in buildings should be interconnected
and grounded to prevent inducing sparks between
equipment during lightning strikes. The design of
lightning protection systems shall be in accordance
with requirements of NFPA 780 (1995).

A discharge rod welded to the vent must be extended
above the gas discharge point so normal venting GH: is
always below the flammability point at the discharge
rod tip for systems with static vent stacks where
ignition of the vented GHz2 is a concern.

Strong static charges may be generated in flowing
fluids containing solid or liquid particles in spite of all
precautions. The sources may be unknown but could
be caused by the rapid movement of particles in pipes
or vessels during transfer. Sufficiently high potentials
can be developed that will discharge as a spark. The
following measures should be taken to limit spark
generation potential:

(a) Bond and ground all metal parts of a test rig
and the structure enclosing it.

(b) Use conductive machinery belts.

(c) Personnel shall ground themselves before
touching or using a tool on hydrogen dewars or
vents.

(d) Personnel should avoid wearing clothes made of
nylon or other synthetics, silk, or wool. Pure
cotton clothing is preferred. Nomex® material
provides good antistatic qualities and provides
some fire protection.

(e) Avoid electrostatic charge generation and

accumulation. Lines, piping, and components
within each system should be electrically

402¢e
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bonded across each connection and grounded.
Plastic and composite pipes and vessels should
have surface resistivity of between 10° and 10"
Q/m*. Conductive coatings should be
considered for use if necessary.

) Electrical circuit designs should consider types
of electrical insulation used and bonding
techniques to prevent arcing.

4) Spark Generation.

(a) The energy required for ignition of flammable
GH:2-air mixtures is so small that even spark-proof
tools can cause ignitions. All tools should be
used with caution to prevent slipping, glancing
blows, or dropping, all of which can cause
sparks. Spark-proof tools should be used. Extra
care should be taken if they are not available.

(b) Conductive and nonsparking floors. Using
conductive floors is advised for areas where
hydrogen gas could accumulate, such as during
transfer operations or around in-process piping.
Care should be exercised not to destroy the
safety properties of the conductive floor by
cutting grooves in it, painting it with
nonconductive paint, or allowing it to get dirty.

(5) Hot Objects, Flames, and Flame Arrestors.

(a) Flame producing devices shall be prohibited
within the exclusion area around a hydrogen
facility.

(b) Operations causing heat, flames, or sparks,
such as welding or cutting, shall not be
performed with hydrogen present.

(c) Internal combustion systems, motor vehicles, or
equipment employing internal combustion
engines shall be equipped with exhaust system
spark arrestors and carburetor flame arrestors
(hydrogen approved) when operated within the
exclusionary zone with hydrogen present.
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(d) Only flame arrestors specifically designed for
hydrogen applications shall be used. Flame
arrestors designed for hydrocarbon flames will
not stop hydrogen flames. Also, flame
arrestors effective against hydrogen-air flames
may not stop hydrogen-oxygen flames. Flame
arrestors will quench a flame if they can remove
sufficient heat from the gas. The small
quenching distance of 0.06 cm (0.024 in.) for
hydrogen makes it difficult to develop flame
arrestors and explosion-proof equipment for
hydrogen. Sintered-bronze flame arrestors may
be effective in stopping hydrogen flames.
Sintered stainless steel is not as effective as
sintered bronze. Arrestors should be well-
maintained to minimize accidental ignition.

f. Illumination.

Adequate lighting shall be provided for night transfer
operations (29 CFR 1910.103 1996). All lighting components
shall be consistent with the electrical classifications of the
operation area.

g. Testing.

Cryogenic components and systems shall be tested prior to
acceptance for operational use. Piping and piping components
shall be tested in accordance with ANSI/ASME B31.3 (1996)
and vessels in accordance with ASME BPVC (1995). Testing
shall include, but not be limited to, cold soak, thermal
performance, pressure, leakage, welding quality, and vacuum
retention.

BUILDINGS AND TEST CHAMBERS
Buildings and test chambers used in hydrogen service shall be

consistent with the safety requirements of limiting personnel injury
and facility damage in the event of hydrogen fires or explosions.

a. Buildings.

Separate buildings or special rooms shall be constructed in
accordance with 29 CFR 1910.103 (1996), NFPA 50A
(1994), and NFPA 50B (1994).

403a
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Buildings shall be constructed of light, noncombustible
materials on a substantial frame.

Window panes shall be shatterproof glass or plastic in
frames.

Floors, walls, and ceilings should be designed and
installed to limit the generation and accumulation of
static electricity and shall have a fire resistance rating
of at least 2 h.

Explosion venting shall be provided in exterior walls or
the roof only. The venting area shall be not less than
0.11 m¥m?® (0.033 ft*/ft’) of room volume

(29 CFR 1910.103 1996). Vents may consist of one or
a combination of the following, designed to relieve at a
maximum internal pressure of 1.2 kPa (25 Ib/ft*):

(a) Walls of light material
(b) Lightly fastened hatch covers

(c) Lightly fastened, outward-opening swinging
doors in exterior walls

(d) Lightly fastened walls or roof

Doors shall be readily accessible to personnel. Doors
should be hinged to swing outward in an explosion.
Walls or partitions shall be continuous from floor to
ceiling and securely anchored. At least one wall shall
be an exterior wall, and the room shall not be open to
other parts of the building.

Any heating in rooms and test cells containing
hydrogen shall be limited to steam, hot water, or other
indirect means.

Test Chamber, Test Cell, or Test Stand.

ey

2)

Test facilities should be constructed to adhere to
appropriate safety standards and guidelines as directed
by the AHJ at the controlling NASA center.

Test cells that cannot be ventilated sufficiently to cope
with potential explosive hazards may eliminate this
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hazard by providing an inert atmosphere of nitrogen,
carbon dioxide, helium, steam, or other inert gas. The
test cell pressure should be higher than atmospheric to
avoid inward leakage of air in such cases.

Note: The system design shall prevent any
possibility of asphyxiation of personnel in adjacent
areas. The system design shall provide for
prevention of personnel entering the cell unless
confined space entry procedures are strictly
followed.

Oxidants may be restricted in a test chamber by using a
partial vacuum. The vacuum should be sufficient to
limit the pressure of an explosion to a value that the
system can withstand. The chamber should withstand
the blast pressure in this case. Heads, baffles, and
other obstructions in a pipe run should be designed to
consider reflected shock waves. Ultimate stress values
may be used because the reaction time during an
explosion is so short.

Weather Shelter or Canopy.

Outdoor locations that include a weather shelter or canopy
shall not be a structure enclosed by more than two walls set at
right angles and shall have vent space provided between the
walls and vented roof or canopy. Such walls shall be
constructed of noncombustible materials.

Electrical Equipment.

ey

2)

3)

Electrical equipment shall conform to the requirements
of NFPA 70 (1993) for Class 1, Group B locations.

Materials for electrical equipment should be selected in
accordance with established guidelines, such as KSC-
STD-E-0002 (1976).

Electrical terminals should not turn or loosen when
subjected to service conditions. Terminal points should
be protected from shorting by eliminating foreign
objects and contaminants.
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All electrical equipment for outdoor locations within
4.6 m (15 ft), separate buildings, and special rooms
shall be in accordance with NFPA 70 (1993) for Class
I, Division 2 locations for GH: systems (29 CFR
1910.103 1996 and NFPA 50A 1994).

Electrical wiring and equipment located within 0.9 m
(3 ft) of a point where connections are regularly made
and disconnected shall be in accordance with NFPA 70
(1993) for Class 1, Group B, Division 1 locations for
LH: systems. Electrical wiring and equipment located
within 7.6 m (25 ft) of a point where connections are
regularly made and disconnected or within 7.6 m

(25 ft) of a LH- storage container, shall be in
accordance with NFPA 70 (1993) for Class I, Group
B, Division 2 for distances greater that 0.9 m (3 ft),.

When equipment approved for Class I, Group B,
atmospheres is not commercially available, the
equipment may be one of the following

(29 CFR 1910.103 1996):

(a) Purged or ventilated in accordance with NFPA
496 (1982)

(b) Intrinsically safe

(c) Approved for Class I, Group C atmospheres

e. Ventilation.

ey

Any structure containing hydrogen system components
shall be adequately ventilated when hydrogen is in the
system. Ventilation shall be established before
hydrogen enters the system involved and continued
until the system is purged. Ventilation should not be
shut off as a function of an emergency shutdown
procedure. Suspended ceilings and inverted pockets
shall be avoided or adequately ventilated. Appendix B,
Example 11 examines ventilation of occupied space in
the presence of GH: releases.

(a) The normal air exchange should be about 1 ft’
of air per square foot of solid floor in the space.



Downloaded from http://www.everyspec.com

(b) Oxygen concentrations below 19.5 percent by
volume require an air-line respirator in
occupied spaces.

(c) Ventilation rates should be sufficient to dilute
hydrogen leaks to 25 percent of the LFL; it is
about 1 percent by volume for GH2 (29 CFR
1910.106 1996).

(d) A more stringent GH> concentration limit of
10 percent of the LFL or about 0.4 percent by
volume is required for permit-required confined
space (29 CFR 1910.146 1996).

2) Adequate ventilation to the outdoors shall be provided.
Inlet openings shall be located at floor level in exterior
walls. Outlet openings shall be located at the high
point of the room in exterior walls or roof. Inlet and
outlet openings shall have a minimum total area of
0.003 m¥m?® (0.001 ft*/ft’) of room volume
(29 CFR 1910.103 1996).

3) Within the exclusion area, electric motors used to open
vents, to operate valves, to operate fans, or to power
ventilators shall be in accordance with NFPA 70
(1993).

4) Hydrogen containers in buildings shall have their safety
relief devices vented, without obstruction, to the outdoors at
the minimum elevation to ensure area safety. Vents shall be
located at least 15.2 m (50 ft) from air intakes
(29 CFR 1910.103 1996). The discharge from outlet
openings shall be directed or conducted to a safe location.

(5)  GH: systems of more than 85 m® (3000 ft’) shall not be
located within 15.2 m (50 ft) of intakes for ventilation,
air conditioning equipment, Or air COmpressors
(29 CFR 1910.134 1996). Stricter limits apply for LH
or SLH>. The minimum distance to air compressor
intakes, air conditioning inlets, or ventilating
equipment shall be 23 m (75 ft) measured horizontally
for all quantities.
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404 CONTROL ROOMS

a. Structure.

ey

2)

3)

A pillbox, or concrete bunker, type of control room
remote from the hydrogen test site is advisable. The
control room of all hydrogen systems should provide a
means of visual observation by direct or closed circuit
television. The control room shall be designed to
protect occupants from the most severe credible
hazard.

Any window opening into a test cell where excessive
pressures or fragments could be present must be
considered a hazard. A window should be made as
small as practical and should be of bulletproof glass or
the equivalent if one is necessary. A mirror system or
a movable steel panel can be used in some cases.

Any hydrogen-containing cell with openings to other
rooms should be maintained at a negative pressure
relative to the communicating rooms if wall openings
and such cannot be sealed.

b. Piping Systems.

ey

2)

No hydrogen piping should enter the control room.
Any hydraulic or pneumatic control valve should have
a double diaphragm between the hydrogen line and the
control room. Manual isolation valves shall be used
for greater protection. Conduits should be sealed at the
test cell end.

Existing GH2 transmission lines buried underground in
the control room area should be periodically proof
tested and leak checked periodically. Buried lines are
not allowed for new facilities.

C. Ventilation.

Ventilation of a control room shall be in accordance with
Section 403e.

ey

Particular attention should be paid to the ventilation or
the air source for control rooms that may, in an
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emergency, be enveloped in the combustible mixture or
the products of combustion.

2) Hydrogen detection equipment should be located within
the control room if hydrogen could possibly be present.
d. Inert Gases.

Ensure that instrumentation, gas sampling systems, and
electrical conduits from purged electrical equipment cannot
provide a leak path for inert gases to enter control rooms.

405 LOCATION AND QUANTITY-DISTANCE GUIDELINES

a. General.

Location and quantity distance (QD) requirements are based
on the concept that the effects of fire, explosion, and
detonation can be reduced to tolerable levels if the source of
the hazard is kept far enough away from people and other
facilities.

ey

2)

3)

The location of hydrogen storage facilities should
consider the effects of possible combustible cloud drift
and the effects of thermal radiation should a fire occur.

Hydrogen storage facilities shall be located so all
personnel and facilities, whether involved in the
operation or not, shall be adequately protected by
appropriate design, including distance of separation,
shielding, barricading, or other means. Consideration
for the siting of hydrogen storage is first, to protect
personnel and facilities as above; and second, to
protect the hydrogen storage vessel and contents from
external hazards, hazards associated with the storage
and use of oxidizers, or other propellants and fuels.

Trailers, vehicles, or test articles that contain hydrogen
should be located outdoors or in buildings specially
constructed to avoid entrapment of hydrogen in the
event of leaks or spills. Avoid areas of entrapment
around the site if outdoors. Distance will have to be
determined by the many variables that can affect the
location.
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Storage Type.

ey

2)

Storage for nonpropellant use at consumer sites shall be
in accordance with the QD standards of 29 CFR
1910.103 (1996) (NFPA 50A 1994 and NFPA 50B
1994).

Storage at sites where LH: is used as a liquid propellant
shall be in accordance with the QD guidelines of NSS
1740.12 (1993)(DoD 6055.9 1992).

Minimum Quantity Storage. QD determination should be

handled on an individual basis by the AHJ at the controlling
NASA center for quantities of hydrogen less than the
minimum specified in the standards or guidelines. Each
situation should be evaluated based on the hazard presented by
the specific quantity of hydrogen being considered.

Location and QD Standards for GHa.

(1).

2)

3)

C))

The installation and location of GH: storage facilities
shall conform to 29 CFR 1910.103 (1996) and NFPA
50A (1994).

The location of a GH2 system, as determined by the
maximum total contained volume of hydrogen, shall be
in the order of preference indicated in Table A3.1

(29 CFR 1910.103 1996).

The minimum distance from a hydrogen system of
indicated capacity located outdoors, in separate
buildings or in special rooms, to any specified outdoor
exposure shall be in accordance with Table A3.2.
Table A3.2 lists the exceptions to the stated distances
for systems in which protective structures such as
adequate fire walls are located between the GH: system
and the exposure.

GH: systems of 84.9 CM (3000 CF) or less located
inside buildings shall be situated in the building so the
following criteria are met:

(a) Adequately ventilated area as described in Section
403e

(b) 6.1 m (20 ft) from stored flammable materials
4-18



(&)

Downloaded from http://www.everyspec.com

(c) 7.6 m (25 ft) from open flames, electrical
equipment, or other sources of ignition

(d) 15.2 m (50 ft) from ventilation intakes and air
conditioning equipment

(e) 15.2 m (50 ft) from other flammable gas
storage

(e) 7.6 m (25 ft) from concentrations of people

® More than one system of 84.9 CM (3000 CF)
or less may be installed in the same room,
provided the systems are separated by at least
15.2 m (50 ft). Each system shall meet all the
above requirements.

GH: systems of more than 85 m’ (3000 ft’) shall not be
located within 15.2 m (50 ft) of intakes for ventilation,
air conditioning equipment, and air compressors

(29 CFR 1910.134 1996).

Location and QD Standards for Nonpropellant Use of LHa.

ey

2)

3)

“4)

LH: storage for nonpropellant use shall be in
accordance with 29 CFR 1910.103 (1996) and NFPA
S0B (1994).

The location of LH: storage, as determined by the
maximum total quantity of LH2, shall be in the order of
preference as shown in Table A3.3 (29 CFR 1910.103
1996).

The minimum distance from LH: systems of indicated
storage capacity located outdoors, in a separate building,
or in a special room to any specified exposure shall be
in accordance with Table A3.4 (29 CFR 1910.103 1996
and NFPA 50B 1994).

Portable LHz containers between 150 and 189.2 L
(39.63 and 50 gal) capacity housed inside buildings,
not located in special rooms, and exposed to other
occupancies shall comply with the following minimum
requirements:
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(a) Located 6.1 m (20 ft) from flammable liquids
and readily combustible materials

(b) Located 7.6 m (25 ft) from ordinary electrical
equipment and other sources of ignition
including process equipment or analytical
equipment

(c) Located 7.6 m (25 ft) from concentrations of
people

(d) Located 15.2 m (50 ft) from air intakes, air
conditioning equipment, or air compressor
intakes

(e) Located 15.2 m (50 ft) from storage of other
flammable gases or storage of oxidizing gases

) Welding, cutting operations, and smoking
prohibited while LHz is in the room

(2) Area adequately ventilated as described in
Section 403e; safety relief devices on the LH>
containers vented directly outdoors to a suitable
vent stack or vented to a suitable hood

(&) The minimum distance to air compressor intakes, air
conditioning inlets, or ventilating equipment shall be
23 m (75 ft) measured horizontally for all quantities of
LHo.

Location and QD Guidelines for Propellant Use of LHoz.

(D) The storage of LH> for use as a liquid propellant shall
be in accordance with NSS 1740.12 (1993) and
DoD 6055.9 (1992).

(2) The siting of LH> storage vessels in systems in which
the LHo> is used as a propellant requires considerations
of the quantities of LH2 and other chemicals used; such
as, other fuels and oxidizers. The QD separations are
based on the compatibility or incompatibility of LH>
and these materials in addition to the material
classification as to hazard group. LH: is classified as a
Hazard Group III, Compatibility Class C material as
shown in Table A3.5.
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(a)  Hazard Group III materials are the liquid
propellants for which the hazards result from
the pressure rupture of the storage container.
The hazards that could result are fire,
explosion, and fragmentation.

(b) Class C materials are the liquid chemicals
compatible with LH> used as propellants. This
determination is based on whether when stored
together there is a significant increase in the
probability of an accident, or for a given
quantity, a significant increase in the magnitude
of the effects of such an accident.

The combined quantity of the two propellants shall be
used to determine the hazard when incompatible liquid
propellants are not separated by the required distances or
provisions are not made to prevent their mixing. The
total quantity of the two propellants is corrected by a
Liquid Propellant Explosive Equivalent Factor (E) given
in Table A3.6 because perfect mixing does not occur in
accidents. The equivalent amount of propellant is
determined as shown in Equation 3.

W = E(WLn2 + Worser) (Eq 3)
where:
W = the equivalent weight of propellant (Ibs)
Wi = the weight of LH: (Ibs)
Worner = the weight of the incompatible propellant
(Ibs)
E = the Liquid Propellant Explosive Equivalent

Factor (from Table A3.6)
The QD values are determined as follows:

(a) Table A3.7 gives the QD guidelines for LH>, a
Hazard Group III material, and compatible and
incompatible materials. The quantity of LH> is
found in columns 1 and 2. The separation from
other Hazard Group III, Class C materials is in
column 5. Class D materials are in columns 3
and 4, depending on whether the LH> storage is
unprotected or protected, respectively.

405f
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(b) Table A3.8 gives the QD guidelines for LH>
and other propellants and oxidizers from Hazard
Groups [, II, and III. The total quantity of
material for LH2 and Hazard Group I and II
were calculated using Equation 3. This quantity
is used in column 1. The quantity of Hazard
Group IV materials is used in column 1 when
they are present. Columns 3 and 4 give
intraline separation based on barricaded or
unbarricaded storage, respectively.

Location and QD Guidelines for SLHo-.

Specific experimental data for SLH2> QD determinations are not
available; therefore, no standards or guidelines are published for
SLH: storage siting. The total mass of SLH: considered, can be
treated as LH> equivalent and the appropriate QD standard or
guidelines applied. However, the increased hazards associated
with SLHo, such as air contamination and pressure control,
suggest that the QD guidelines for LH: propellant be used.

Location and QD Guidelines for Piping and Other Hydrogen

Systems.

ey

2)

Hydrogen systems other than those covered by 29 CFR
1910.103 (1996) do not have any QD standards
established. It is recommended that the QD standards
established by 29 CFR 1910.103 (1996) be applied as
appropriate.

A distance of 7.6 m (25 ft) free of inhabited buildings
shall be maintained on either side of the pipelines used
for the transfer of Groups II and III propellants

between unloading points and storage areas or between

storage areas and points of use for LH2 used as a
propellant (NSS 1740.12 1993 and DoD 6055.9 1992).
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406 EXCLUSION AREAS
a. General.

Standards and guidelines for the location of hydrogen
systems effectively define an exclusion area in which access
is limited to necessary personnel (must meet specified
training requirements), equipment (must meet specified
requirements for elimination or control of ignition sources),
and operations (must be consistent with the requirements of
safety to personnel and reducing risks to adjacent facilities)
(29 CFR 1910.103 1996, NFPA 50A 1994, and NFPA 50B
1994). These standards and guidelines should be used as
appropriate for control of access and activities permitted in
the vicinity of any hydrogen systems, such as storage,
transmission piping, and test facilities.

(1) The area within 4.6 m (15 ft) of GH2 equipment, or
7.6 m (25 ft) of LH2 equipment, shall be kept free of
weeds, dry vegetation, and combustible materials
(29 CFR 1910.103 1996, NFPA 50A 1994, and NFPA
50B 1994). Only combustible materials required for
test purposes shall be allowed in the exclusion area.

) QD standards and guidelines provide separation of
hydrogen systems and inhabited areas and represent a
minimum exclusion area.

3) Site specific requirements may establish an additional
area, a control area, in which access is physically
limited by fencing and control gates.

b. Access Control.

Personnel access to any area containing hydrogen shall be
considered as a potentially hazardous event and such entrance
shall be by authorized personnel only. Personnel entering
hydrogen system exclusion areas or control areas shall be
provided necessary and sufficient clothing , equipment,
detection devices, and respiratory devices as required (29 CFR
1910.132 1996, 29 CFR 1910.133 1996, 29 CFR 1910.134
1996).

(1) Access is limited to authorized personnel (29 CFR
1910.103 1996 NFPA 50A 1994) for GH2 systems.

2) Access is limited to authorized personnel (29 CFR
1910.103 1996 and NFPA 50B 1994) for LH2 systems.
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406b

The number of personnel at an operating location shall
be the minimum consistent with safe and efficient
operation for LH: propellant systems. Tasks not
necessary to the performance of a hazardous explosives
operation shall not be performed in the same location as
the hazardous operation. Personnel not needed for the
hazardous operation will not be allowed in hazardous
locations. Personnel limits shall allow for necessary
supervision and transients. Sufficient personnel shall be
available to perform a hazardous operation safely and,
in the event of accident, to obtain help and aid the
injured (NSS 1740.12 1993).

Access is limited to authorized personnel for test
chambers, test stands, and test cells. Such access shall
be governed by guidelines established by the AHJ at
the controlling NASA center.

Test cells and buildings in which combustible mixtures
exist in the atmosphere shall not be entered under any
condition. Personnel shall be warned of the presence
of combustible mixtures or low oxygen concentrations
(29 CFR 1910.1200 1996). Warning systems such as
approved vapor detectors, sensors, and continuous
sampling devices shall be employed to ensure that the
test cell environment is safe. The warning and
detection devices shall operate audible and visible
alarms. These systems shall be designed and installed
to allow for the operation of equipment needed to
reduce possible hazards. Examples include operation
of auxiliary exhaust systems for venting upon the
detection of flammable mixtures, operation of purging
systems, and automatic operation of blocking and
control valves.

Placarding, Posting, and Labeling.

Exclusion areas and control areas shall have placards,
postings, and labels displayed so personnel shall be aware of
the potential hazard in the area.

ey

The location of GH: systems shall be permanently
placarded as follows: HYDROGEN - FLAMMABLE
GAS - NO SMOKING - NO OPEN FLAMES. Each
portable container shall be legibly marked with the
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name “Hydrogen”. Each manifold hydrogen supply
unit shall be legibly marked with the name
HYDROGEN or a legend such as ““This unit contains
hydrogen™ (29 CFR 1910.103 1996 and NFPA 50A
1994).

2) Storage sites for LH> systems shall be fenced and posted
to prevent entrance by unauthorized personnel
(29 CFR 1910.103 1996 and NFPA 50B 1994).

(a) Sites shall be placarded as follows:
LIQUEFIED HYDROGEN - FLAMMABLE
GAS - NO SMOKING - NO OPEN FLAMES.

(b) A sign shall be placed on the container near the
pressure-relief valve vent stack or on the vent
stack that warns against spraying water on or in
the vent opening.

3) Placards stating the maximum number of workers and
transients permitted at any one time and the maximum
amount of propellant materials and their
Groups/Classes shall be posted for LH2 propellant
systems in a conspicuous place in all buildings,
cubicles, cells, rooms, and storage areas containing
propellant and similar materials. Personnel and
material limits and the placard must be kept current
and maintained for legibility. Placards must be of
sufficient size and color that they are readily visible to
personnel entering the work area. Local or DoD
placards may be used (NSS 1740.12 1993).

4) Placarding, posting, and labeling for test chambers,
test stands, and test cells shall be determined by the
AH]J at the controlling NASA center.

&) Safety showers shall be placarded: NOT TO BE
USED FOR TREATMENT OF CRYOGENIC
BURNS.

407 PROTECTION OF HYDROGEN SYSTEMS AND SURROUNDINGS
a. Barricades.

All hydrogen containing vessels, piping, and other equipment
should be protected from potential sources of shrapnel.
Barricades can provide necessary protection in many
circumstances.
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407a

Barricades serve two purposes: to protect uncontrolled
areas from the effects of a hydrogen system failure and
to protect the hydrogen system from the hazards of
adjacent or nearby operations. It is highly desirable to
design pressure vessels, piping, and components SO
failure caused by overpressure or material properties
will not produce shrapnel; the system will leak its
contents before it ruptures.

The possibility of system rupture caused by impact
from adjacent hardware should be considered in
locating the hydrogen system. Barricades should be
located adjacent to the expected fragment source and in
a direct line of sight between it and the facility to be
protected because barricades have been shown to be
most effective against fragments and only marginally
effective in reducing overpressures at extended
distances from them. If this is not possible, a
barricade may be placed adjacent to the facility to be
protected and in a direct line of sight between it and
the expected fragment source.

Protection should be provided against failures that
could yield shrapnel when reciprocating or high-speed
equipment, such as a hydrogen pump, are required at
hydrogen storage and use facilities. The equipment
housing provides partial protection in many instances.

Appropriate fragment protection can be achieved in
some applications by blast curtains and/or blast mats
placed adjacent to the vessel or equipment to be
protected.

The most common types of barricades are earthworks
(mounds) and earthworks behind retaining walls
(single-revetted barricades). A mound is an elevation
of naturally sloped dirt with a crest at least 0.91 m

(3 ft) wide. Single-revetted barricades are mounds
modified by a retaining wall on the side facing the
potential hazard source.

Barricades are constructed near potential explosion
sources or in front of structures and facilities located
near potential explosion sources. They are intended as
protective devices to arrest fragments or attenuate blast
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waves. Results of analyses and tests show (AMCP-706-
180 1972 and Baker, et al. 1978) the following:

(a) Barricades reduce peak pressures and impulses
behind the barricades; however, blast waves can
re-form under some circumstances.

(b) Single-revetted barricades are more efficient in
reducing peak pressures and impulses than
mounds.

(c) Values of peak pressure and impulse are greatly
influenced by the height above ground and
barricade location, dimensions, and
configuration.

(d) Barricades are often needed in hydrogen test areas
to shield personnel, dewars, and adjoining areas
from blast waves and fragments. Barricades
should be placed adjacent to the fragment source
for maximum fragment protection
(AMCP-706-180 1972 and Baker, et al. 1978).

(e) Barricades, when required, should block the
line-of-sight between any part of equipment
from which fragments can originate and any
part of the protected items. Protection of a
public roadway shall assume a 3.66 m (12 ft)
high vehicle on the road.

b. Liquid and Vapor Travel and Confinement.

ey

LH: or SLH: spills, such as those that might occur
from the rupture of a storage vessel, could result in a
brief period of ground-level flammable cloud travel.
The quick change from a liquid to a vapor and the
thermal instability of the cloud cause the hydrogen
vapors to mix quickly with air, disperse to
nonflammable concentrations, warm up, and become
positively buoyant. The presence of SLH2 briefly
prolongs this time period. Site specific information
should determine whether natural dispersion of the spill
or confinement of the spill is preferred.

407b
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Barricades should not cause excessive confinement that
might lead to detonation rather than simple burning of
escaped hydrogen. LH: spill tests conducted inside an
open-ended (U-shaped) bunker without a roof produced
detonation of the hydrogen-air mixture (Cloyd and
Murphy 1965).

Although storage facilities for liquefied natural gas are
required by law to include liquid-containment dikes,
the use of dikes and barricades around LH2 or SLH:
storage facilities may prolong ground-level travel of the
flammable cloud. It may be preferable to not use dikes
and barricades to take advantage of the turbulent
mixing of hydrogen with ambient air induced by
vaporization of spills. Where it is necessary to locate
LH: or SLH: containers on ground that is level with or
lower than adjacent storage containers for flammable
liquids or LOX, suitable protective means should be
taken (such as diking, diversive curbs, sloped areas,
and grading), with respect to the adjacent storage con-
tainers, to prevent accumulation of liquids within

15.2 m (50 ft) of the LH2 or SLH: containers (NFPA
50B 1994).

Pipeline ruptures may result in extended ground-level
travel of a flammable cloud. Conditions also could be
aggravated by the orientation of the pipeline for
pipeline ruptures. Ground-level cloud travel may be
prolonged by reduced spill or momentum-induced
cloud turbulence and the long-term cooling of the
ground for prolonged, gentle spills and pipeline
ruptures. Hydrogen detectors should be positioned to
indicate the possible ground-level travel of flammable
mixtures.

No sewer drains shall be located in an area in which an
LH: or SLH: spill could occur.

C. Shields and Impoundment Areas.

ey

The facility should include impoundment areas and
shields for diverting spills to control the extent of
liquid and vapor travel caused by spills. The loading
areas and the terrain below transfer piping should be
graded toward a sump or impoundment area. The
surfaces within these areas should be cleared of
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flammable materials. Including barriers and insulated
areas within the impoundment areas provides surface
control of evaporation, especially during small leaks.

The use of crushed stone in the impoundment area can
provide added surface area for LH: dissipation.

Ignition of hydrogen-air mixtures in free space usually
results in combustion or deflagration, but with a
confining or partially confining system geometry a
deflagration can evolve into a detonation. The facility
guidelines and planned installations should eliminate
possible confining spaces developed by the equipment,
tankage, and piping. With flame burning in and
around a collection of pipes or structures, sufficient
turbulence may develop to cause a deflagration to
evolve to a detonation even in the absence of gross
confinement.

408 FIRE PROTECTION

a. General.

Preventive measures against fires should include automatic or
manual process shutdown systems, sprinklers, deluge systems,
water spray systems, dry-chemical extinguishing systems, and
Halon systems. The fire safety policy shall be in accordance
with NHB 1700.1 (1993), NSS 1740.11 (1993), and NHB
7320.1 (1982). Facilities shall provide appropriate automatic
fire detection and suppression system for hydrogen systems
containing significant hazards.

ey

2)

3)

Hydrogen fires normally are not extinguished until the supply

of hydrogen is shut off because of the danger of reignition or

explosion. Reignition may occur if a metal surface adjacent to
the flame is not cooled with water or by other means.

Large quantities of water should be sprayed on adjacent
equipment to cool the equipment and prevent its involvement
in any fire that occurs. Combination fog and solid stream
nozzles have been preferred to permit widest adaptability.

Care shall be exercised to prevent water from entering the vent
openings when using water for hydrogen fire suppression
involving LH: storage systems (NFPA 50B 1994).

408a
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Small hydrogen fires have been extinguished by dry chemical
extinguishers or with carbon dioxide, nitrogen, and steam.

Water spray systems shall be provided for hydrogen storage
containers, grouped piping, and pumps where potential fire
hazard exists. The system(s) shall be arranged to deliver a
uniform spray pattern over 100 percent of the container
surface, pumps, and adjacent piping. The minimum spray rate

is 8.14 L/min'm* (0.2 gpm-ft’) of exposed surface. Manual
control stations shall be located outside the hazardous area, but
within effective sight of the facility protected. Remote control
capability shall be provided as directed by the AHJ. The
design, installation, testing, and maintenance of fixed, water
spray systems shall be in accordance with 29 CFR 1910.163
(1996) and NFPA 15 (1996). With the exception of
preprimed, high speed systems, water spray systems shall be
of the deluge valve and open spray nozzle type. The systems
are provided to protect defined hazardous equipment and areas
and are not intended for complete facility protection.

The fire protection provided should be determined by an
analysis of local conditions of hazard within the plant,
exposure to other properties, water supplies, the probable
effectiveness of plant fire brigades (such personnel must be
trained to fight hydrogen fires), and the time of response and
probable effectiveness of fire departments.

A fire hydrant or 2-in. diameter hose bib shall be provided
adjacent to all LH> storage areas for wash down (NHB 7320.1
1982).

b. Exposure Protection.

ey

2)

Fires can damage objects by heat fluxes transmitted by
radiation and convection. Much analytical and experimental
work has been done on heat radiation from flames to
surroundings. Existing models do not completely describe the
complex phenomena. Factors that complicate the application
of theory to heat radiation safety include changes in flame
motion, turbulence, temperature profiles, flame size and
shape, weather conditions, wind effects on back radiation, and
flame emissivities.

Table A2.5 shows damage caused by various radiation
levels. The damage also depends on the time history of the
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radiation. Atmospheric water vapor is very effective in
absorbing the radiation because the water molecules are
responsible for much of the infrared radiation from the
hydrogen flame. A 1 percent concentration of water vapor
in the atmosphere (corresponding to a relative humidity of
about 43 percent at ambient temperature) will reduce the
radiation flux at least two orders of magnitude at a distance
of 100 m (328 ft) or greater. Figure A2.9 gives the radiant
intensity ratio as a function of distance from a hydrogen
fire for various concentrations of atmospheric water vapor.

3) Further comparisons of hydrogen fires with hydrocarbon fires
show a lower smoke inhalation danger with hydrogen fires,
but smoke inhalation remains a major cause of injuries and
deaths in a hydrogen fire.

4) Figure A2.5 gives safe limits for the exposure of personnel
and equipment to thermal-radiation-flux exposure levels that

cover a wide range.

Deluge Systems.

(1) Strong consideration should be given to the installation of
deluge systems along the top of storage areas for
secondary fire protection. The deluge systems should be
capable of being manually or automatically actuated.
Also, any surface capable of becoming an ignition source
should be cooled to not constitute a hazard. Fire
extinguishing systems shall be used to protect manifold
piping, relief vents, and transfer pump facilities but not
for vent stack openings.

(2) Rooms containing cryogenic and flammable fluids shall also
be provided with fire and explosion protection. The rooms
shall have a continuously operating exhaust system with a flow
of about 0.3 m*/min-m? (1 ft'/min-ft?) of floor area. With the
detection of a flammable gas at 20 percent of the LFL, the
exhaust capacity should be doubled.

3) Storage vessels shall be provided with water deluge systems
designed to provide for at least 0.02 m*/min-m*
(0.5 gal/min-ft*) on vessel surfaces and auxiliary fittings.
Deluge systems shall be actuated by temperature rise detectors
and remote, manual control. Enough hydrant outlets shall be
located to enable use of charged hoses at each operation
involving equipment in hydrogen service.

408c
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409 DOCUMENTATION, TAGGING, AND LABELING OF STORAGE
VESSELS, PIPING, AND COMPONENTS

a. General.

A uniform system for the identification of hydrogen vessels,
piping, and components shall be established to promote greater
safety and lessen the chances of error, confusion, or inaction,
especially in times of emergency.

ey

2)

3)

4

Each portable GH: container shall be legibly marked
with the name “HYDROGEN” in accordance with 29
CFR 1910.103 (1996).

Each manifold GH: supply unit shall be legibly marked
with the name “HYDROGEN" or a legend such as
“This unit contains hydrogen™ (29 CFR 1910.103
1996).

Each LH: container shall be legibly marked
“LIQUEFIED HYDROGEN - FLAMMABLE GAS”
(29 CFR 1910.103 1996).

A sign shall be placed on the container near the
pressure-relief valve vent stack or on the vent stack that
warns against spraying water on or in the vent opening
(NFPA 50B 1994).

b. Documentation.

ey

2)

Each hydrogen pressure vessel or pressurized system
(including vacuum systems) shall be marked to indicate
it is certified or recertified for use and any special
constraints or instructions required for safe operation of
the pressure vessel or pressurized system (including
vacuum systems).

Documentation for each pressure vessel or
pressurized system shall be prepared and revised or
updated periodically. It shall identify the
organization or individual responsible for the
pressure vessel or pressurized system and contain, as
a minimum, a pressure vessel or pressurized system
description, list of available drawings and
documentation, analysis results, certification
requirements, unique inservice inspection
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requirements, and results of the most recent
inspection (NMI 1710.3 1994).

Tagging.

The storage vessels, piping, and components, shall be tagged
and coded to indicate the following as appropriate:

(1) Contents

2) Capacity

3) Direction of flow as appropriate

4) Maximum allowable working pressure (MAWP)
&) Hydrostatic test pressure

(6) Certified test pressure

7 Date, month, and year of last hydrostatic test
(8) NASA or manufacturer part number

&) Operating temperature

(10) Component number or identification per appropriate
process schematic

Labeling.

The labeling of piping and components shall be uniform and
convey the necessary information (ANSI/ASME A13.1 1981
and NHB 7320.1 1982).

(1) Lettered legend marked “Hydrogen (by form)” in
black letters on a yellow field.

2) The label will be white lettering on a blue field for
piping and components for purge gases; or white
lettering on a green field for purge liquids; however,
labels with black letters on a yellow field should be
used for high-pressure or high-temperature purge
fluids.

409d
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Labels with white letters on a red field should be used
for piping and components for fire quenching
materials.

Arrows shall be used to indicate direction of flow.

Additional information shall be included as necessary.
See above.

Legends shall be applied close to valves or flanges and
adjacent to changes in direction, branches, where pipes
pass through walls or floors, and at intervals sufficient
for identification on straight pipe runs.

Attention shall be given to visibility of the legend.
Where pipe lines are located above or below the
normal line of vision, the lettering shall be placed
below or above the horizontal centerline of the pipe.

410 INSTRUMENTATION AND MONITORING

a. Instrumentation.

ey

2)

3)

A hydrogen system should be adequately instrumented for the
following:

(a) Monitor and control its operation.
(b) Provide performance data.

() Provide warnings and/or alarms for out-of-limits
conditions.

(d) Indicate a hazardous condition, preferably with
sufficient notice to permit it to be addressed.

Instrumentation used in a hydrogen system shall meet Class I,
Division I/II, Group B requirements of NFPA 70 (1993) when

appropriate.

Instrumentation used in a hydrogen system should have the
following characteristics:
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(a) Be compatible with hydrogen and with all operating
conditions it will experience, such as temperature and
pressure.

(b) Permit local and/or remote operation and monitoring of
the hydrogen system.

(©) Have the appropriate range, accuracy, and response
time.

Instrumentation used in a hydrogen system that provides safety
information should be redundant in number and type of
transducer (pressure indicated locally by a pressure gage and
remotely by a pressure sensor).

Data from the instrumentation should be displayed so the
operator has a clear indication of the status of the hydrogen
system.

Computer control and data acquisition systems should be used
whenever possible and carefully checked out to verify they are
properly interfaced with the instrumentation transducers.

The instrumentation system (computer, data acquisition,
transducer, and wiring) should be calibrated at installation in a
hydrogen system and should be periodically recalibrated as
directed by the AHJ at the controlling NASA center.

Ancillary instrumentation, such as sampling equipment and a
mass spectrometer for purity analysis, should be available on
an as-needed basis.

Instrumentation used in LH2 and SLH2 systems should be
selected and installed to minimize heat leak to the cryogenic
fluids.

A wide selection of instrumentation options are available for
the parameters commonly monitored in a hydrogen system.

Hydrogen Detection.

ey

Hydrogen gas is colorless and odorless and normally
not detectable by human senses. Means shall be
provided for detecting the presence of hydrogen in all
areas in which leaks, spills, or hazardous
accumulations may occur. Refer to Chapter 6 for
requirements and specifications for hydrogen detection.

410b
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2) A combination of portable and fixed installation
hydrogen sensors should be used. Portable hydrogen
detectors should be available for personnel entering an
area in which hydrogen is leaking or may have leaked.

3) Hydrogen detectors shall meet Class I, Division I/II,

Group B requirements of NFPA 70 (1993) where
appropriate.

Fire Detection.

ey
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3)

4

(&)

(6)

A hydrogen flame is nearly invisible, and the emissivity of a
hydrogen fire is low; consequently, means should be provided
for detecting the presence of a hydrogen flame in all areas in
which leaks, spills, or hazardous accumulations of hydrogen
may occur.

A hydrogen fire will cause changes in the surroundings that
can be used to detect the fire. The changes commonly are
called the signature of the fire. Although the nonluminous
hydrogen flame makes visual detection difficult, there is a
strong heat effect and turbulence of the surrounding
atmosphere.

The hydrogen fire detection system should be capable of
monitoring a large area over considerable distances.

The effects of lightning and sunlight should be considered in
the use of IR detectors.

The combination of portable and fixed installation hydrogen
fire detectors should be used. Portable hydrogen fire detectors
should be available for personnel (including fire department)
entering an area in which a hydrogen fire is possible.

Fire detectors shall meet Class I, Division I/II, Group B
requirements of NFPA 70 (1993) where appropriate.

System Monitoring.

Remote television monitoring of a hydrogen system should be
considered if the system is not visible from the Control Center.
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411  EXAMINATION, INSPECTION, AND RECERTIFICATION

a. General.

ey

2)

3)

All storage and piping installations, including their
components, shall be inspected before the initial operations to
ensure compliance with the material, fabrication,
workmanship, assembly, and test requirements. The
completion of all required examinations and testing shall be
verified. Verification shall include, but should not be limited
to, certifications and records pertaining to materials,
components, heat treatment, examination and testing, and
qualification of welding operators and procedures (NHB
1700.1 1993).

Comprehensive control is required of all systems used in GHz,
LH:, and SLH: installations. A quality control program that
will satisfy the NASA requirements and engineering design for
all vessels, piping, components, materials, and test equipment
shall be established.

Material identification is required for all piping and
components used in fabrications and assemblies subjected to
LH: temperatures. No substitutions for the materials and
components specified in the engineering design are permitted
except when the substitution has written approval of the AHJ
at the controlling NASA center.

b. Examinations.

ey

2)

Examinations shall be performed in accordance with the
ASME BPVC (1995). Visual examinations should verify
dimensions, joint preparation (alignment, welding, or joining),
and the assembly and erection of supports.

The piping and components should be examined before and
during installation for the integrity of seals and other means of
protection provided to maintain the special cleanliness or
dryness requirements specified for LH2 systems. Protective
coverings should be examined for any damage or omission that
would allow the component or piping to become wetted or
contaminated beyond the limits specified in the engineering
design. Components specified to be maintained under positive
gas pressure should be examined to ensure conformance to the
requirements.

411b
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c. Testing and Recertification.

ey

2)

3)

All NASA pressure vessels and systems shall be designed,
inspected, tested, operated, and maintained in accordance with
the requirements and standards listed in NMI 1710.3 (1994).

After installation, all piping, tubing, and fittings shall be
tested and proved hydrogen gas tight at operating pressure and
temperature using the appropriate test or tests (29 CFR
1910.103 1996, NFPA 50A 1994, and NFPA 50B 1994).

(a) The hydrostatic test pressure should be 1.5 times the
MAWP.

(b) Pneumatic tests shall be approved by the AHJ at the
controlling NASA center. The pneumatic test may be
used in lieu of the hydrostatic test for hydrogen
systems designed or supported so they cannot safely be
filled with liquid or if the vessel or system cannot be
readily dried, or is to be used in services in which
traces of the testing liquid cannot be tolerated. The
substitution requires that the parts of the system, when
possible, are previously tested by hydrostatic pressure.
The pneumatic test pressure should be 1.25 times the
MAWP.

(c) After a cryogenic system is constructed and has
passed the hydrostatic or pneumatic test, the
system shall be cold tested with LN2. Storage
vessels that cannot support the weight of a
100 percent load of LN> should be filled with
the equivalent weight of LN that corresponds
with a 100 percent load of LH2 or SLH2>. LN:
temperature should be maintained in the new
system for a minimum of 1 h.

All welds shall be tested as required by ASME BPVC (1995)
and ANSI/ASME B31.3 (1996). Unless the inner LH2 or
SLH: container is fully radiographed, all welds in or on the
shell and heads, inside and outside, should be tested by the
magnetic particle method, the fluorescent dye penetrant
method, or by the ultrasonic testing method as appropriate.
All cracks and other defects found should be repaired in
accordance with the proper repair procedures.
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4) A system to be used in hydrogen service shall be leak tested
prior to operation. Leak testing generally occurs in
conjunction with the pressure testing of the system. The
system should be leak tested to the extent possible with inert
gases before LH: is introduced into the system. Personnel and
equipment shall be adequately protected during a leak check
involving hydrogen, whether GH2, LH2, or SLH>. Leak
testing methods that may be used are described in NHB
1700.6 (1976).

Records.

Records shall be made and retained for each pressure vessel and
pressurized system (including vacuum) inspection and recertification
examination. The records shall be retained for the life of the pressure
vessel or pressurized system in accordance with NMI 1710.3 (1994)
or as directed by the AHJ at the controlling NASA center. The
records should include the following:

(1) Date of inspection or recertification examination

(2) Identification of system, component, and piping

3) Test method (for example, hydrostatic, pneumatic, or sensitive
leak test)

€)) Test fluid

(5) Test pressure

(6) Hold time at maximum test pressure, if over 10 min

(7) Test temperature

(8) Locations, types, and causes of failures and leaks in
components and welded joints, types of repair, and other

applicable test records

9) Approval by NASA-assigned safety or design engineer

411d
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Schedule.

The inspection and recertification schedule for each pressure vessel
and pressurized system (including vacuum) shall be established by the
Pressure System Manager at the controlling NASA center where the
system is installed (NMI 1710.3 1994). NHB 1700.6 (1976)
provides guidelines for the creation of inspection and recertification
schedules.
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CHAPTER 5: HYDROGEN STORAGE VESSELS, PIPING, AND
COMPONENTS

Note: All vessels, piping, fittings, vents, stacks, and other system
components used in hydrogen service shall be designed and operated to
provide maximum protection to personnel and equipment.

500 GENERAL REQUIREMENTS
a. General.

All pressure vessels, pressurized components and pressurized
systems (including vacuum) shall be designed, fabricated,
installed, operated, periodically inspected, maintained,
repaired, and certified/recertified in accordance with the
applicable codes, standards, and guidelines (NMI 1710.3
1994).

b. Special Considerations.

The application of standards such as the ASME BPVC (1995),
ANSI/ASME B31.1 (1995), and ANSI/ASME B31.3 (1996)
for hydrogen storage and piping require special considerations
as a consequence of the unique properties of hydrogen, such as
hydrogen embrittlement.

c. GH: Temperature Considerations.

The reference to GH: in this guideline document normally has
implied ambient temperature. However, the designer should
identify the hydrogen systems in which GH: is at cryogenic
temperature and select materials and design equipment
appropriate to those conditions. This distinction is
characterized by using ANSI/ASME B31.1 (1995) for GH>
above 244 K (-20 °F), and ANSI B31.3 (1996) for cryogenic
GH: below 244 K (-20 °F) (29 CFR 1910.103 1996).

500c
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501 STORAGE VESSELS

a.

Fixed and Mobile Storage Systems for GHo.

Containers for GH: storage shall be designed, constructed, and
tested in accordance with appropriate requirements of ASME
BPVC (1995) or designed, constructed, tested and maintained
in accordance with Department of Transportation (DOT)
specifications and regulations as appropriate. Permanently
installed containers shall be provided with substantial
noncombustible supports or firm noncombustible foundations
(29 CFR 1910.103 1996, NFPA 50A 1994, and NMI 1710.3
1994).

(1) Large volumes of GH: should be stored outdoors in
mobile or fixed cylinders. Mobile tube trailers of
approximately 2000 CM (70,000 CF) capacity,
pressurized to about 16.5 MPa gage (2400 psig), have
been state of the art for many years and have not
exhibited any undue operating problems. GH: vessels
for service to 68.9 MPa (10,000 psia) are available.
Vessels for very large volumes and higher gas
pressures have not always been trouble free.
Guidelines include the following:

(a) Materials shall be selected in accordance with
ASME BPVC (1995) and 49 CFR (1995).

(b) No unrelieved penetrations of the side walls
shall be made. Enter through the forged heads
if a pressure gage is needed.

(c) Provisions shall be made for visual inspection
of the interior in accordance with 49 CFR
(1995) for mobile storage units.

2) Gas tube trailers carrying more than one gas shall be
prohibited unless logistical considerations absolutely
mandate their use. Connecting fittings shall be keyed,
sized, or otherwise configured so that it is physically
impossible to cross-connect incompatible systems
without malicious intent to do so (49 CFR 1995). GH:
tube trailers shall be equipped with safety shutoff
valves that are normally closed and require maintained
power to open and remain open. The valves will
automatically return to fully closed upon the removal
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of the power. This is in addition to manually operated
main shutoff valves. The valve cabinets shall be well
ventilated.

Example: Findings concerning an explosion in a tube of
a tube trailer that contained a mixture of
hydrogen and oxygen showed that the
accident occurred after a hydrogen tube
trailer and an oxygen tube trailer were
simultaneously connected to the same
manifold. Insufficient barriers and incorrect
purging procedures led to the damage of one
shutoff valve and subsequent flow of higher
pressure oxygen into one tube of the
hydrogen trailer. Ignition was probably
caused by contamination traveling through a
valve at high velocity.

3) Common gas facilities for fuels and oxidants are not
recommended. Such facilities require the approval of
the AHJ at the controlling NASA center.

4) Fixed storage vessels shall be located in accordance
with the approved quantity-distance tables in 29 CFR
1910.103 (1996) (see Section 405).

Fixed and Mobile Storage Systems for LHo>.

Containers for LH: storage, whether for nonpropellant or
propellant use, shall be designed, constructed, and tested in
accordance with appropriate requirements of the ASME BPVC
(1995) or applicable provisions of API 620 (1990). Portable
containers for LH> shall be designed, constructed, and tested
in accordance with DOT specifications and regulations.
Permanently installed containers shall be provided with
substantial noncombustible supports securely anchored or firm
noncombustible foundations. Steel supports in excess of 18
in. high shall be protected with a coating having a 2 h fire
resistance rating (29 CFR 1910.103 1996, NFPA 50B 1994,
and NMI 1710.3 1994).

(1) LH: vessels should be designed to include thermal
protection systems to minimize the evaporation losses.
The types of insulation systems employed are the
following:

501b
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(a) A vacuum equal to that required under
operating conditions

(b) High vacuum plus powders such as perlite,
silica aerogel, diatomaceous earth, fused
alumina, and phenolic spheres

(c) Multiple layers of highly reflecting radiation
shields separated by spacers or insulators plus a
high vacuum

(d) Materials with low thermal conductivity
(Hastelloy®, titanium) used to support the
insulation

The inner vessel should be designed to have a vapor
tight seal in the outer jacket or covering to prevent air
condensation and oxygen enrichment within the
insulation. Condensed air in the insulation systems
may explosively expand as it reverts to a gas when the
LH: is emptied from the tanks or pipes.

Construction materials for surfaces exposed to a
cryogen should retain the necessary mechanical
properties and not tend toward low-temperature
embrittlement (Chapter 3).

Fixed storage vessels for nonpropellant or propellant
use shall be located in accordance with the appropriate
QD tables in Section 405.

Pressure relief is required for the inner vessel and
vacuum jacket (see Section 504). Appendix B,
Example 4 examines pressure rise in storage vessels.

Bottom openings on LH: containers should be avoided
where possible (preventing an uncontrollable leak path
if a valve or connector should fail).

Safety techniques and devices include such special
provisions as elimination of static electricity buildup,
locking devices to prevent loosening of parts, flexible
grounding straps from the compartment doors to the
main vessel frame structure, and the protection of all
fittings, valves, gauging devices, manifolding, etc.,
against damage caused by collision or overturning.
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Recommended procedures, driver training, and basic
operations shall be consistent with 29 CFR (1996) and
49 CFR (1995) (see Chapter 8).

All LH: vessels, stationary and mobile, should be
equipped with remote control shut off valves, except
manually operated valves may be used under the
following conditions:

(a) The loading operations and valve are attended
by two trained operators using the buddy system
if approved by the AHJ at the controlling
NASA center.

(b) The pressure of the vessel does not exceed the
MAWP.

A mobile vessel used as a component of a test facility
should have a remote-operating, fail-safe shut off
valve. A manual override should be provided for use
if the power fails.

Fixed and Mobile Storage Systems for SLHo>.

ey

2)

The design principles given above for LH: are directly
applicable to the handling of SLH>; however, the
properties of SLH2 call for additional considerations
described below.

Cryogenic considerations.

(a) The use of SLH: requires greater care than
when operating with NBP LHz. The operating
temperature of SLH: is lower than that for NBP
LH:, 13.80 K (-434.8 °F) versus 20.27 K
(-423.2 °F). The vapor pressure of SLH: at its
operating temperature is 7.04 kPa (1.02 psia);
therefore, the container should be designed for
operation at subatmospheric pressure. The heat
of fusion (melting of the solid) for SLH2 is
58.29 J/g (25.1 Btu/lb) compared with
445.6 J/g (191.7 Btu/lb) for vaporization of
NBP LHo-.

501c
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It is necessary that systems for SLH> ground
storage and transfer be built with the lowest
possible heat input (highest quality thermal
insulation). Also provisions should be made for
transferring the liquid-solid mixture to preclude
any accumulation of solid particles that could
block or plug valve seats, instrumentation ports,
or relief valve openings.

The tolerable amount of heat leak into SLH>
storage dewars depends on actual sizes and
logistics. Current technology for the
construction of large-scale cryogenic storage
dewars indicates that maintaining SLH: at a

50 percent mass fraction of solid would require
a replenishment rate of SLH2, 50 percent solid
by mass of 0.5 percent per day. Without
replenishment, the solid fraction would decrease
by about 0.5 percent per day.

3) Storage and Upgrading.

(a)

(b)

A replenishment or upgrading process is needed
to eliminate the possibility of a decrease in solid
fraction and/or to upgrade the SLH> above the
level at which it was originally transferred into
the storage dewar. This can be accomplished
by placing a filter at the outlet of the storage
vessel leading to a return transfer line, that,
with the fill line from the SLH> production unit,
will allow for the continuous transfer of SLH>
to the storage dewar with the triple-point liquid
being returned to the slush generator. With
proper attention to maintaining the ullage
pressure, this technique can be used for
replenishing or upgrading the SLH: in a flight
vessel.

A provision for stirring the SLH2 in ground or
flight storage vessels may be required to
prevent the solid particles from settling or
agglomerating. The stirring will also tend to
destroy the thermal gradients that will require
helium pressurization of the vessel to avoid
subatmospheric pressures. The stirring may also
be necessary to maintain a free passageway
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through the solids that tend to accumulate at the
filter entrance.

Materials Selection.

(a)

(b)

From a structural standpoint, the proper
selection of materials to be used can be assured
by using only materials shown to be suitable for
LH: service (see Chapter 3). The desirability of
maintaining thermal gradients and the thermal
conductivity of appropriate structural materials
should be considered along with the strength-to-
weight ratios, thermal expansion coefficients,
and low-temperature ductilities.

Although the temperature differences between
LH: and SLH: should not cause any problems
when using materials suitable for LH2 service,
the possibility remains that the solid particles
flowing in SLH> could, over time, cause the
softer materials to erode in certain places, such
as in a valve seat.

Subatmospheric Pressure Considerations. Although
efforts are made to avoid storing and handling the
SLH: at subatmospheric pressures, the possibility of
pressure collapse is always present. Negative
pressures will occur if the evaporative-cooling
production method is used. Additional safety
precautions should be taken to preclude contamination
and enhance the operational safety of the system.

(a)

(b)

Systems for handling SLH: should be designed
to make the maximum use of welded
construction as a primary requirement.
Demountable joints should be used only where
absolutely necessary.

State-of-the-art leak detection techniques are to
be used in fabricating all of the equipment in
which SLH: is to be handled. A leak detection
test should be performed after thermal cycling
from ambient temperature down to at least 77 K
(-320 °F) (LN temperature).

501c
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SLH: handling equipment shall be continuously
monitored for the intrusion of air from the
atmosphere after placing the equipment into
service. Samples of SLH: taken from the stored
fluid are warmed to room temperature and
subjected to gas analysis: mass spectrometry or
gas chromatography. This technique has the
disadvantage of having to determine how
closely a given sample represents the contents
of the entire stored volume (Daney and Mann
1966).

Guard Volumes.

1 Instrumentation tubes, flanges, wire
pass-throughs, and valve stem packings
compromise, to some extent, the
integrity of the otherwise more robust
and impenetrable, all-welded
construction of an SLH2 system.

2 The SLH: system design should
maximize the use of external volumes,
under a high vacuum or containing a
noncondensible inert gas (helium),
surrounding the portions of the system at
(or potentially at) subatmospheric
pressure. The vacuum in the guard
volume shall be monitored and provided
with an alarm to warn of the loss of
vacuum when vacuum is used. the
pressure of helium in the guard volume
shall be maintained and monitored if
protection against air intrusion is by
means of an exterior surrounding space,
sealed from the atmosphere and
pressurized with helium gas at a pressure
above that of the atmosphere. Vacuum
pump systems and discharge points of
pressure-relief valves and rupture disks
deserve special attention.

Fluid Quantity Measurements. It is not difficult to
determine the total volume of SLH: by using liquid
level measurements; however, this procedure does not
determine the mass. The level of the solid fraction can
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be measured when settling is allowed to take place in
the SLH> system. Without a greater knowledge of the
degree of packing of the solid, the total mass of the
stored SLH> will still be unknown. Nuclear radiation
attenuation or other means whereby the mass
concentration of a representative sample can be
measured should be considered and the results assumed
to be valid for the entire contents of the vessel.

(7) Thermal Acoustic Oscillations. Thermal acoustic
oscillations and their propagation are a periodic source
of elevated pressure and can pump large quantities of
energy into the main storage volume. Designing SLH>
systems with favorable aspect ratios and surge volumes
is a promising method for reducing this problem.

(8) Instrumentation.

(a) The distribution of solid particles within the
liquid is very difficult to determine, and it
changes during production, storage, aging,
stirring, and transfer. At present, the contents
of a containment vessel needs to be observed to
determine production, storage, aging, and other
critical characteristics of the SLHo.

(b) A number of designs for visual observation
ports have been reported and generally are
composed of two or three quartz, glass, or
sapphire windows separated by high-vacuum as
thermal insulation.

9) At present, the difficulties in handling and maintaining
SLH> mixtures make it unlikely that SLH> would be
produced at a remote location and transported to the
use site. Thus, transporting SLH: for significant
distances is not considered, and discussion of mobile
storage systems for SLH: is not presented.

Aerospace Pressure Vessels.

NSS/HP 1740.1 (1974) and NSS/HP 1740.4 (1976) include
standards providing criteria for using fracture control techniques to
design, fabricate, test and operate aerospace pressure vessels. When
technically possible, each pressure vessel should be designed to

501d
5-9



501d

502

Downloaded from http://www.everyspec.com

accommodate proof and verification. Tests should be performed to

confirm the design, manufacturing processes, and service life.

Qualification tests should be conducted on flight-quality hardware.

All aerospace pressure vessels should be subjected to an acceptance

test. Pressure vessels for use in flight or ground support equipment

may be designed to MIL-STD-1522A (1984) or equivalent.
e. Supports.

(1) The design of vessel support members should account for all
concurrently acting loads transmitted into such supports.
These loads, in addition to weight effects, should include loads
introduced by service pressure and temperature, vibration,
wind, earthquake, shock, and conditions such as thermal
expansion and contraction.

2) The design and construction of supports for inner vessels
systems should be optimized with respect to structural and
thermal operational requirements.

PIPING SYSTEMS.

The design of a piping system for hydrogen use shall consider the pressure,
temperature, and various forces applicable to the design of a hydrogen piping
system. Special consideration shall be given for the unique properties of
hydrogen , such as hydrogen embrittlement. Piping systems for hydrogen
use shall be designed based on the most severe condition of coincident
pressure, temperature, and loading. The most severe condition shall be the
one that results in the greatest required pipe thickness and highest flange
rating. Piping as used in this guideline includes pipe, tubing, flanges,
bolting, gaskets, valves, relief devices, fittings, and the pressure containing
portions of other piping components. It also includes hangers and supports
and other equipment items necessary to prevent overstressing pressure
containing components.

a. General.

Piping systems include all hydrogen transmission lines and associated
components including the lines and fittings connecting test articles to
hydrogen supplies. Safety reviews of piping systems designs shall be
in accordance with those detailed in Sections 400 and 401.

(1) Piping materials and designs should be in accordance with
ANSI/ASME B31.1 (1995) and ANSI/ASME B31.3 (1996).
ANSI/ASME B31.1 (1995) and B31.3 (1996) generally do not
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specify specific materials to be used in piping systems; but
provide guidance and limitations on the selection of some
materials acceptable for use in piping systems. These Codes
provide some useful properties, such as minimum temperature
and maximum allowable stress values as a function of operating
temperature for these materials (Table A5.3). GH: systems
should also conform to the special requirements of NFPA 50A
(1994) and LH:> systems to NFPA 50B (1994).

Chapter 3 discusses general materials recommended for use in
hydrogen piping and system components.

Piping and pressure containing components shall be proof
tested (ANSI/ASME B31.3 1996). Additional testing may be
included as required; such as pneumatic flow testing at
operating conditions and cold testing.

Facility and transfer piping systems shall include safeguards in
accordance with ANSI/ASME B31.3 (1996) for protection
from accidental damage and for the protection of people and
property against harmful consequences of vessel, piping, and
equipment failures. Barriers should be considered for operator
protection particularly from metal parts associated with pump
failures. Within a process area, hydrogen transport piping
shall be treated similar to hydrogen storage in that all such
piping shall be isolated by an exclusion zone in which access
is restricted and certain types of operations are prohibited
while hydrogen is present in the piping system (see Section
405a.(3)).

New piping for GH2 or LH2 shall not be buried. Piping shall
be placed in open trenches with removable grating if placed
below ground.

Existing, buried GH: piping shall be operated in accordance
with the conditions of retroactivity detailed in Section 101g.

All piping shall be periodically tested as part of the
recertification of the pressure system (Section 411).

The piping and components shall be tagged and coded
as described in Section 409.

Hydrogen lines should not be located beneath electric power
transmission lines. Electric wiring systems permitted above
hydrogen lines should comply with the appropriate code
(NFPA 50B 1994).

502a
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The metal components of a hydrogen system shall be
electrically bonded in accordance with NFPA 70 (1993). This
includes tanks, regulators, valves, pipes, vents, vaporizers,
and receivers (mobile or stationary). Sufficient grounding
connections should be provided to prevent any measurable
static charge from accumulating on any component. Each
flange should have bonding straps in addition to metal
fasteners, which are primarily structural.

Joints in piping and tubing should be made by welding or
brazing. Mechanical joints, such as flanges, should only be
used for ease of installation and maintenance and other similar
considerations.

Provisions shall be made for the expansion and contraction of
piping connected to a pressure vessel to limit forces and
moments transmitted to the pressure vessel, by providing
substantial anchorage at suitable points, so there shall be no
undue strain to the pressure vessel.

Supports.
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The design of piping support members should account for all
concurrently acting loads transmitted into such supports.

These loads, in addition to weight effects, should include loads
introduced by conditions such as service pressure and
temperature, vibration, wind, earthquake, shock, and thermal
expansion and contraction.

All supports and restraints should be fabricated from materials
suitable for the service conditions. Any attachments welded to
the piping should be of material compatible with the piping
and service conditions. The stress for the base material of all
parts of supporting and restraint assemblies should not exceed
the allowable stress at the operating temperature for the part in
question.

Pipe supports for thin wall vacuum jacketed pipe should be
located at points on the jacket with doubler plates or load-
spreading saddles.

The design and construction of supports for inner piping

systems should be optimized with respect to structural and
thermal operational requirements.
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Piping for GHa.

(1) Materials for GH: piping systems and components must be
suitable for the stress, temperature, pressure, and exposure
conditions.

2) Conditions considered to characterize hydrogen
embrittlement failures include temperature, pressure, and
hydrogen purity. Failures of piping and components are
most severe at room temperature, at high pressure, and with
very pure hydrogen. (The problems are reduced at
cryogenic temperatures.)

3) High-pressure gas manifolds are to be constructed of suitable
materials (Chapter 3) and of welded construction wherever
possible. Expansion or contraction should be accommodated,
and adequate supports should be provided.

Piping for LH2 and SLHo.

(1) Most LH> or SLH: lines are vacuum jacketed or insulated to
reduce heat input and prevent the condensation of atmospheric
air. The piping vacuum jacket systems should be separate
from the vacuum systems of the main hydrogen storage and
handling systems. The jacket design should consider the
thermal flexibility of the inner line and allow the jacket to
follow its natural thermal displacement. The vacuum jacket
shall have its own separate pressure-relief system. Appendix
B, Example 5 examines the effect of insulation for LH: lines
on the heat leak rate.

2) Bellows expansion joints usually are placed in the outer jacket
when they are used. Expansion joints may be used in the
inner line, but their placement will affect the thermal stress
forces transmitted to the outer jacket and add potential vacuum
leak sources. Bellows should not be extended or compressed
at installation to make up deficiencies in length or for proper
alignment. The inner pipe usually is supported within the
vacuum jacket by spacers in the annulus. The spacer design
and location should take into account the thermal loading
during cool down and forces transmitted to the jacket. The
spacers should also support the dead weight of the inner line
under all imposed conditions. Piping systems must have
sufficient flexibility to prevent thermal expansion or
contraction causing piping failures or leaks. Expansion loops
or Invar® piping are alternatives to expansion joints.

502d
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An LH: or SLH: system built of stainless steel has a thermal
contraction of about 0.3 percent from ambient temperature to
20 K (-423 °F). Long runs of piping require a support at
intervals to allow for axial motion with lateral and vertical
motion restrained.

Expansion joints used in vacuum jacket systems normally have
the lowest pressure rating in the vacuum system and should be
marked to indicate pressure rating and direction of flow.
Swivel joints and connections that allow for three degrees of
freedom should be installed in piping exposed to differential
movements, such as ship-to-dock piping.

Piping systems must have sufficient flexibility to prevent
excessive stresses caused by thermal expansion, contraction,
or movements of piping supports and terminals.
Consideration should be given to the following:

(a) Failure of piping, supports, or anchors from overstress
or fatigue

(b) Leakage at joints

(c) Detrimental stresses or distortion in piping or in
connected equipment resulting from excessive thrusts
and moments in the piping

(d) Resonance with imposed or flow-induced vibrations

(e) Cryogenic bowing in horizontal pipe lines because of
the stratified flow of a single liquid layer on the bottom
of the pipe; Consideration shall be given to the large
forces normally generated by bowing in designing pipe
guides and main and intermediate anchors for bellows
expansion joints. Cryogenic pipe lines should be
operated in regimes in which stratified flow does not
occur.

Each section of cryogenic piping in which liquid lockup is
possible shall be equipped with protective devices to control
overpressures, particularly those caused by insulation failures
and fires. Appendix B, Example 3 examines pressure rise
caused by liquid lockup in a line.

5-14



Downloaded from http://www.everyspec.com

(7 Insulation for LH2 or SLH: piping shall have a
self-extinguishing fire rating. Other fluid lines should also be
protected from freezing because of proximity to the LH2 or
SLH: lines; a thermostatically controlled heater should be
considered to provide protection. Cryogenic piping systems
should not be painted white. Frost is the best indicator of
insulation failure.

(8) Low points (traps) on liquid discharge piping are to be avoided
to prevent the accumulation of contaminants and trapping of
liquid. Low-point drains should be provided if traps are
unavoidable.

9) Any uninsulated piping and equipment operating at LH> or
SLH: temperatures shall be installed away from (and not
above) asphalt or other combustible surfaces and protection
provided for incompatible metals subject to cold
embrittlement.

(10)  SLH: transfer lines should be designed to eliminate possible
flow segregation and settling or filtering of the solid hydrogen
particles.

(11)  Piping and piping components shall be designed for at least the
MAWP of the hydrogen supply or the MAWP is the pump

output pressure when such systems are supplied by pump.

Bending and Forming Piping.

(D) Pipe may be bent to any radius that will result in arc surfaces
free of cracks and substantially free of buckles. Flattening of
a bend, as measured by the difference between the maximum
and minimum diameters at any cross section, should not
exceed 8 percent of the nominal outside diameter for internal
pressure and 3 percent for external pressure.

(2) Piping components may be formed by any suitable hot or cold
working method (swaging, lapping, or upsetting of pipe ends,
extrusion of necks, etc.), provided such processes result in
formed surfaces that are uniform and free of cracks or other
defects.

3) The various piping components should be assembled, in a shop
or as a field erection, so the completely erected piping
conforms with the specified requirements of the engineering
design.
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502e

4) Any compound or lubricant used in threaded joints shall be
suitable for the service conditions and shall not react
unfavorably with hydrogen or the piping materials. Threaded
joints to be seal welded shall be made up without any thread
compound.

f. Double Block and Bleed.

Consideration should be given to using the double block and bleed
arrangement to isolate supplies from other parts of the system when
designing hydrogen systems.

503 COMPONENTS

a. Joints, Connections, Fittings, and Flanges.

(1) Joints.
(a) Joints In Piping and Tubing.

1 Joints in piping and tubing may be made for
GH: by welding or brazing or using flanged,
threaded, socket, or compression fittings. Joints
in piping and tubing for LH2 or SLH: preferably
shall be made by welding or brazing; flanged,
threaded, socket, or suitable compression
fittings may be used. Brazing materials shall
have a melting point above 8§11 K
(1000 °F)(NFPA 50A 1994 and NFPA 50B
1994).

2 The fused joint is recommended in GH2, LH> or
SLH: systems because of its simplicity and high
reliability. Hard soldering and welding often can
meet the bonding requirements, but the welded
joint takes preference for safety

(CFR 29 1910.103). This is a potential safety
factor because a melted joint could release
additional large quantities of fuel in the event of
an accidental fire. Such failures could develop
into a chain reaction in large systems. All
general purpose GH2, LH2, or SLH2 systems
should be constructed of high melting point
materials for this reason.
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(b) Welded Joints.

1 Welding is the first preference for all hydrogen
systems, and all forms of welding can be used
(ANSI/ASME B31.1 1995 and ANSI B31.3
1996, as supplemented by a NASA center
document). The type of weld to be used
generally is determined by factors other than the
system is for hydrogen use. Gas tungsten arc
(heliarc®) welding generally is preferred for
joining light-gauge stainless steel and often is
preferred for construction of vacuum-jacketed
equipment. Conventional arc techniques also
are used extensively, especially for heavy-gauge
material for which cost is a strong factor. Filler
material and stress-relieving requirements are
determined by the parent material to be joined,
and normal standard practices should be
followed.

2 To identify individual welds, mark with crayon
or paint not conducive to corrosion of the base
metal, unless another method is specified by the
engineering design. No markings shall be
allowed on the inner pipe of vacuum-jacketed
joints to preclude out-gassing. Welds,
including additions of weld metal for alignment,
shall be made in accordance with a qualified
procedure and by qualified welders or welding
operators.

3 NASA is responsible for the welding done by
NASA personnel and shall conduct the required
tests to qualify the welding procedures and the
welders or welding operators. Contractors are
responsible for welding done by their
personnel. An employer shall not accept a
performance qualification made by a welder or
welding operator for another employer without
the inspector's specific approval. If approval is
given, acceptance is limited to performance
qualification on piping using the same or
equivalent procedure wherein the essential
variables are within the limits set forth in
ASME BPVC (1995) Section IX, except as
modified in ANSI/ASME B31.1 1995 and
ANSI/ASME B31.3 (1996).
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Threaded Joints. Threaded joints with a suitable thread
seal are acceptable for use in GHz systems but are to be
avoided in LH> or SLH2 systems. Consideration should
be given to back-welding threaded joints inside
buildings for GH2. Bayonet joints should be used for
LH: or SLH: transfer operations.

Mitered Joints. Mitered joints may be used in LH:2 or
SLH: piping systems under the following conditions:

1 A joint stress analysis has been performed and
the appropriate safety committee has approved.

2 The number of full-pressure or thermal cycles
will not exceed 7000 during the expected
lifetime of the pipe system.

3 Full-penetration welds should be used in joining
miter segments.

Quick-Connecting Flange Joints. Quick-connecting
flange joints are recommended for connecting loading
arms from ships to storage to ensure minimum times
for making or braking connections, increasing safety in
an emergency. Docking and unloading facilities should
be designed for possible impact loads, protection from
LH: or SLH: spills, and rapid deberthing of ships.

Pier loading facilities shall be located at least 300 m
(1000 ft) from bridges. Effort should be maintained to
keep the ship-to-shore recirculation loops cold so heat
leakage is reduced, geysering is minimized, and
problems related to warm vapor returning to the tanks
are eliminated.

Silver Braze Joints. No unique problems have been
encountered with silver braze materials. The choice of
braze composition is determined by ease of application
to the material to be joined; however, cadmium
containing silver brazes shall not be used

(29 CFR 1910.1027 1996). Silver brazes are
recommended for joining copper-base materials and
dissimilar metals such as copper and stainless steel.
The melting point must be greater than 811 K

(1000 °F) (NFPA 50A 1994 and NFPA 50B 1994).
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(2) Soft Solder Joints. Soft solder joints are not
permissible in hydrogen systems. Soft solder has a low
melting point and will quickly fail in fire, potentially
releasing more hydrogen. Also, soft solders containing
tin may become crumbly and lose all strength at
cryogenic temperatures (CFR 29 1910.103). Soft
solder may be used as appropriate in nonhydrogen
portions of the system such as a vacuum jacket.

(h) Bimetallic Transition Joints. Bimetallic transition
joints should only be used as necessary. Emphasis of
the design should be to reduce stress on the joint.

A pipe having a branch connection is weakened by the opening
made in it, and it requires reinforcing unless the pipe wall is
sufficiently thicker than required to sustain the pressure.
Greater flexibility should be provided in the smaller line, of
designs of small branches out of large and heavy runs, to
accommodate thermal expansion and other movements of the
larger line. Branch connections should be made in piping
systems as follows:

(a) Fittings (tees, laterals, and crosses) should be made in
accordance with standard procedures.

(b) Outlet fittings should be welded.

(c) The branch pipe may be welded directly to the run pipe
with or without reinforcement.

(d) Extruded outlets in the run pipe, at the attachment of
the branch pipe, should be butt welded.

Tube fittings of flared, flareless, or compression type may be
used for tube sizes not exceeding 5.1 cm (2 in.) outside
diameter within the limitations of applicable standards. The
designer shall determine that the type and the material of the
fitting selected is adequate and safe for the design conditions
in the absence of standards, specifications, or allowable stress
values for the material used to manufacture the fitting
(ANSI/ASME B31.1 1995).

Flanges should be designed and manufactured in accordance
with the ASME BPVC (1995). Blanks to be used for test
purposes only should be designed in accordance with the
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503a

ASME BPVC (1995), except the design pressure should be at
least equal to the test pressure and the allowable stress should
be as great as 90 percent of the specified minimum yield
strength of the blank material. Flanges using a soft gasket
should use a raised-face flange with a concentrically serrated
face.

(5) Flexible Hoses.

(a) Flexible hoses pressurized to greater than 1.14 MPa
(165 psia) should be restrained at intervals not to
exceed 1.83 m (6 ft) and should have an approved
restraint device such as the Kellems hose containment
grips attached across each union or hose splice and at
each end of the hose. The restraint devices should be
secured to an object of adequate strength to restrain the
hose if it breaks.

(b) Hose containment methods and devices that differ
from standard devices should be approved by the AHJ
at the controlling NASA center. Hose containment
methods and devices are described in NASA center
documents such as KHB-1710.2.

(c) Flexible hoses carrying LH> or SLH> should be vacuum
jacketed. The inner flexible hose should be the
load-carrying member.

(6) Expansion Joints.

(a) Bellows expansion joints used in hydrogen piping
systems may be convoluted or toroidal and may or may
not be reinforced. Lap-welded tubing should not be
used.

(b) A fatigue life able to withstand the full thermal motion
cycles should be a design requirement, but the life of
the bellows should not be less than 1000 full thermal
movement and pressure cycles in any case
(ANSI/ASME B31.3 1996).

() Expansion joints should be marked to show the
direction of flow. Unless otherwise stated in the
design specifications, flow liners should be provided
when flow velocities exceed the following values:
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(d)
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)

(2

1 Expansion joint diameter less than or equal to
15.2 cm (6 in.), gas flow velocity of 48 m/s per
meter of tube diameter (4 ft/s per inch of tube
diameter) or liquid flow velocity of 24 m/s per
meter of tube diameter (2 ft/s per inch of tube
diameter).

2 Expansion joint diameter greater than 15.2 cm
(6 in.), gas flow velocity of 300 m/s per meter
of tube diameter (25 ft/s per inch of tube
diameter) or liquid flow velocity of 120 m/s per
meter of tube diameter (10 ft/s per inch of tube
diameter).

The hydrostatic end force caused by pressure as well as
the bellows spring force and the guide friction force
shall be resisted by rigid external anchors or a tie rod
configuration in all piping systems containing bellows.

The expansion joints should be installed in locations
accessible for scheduled inspection.

Pressure tests of piping systems should be performed
with the bellows expansion joints installed in the line
with no additional restraints so the expansion joint
cross connections or external main anchors carry the
full pressure load. Tests should not be performed until
all anchors and guides are securely in place.

The quality of the expansion joint can be ensured by
any or all of the following means, as specified by the
systems engineer. As a minimum, tests 1 and 2 should
be performed.

1 One-hundred percent dye penetrant inspection
of the outside surface of the bellows tube weld
before forming

2 One-hundred percent x-ray inspection of the
bellows tube weld before forming

3 One-hundred percent dye penetrant inspection
of the outside surface of the bellows tube weld
after corrugating

4 One-hundred percent dye penetrant inspection
of all pressure-retaining attachment welds
503a
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5 Soap-bubble leak test (air under water or helium
mass spectrometer)

[e)

Hydrostatic testing at 1.5 times design pressure

The stability of the bellows element in the expansion
joint shall be demonstrated by conducting a standard
manufacturer's hydrostatic test of 1.5 times design
pressure on at least the first item of each design.

When a large pressure gradient exists in a line such as
a flare stack line or a vertical line and the pressure
gradient is largely because of elevation (as with storage
tanks, etc.), the bellows load may be additionally
restrained or the bellows may be blocked off or
removed. Another system test should be conducted at
1.5 times the bellows operating pressure to demonstrate
adequacy of the anchors.

Multi-ply expansion joints and bellows should not be
used in cryogenic service.

V-Band Couplings.

(a)

(b)

(©)

(d)

Properly applied V-band couplings are approved for
connecting vacuum-jacketed LH2 or SLH> lines.
Suppliers offer a wide selection of couplings that range
from light to heavy duty and cover a number of flange
angles and thicknesses. Visual inspection often is not
adequate to distinguish between some of the similar
types. It is mandatory to use part numbers to ensure
proper application of the couplings.

Male and female flanges should mate properly before
applicable V-band couplings are applied. The couplings
are not expected to correct any misalignment inherent
in fabrication or make a leak-free joint where flanges
or O-rings have been damaged.

Extreme care should be exercised in applying and
tightening the couplings to ensure a leak-free joint.

Vacuum-jacketed piping must not be subjected to
excessive tension forces. Flexible sections often are
employed; however, to be effective, the sections
should be connected with sufficient slack (or
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compression) when warm so they will not be
excessively stretched as the system is cooled to the
operating temperature.

(8) Valves.

(a)

(b)

(©

(d)

(e)

Valves subjected to cold hydrogen flows shall be
suitable for cryogenic service.

A shut off valve shall be located in liquid product
withdrawal lines as close to the container as practical.
On containers of over 7.6 m’ (2000 gal) capacity, the
shutoff valve shall be a remote control type with no
connections, flanges, or other appurtenances (other
than a welded manual shutoff valve) allowed in the
piping between the shutoff valve and its connection to
the inner container (29 CFR 1910.103 1996).

Vessels used as components of a test facility should
have remote operating fail-safe shutoff valves. A
manual override must be provided for use if the power
fails.

Excess flow valves for GH: service are self-actuated
devices that shut off flow when the built-in sensing
mechanism detects that a preset maximum flow rate has
been reached. The excess flow valve may be used to
provide an immediate hydrogen shut off in the event of
failure of the piping system or equipment.

Rupture disks or relief valves must be installed in all
enclosures that contain liquid or can trap liquids or
cold vapors for protection against the hazards
associated with ruptures. Rupture disks or relief valves
may not be necessary if the liquid or the cold vapor
trapped between two valves can be relieved through
one of the valves at a pressure less than the design
operating pressure.

9) Transfer Connections.

(a)

Connections must be keyed, sized, or located so they
cannot be cross connected to minimize the possibility
of connecting incompatible gaseous fluids or pressure
levels. The connections and fittings to be disconnected
503a
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during operations should be provided with tethered end
plates, caps, plugs, or covers to protect the system
from contamination or damage when not in use.
Pressure relief shall also be provided if cold fluid can
remain trapped in the lines.

GH: Transfer Connections.

1 GH: connections from over-the-road tube
trailers or supply systems should conform to the
specific safety design and material
requirements. The cylinder pressure should not
be allowed to fall below 172 kPa gage (25 psig)
to prevent the infiltration of air into the gas
cylinders.

2 Piping, tubing, and fittings must be suitable for
hydrogen service at the pressures and
temperatures involved. The joints in piping and
tubing preferably should be made by welding.
Provisions must be made for expansion and
contraction.

3 Flexure installations to be used at high pressures
must be designed so restraint is provided on the
hose and adjacent structure. The restraints must
be provided at 1.83 m (6 ft) intervals and at
each end to prevent whiplash in the event of a
rupture.

LH> and SLH: Transfer Connections.

1 Vessels should be connected to rigidly mounted
test facility piping with supported and anchored
flexible metal hose insulated for
low-temperature services at the desired
pressure. Recommendations for flexible hoses
include a maximum allowable slack of about

5 percent of the total length. The hose restraints
should be at least 50 percent stronger than the
calculated impact force on an open line moving
through the flexure distance of the restraint for
greater safety. Sharp bends and twists should
be avoided in the routing of flexible hose. A
minimum of five times the outside diameter of
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b. Gaskets and O-Rings

(1) General.

(a)

(b)

the hose is considered acceptable as a bend
radius.

Each end of the LH> discharge hose should be
equipped with male bayonet couplings capable
of connecting to a female connector coupling of
the U.S. Air Force bayonet assembly, or as
approved in NASA center documents such as
KHB 1710.2 (1983). The fasteners for the
couplings may be bolted flange, spanner nut, or
V-band fasteners designed for the required
operating pressure.

Quick-connecting flange joints are
recommended for connecting loading arms,
especially from ships to storage. Being able to
make or break connections quickly provides
greater safety in an emergency.

The mobile supply should be located to provide

safe access, but the flange to flange distance of

the flexible hose should not be greater than 3 m
(10 ft) (CGA V-6 1993). The pressure range of
the transfer equipment must be rated equal to or
greater than the tanker design pressure.

If condensation or frost appears on the external
surface of the hose during use, the hose should
be taken out of service until the vacuum has
been restored.

The selection of a gasket for obtaining a leakproof joint
depends on the mechanical features of the assembly,
system operating conditions, fluid characteristics, and
gasket material characteristics and design. The general
characteristics are interdependent, and a change of one
condition can alter the choice of gasket.

Even with proper assembly and design and sound
installation, subtle changes because of fatigue,
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temperature changes, and vibration may reduce gasket
material resilience and cause a leak. Torque loss
becomes a serious consideration and requires a gasket
material that will be minimally affected by thermal
gradients.

The contact surface finish of the assembly face and the
type of assembly affect gasket selection. The bolting
should be adequate to produce the degree of gasket
flow required for a pressure-tight seal. A relatively
rough surface finish requires heavier bolting to achieve
the requisite gasket flow than a smooth surface finish.
Concentrically serrated faces are preferred.

Flanges should be leak checked periodically. Flanges
with soft gaskets in LH2 and SLH: systems should be
retorqued periodically.

Metal O-Rings.

(a)

(b)

(©)

(d)

Metal O-rings have proven satisfactory for sealing
flanges on LH: piping and vessels only when coated
with a soft material and used on smooth surfaces.

Type 321 stainless steel O-rings with a coating such as
Teflon® or silver should be used in stainless flanges
with stainless bolts.

Likewise, Teflon®-coated aluminum O-rings should be
used in aluminum flanges with aluminum bolting.
Using similar materials avoids the leakage possibility
from unequal contraction or corrosion of dissimilar
metals.

Surface finishes in the O-ring groove and contact area
should be in accordance with the manufacturer’s
specifications. All machine or grind marks should be
concentric.

Gaskets, Seals, and Valve Seats.

(a)

Kel-F® (polytrifluorochloroethylene) or Teflon®
(polytetrafluoroethylene) can be used in LH> or SLH>
systems for the following sealing applications:
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(b)

(©

(d)

(e)

1 Valve seats may be Kel-F® or modified Teflon®
(Fluorogreen® is preferred).

2 Gland packing or seal only if it is maintained
near ambient temperatures as in an extended
bonnet of a shutoff valve. The contraction or
shrinkage of Teflon® when cooled from ambient
to cryogenic temperatures allows leakage.

Correct installation of a gasket is of major importance
if subsequent leaks are to be averted. Flange faces
should be clean and as closely aligned as possible. The
gasket should be centered. The bolts should be
tightened by hand then two bolts, 180° apart, should
be tightened. The operation should be repeated until
all bolts are uniformly torqued. The amount of torque
applied at each step during tightening should be small
at the start to avoid cocking the flange faces. It may
be necessary in LH2 or SLH: applications to retighten
bolts to compensate for thermal forces. Means to
prevent bolts from loosening should be provided.

A raised-face flange is recommended for high pressures
or low temperatures. Metallic gaskets have been used
successfully with raised-face flanges for pressures to
20.6 MPa (3000 psig). A tongue-and-groove flange is
desirable for most gasket materials for higher
pressures. A confining flange is mandatory if a plastic
such as Teflon® is used. Twenty-five percent
glass-filled Teflon® (Fluorogreen® or Fluorogold®)
should be used for flanges that are not seal welded.

Flat, thin gaskets for tongue-and-groove flanges, where
the gasket is shrouded on four sides. Virgin Teflon®
gaskets should be captured on all sides to prevent cold
flow and subsequent leakage.

Care should be taken to accommodate the cold flow
characteristics of the material for raised-faced,
separated flanges using 25 percent glass-filled Teflon®
or other, similar soft gaskets. Retorque flanges a
minimum of 30 h after initial torque, after each
cryogenic use until torque relaxation has ceased, and
on an annual basis.
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504

504 OVERPRESSURE PROTECTION OF STORAGE VESSELS AND PIPING
SYSTEMS
a. General.

Safety devices shall be installed on tanks, lines, and component
systems to prevent damage by overpressure. The required relieving
capacity of any pressure-relief device should include consideration of
all the vessel and piping systems it protects (29 CFR 1910.103 1996,
CGA S-1.1 1995, CGA S-1.2 1995, and CGA S-1.3 1995).
Appendix E contains additional information.

b. Safety Valves.

Safety valves should be designed so the movable parts cannot stick or
seize even with unequal heating or cooling. Packings that might
hinder the working of the safety valve through friction should not be
used.

(D) The design of the safety valve installation requires careful
attention to be paid to all loads acting on the system. All
components in the safety valve installation should be given
consideration, including the complete piping system,
connection to the main header, safety valve, valve and pipe
flanges, downstream discharge or vent piping, and system
support.

2) The relief or safety valves shall be set to limit the maximum
pressure to not exceed the MAWP.

3) Safety and relief valves should be direct spring or deadweight
loaded, except pilot valve control or other indirect operation
of safety valves is allowed if the design is such that the main
unloading valve automatically opens at the set pressure or less
and is capable of discharge at its full rate capacity if the pilot
or auxiliary device should fail.

€)) Relief valves shall be sized to accommodate the maximum
flow capacity of the pressure source.

(&) All materials used in the construction of overpressure
protection systems, including the pressure-relief devices,
should be suitable for the operating temperature of the tankage
and piping systems. Pressure-relief devices and the inlet and
discharge piping should be designed and installed to minimize
moisture accumulation and ice buildup from atmospheric
condensation, that could cause them to fail to function
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properly. The pressure-relief devices preferably should be
located to relieve vapor-gas rather than liquid.

The openings through all pipe fittings between a piping and
tankage system and its pressure-relief device should have at
least the area of the device inlet. The flow characteristics of
the upstream system should be such that the pressure drop will
not reduce the relief capacity below that required or adversely
affect the proper operation of the pressure-relief device. The
pressure drop should not exceed 5 percent of the set pressure.

Pressure-relief devices discharge vents should not be
connected to a common line when feasible. The effect of the
back pressure that may develop when valves operate should be
considered when discharge lines are long or outlets of two or
more valves having different relief set pressures are connected
to a common line. Discharges directly to the atmosphere
should not impinge on other piping or equipment and should
be directed away from platforms and other areas used by
personnel because the discharge gas may ignite and burn.
Reactions on the piping system because of actuation of
pressure-relief devices should be considered, and adequate
strength should be provided to withstand the reactions.

Stop valves should not be installed between the tankage and
piping being protected and their protective devices or between
the protective devices and the point of discharge without
approval of the AHJ at the controlling NASA center. Stop
valves may be installed in other areas under specific
conditions. An authorized person should continuously observe
the operating pressure and should have an arrangement for
relieving the system in the event of overpressure if stop valves
are to be closed while the equipment is in operation. Also,
stop valves may be used in pressure-relief piping if they are
constructed or positively controlled so closing the maximum
possible number of stop valves will not lower the capacity of
the unaffected pressure-relief devices below that required.

A rupture disk or relief valve shall be installed in every
section of a line where liquid or cold gas can be trapped. This
condition exists most often between two valves in series. A
rupture disk or relief valve may not be required if at least one
of the valves will, by its design, relieve safely at a pressure
less than the design pressure of the liquid line. This procedure
is most appropriate in situations where rupturing of the disk
could create a serious hazard.
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The installation design shall include a study of the discharge
piping and pipe supports. Reactive force can be imposed on
the valve or outlet piping and transmitted to the valve inlet and
associated piping. This force could cause extensive damage if
the discharge piping is unsupported. Also to be evaluated are
the effects of sudden chill down stresses and thermal
contractions that may result from the opening of a protective
device. Appendix B, Example 7 is an example of the analysis
of a pressure-relief valve.

Rupture Disks.
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Rupture disks are designed to break at a specific pressure and
temperature and tensile strength of the disk; therefore, the
pressure at which a disk will rupture is directly affected by the
temperature. The disks should be located to limit temperature
variations. Rupture disks are susceptible to failure from cyclic
loading. Rupture disks have finite lifetimes and routine
replacement should be planned.

It is recommended that the stamped bursting pressure of
rupture disks be sufficiently above the intended operating pres-
sure to prevent premature failure of the rupture disks when
they are used because of fatigue or creep. Rupture disks may
be used in tandem or series with relief or safety valves and
may be located upstream or downstream of the valves,
provided the system design allows it. Rupture disks should be
kept properly aligned.

Only materials suitable for the working conditions are to be
used for rupture disks. Rupture disks should be rated as
specified in Appendix E.

The response pressures of rupture disks at room temperature
should be determined when testing, in addition to checking
their dimensions. Rupture disks should be provided with a
protective device to catch broken fragments of the bursting
element and should be arranged to be protected against
damage from outside.

The rupture disks may be installed upstream of the relief valve
if the disk rupture pressure is less than the MAWP, methods
of detecting disk failure or leakage are present, sizing is
correct, and there is no chance for the disk failure to interfere
with the operation of the relief valve.
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(6) Under approved conditions, rupture disks may be installed
downstream of relief valves to prevent mixing of the
atmosphere and the escaping hydrogen in the event of a
temporary low-flow overpressure condition or to prevent ice
from building up in the relief device. The rupture pressure
under such conditions should not exceed 20 percent of the set
pressure of the relief device and the space between the relief
valve and the disk should be vented to a system in which back
pressure will not adversely affect the operation of the relief
valve.

7 A rupture disk may be installed in parallel with a second type
of relief device of which the relief valve usually is set to

relieve before the rupture disk.

(8) Weather protection of the vent opening from the relief devices
should be included.

Supplemental Pressure Relief.

(1) Supplemental pressure-relief devices should be installed to
protect against excessive pressures created by exposure to fire
or other unexpected sources of external heat. Relief devices
installed in any section of the vessel and piping systems limit
the allowable working pressure. The special secondary relief
valves, set at 110 percent of the MAWP, should be provided
wherever it is possible to trap liquid in an appreciable fraction
of the line volume. The supplemental relief device should be
capable of limiting the pressure to 90 percent of the test
pressure.

2) Transient pressure surges associated with chill-down flow
instabilities, water hammer, and cavitation should be
considered in designing and installing supplemental relief
systems.

Failure Modes.

Failure modes that must be considered in the design and operation of
protective pressure-relief systems include the following:
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(D) Pressure buildup associated with the phase change or
temperature rise caused by the normal heat leak into the
section. The minimum capacity of the primary protective
device should be determined by the heat leak rate. The device
should be located as near as possible to the highest point in the
line section (Appendix B, Example 3).

2) The overpressure potential associated with connection to a
high-pressure source of any type - pump, pressure-relief valve,
or direct connection through a flow-limiting orifice - requires
the existence of a pressure switch to cut off the source of high
pressure but does not eliminate the need for the primary
protective device. The primary protective device should be
located as close as possible to the high-pressure source. The
primary relief device should be designed and sized to
accommodate liquid flow if it is possible to vent LH> through
it. Additionally, consideration should be given to protection
from overpressure caused by abnormal conditions peculiar to
LH: tankage and piping, such as insulation failures.

3) Each section of a vacuum jacket system should be protected
with a relief device. This device, possibly a rupture disk,
should limit the pressure in the annulus to not more than
10 percent above the lesser of the external design pressure of
the inner line or the design pressure of the jacket. Capacity
consideration for the jacket should be based on a catastrophic
failure.

505 HYDROGEN VENT AND FLARE SYSTEMS

General.

Hydrogen shall be disposed of by venting unused-unburned hydrogen
and/or by using suitable burning systems. Hydrogen systems and
components must be equipped with venting systems satisfactory for
normal operating requirements and for protection in the event of an
emergency. All dewars, storage, and flow systems shall be equipped
with unobstructed vent systems designed to safely dispose of
hydrogen and prevent the entry and accumulation of atmospheric
precipitation. The vent systems should be equipped for weather
protection, and any lines leading to the vent stack should be long
enough to warm the hydrogen to above liquid-air temperature.
Over-the-road dewar vent systems should be connected to a building
hydrogen vent system when the dewar is parked near a building. The
vent systems should be designed to carry vented hydrogen to
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safe-release locations above the roof. The vent systems should be
designed to support the excess load caused by venting the liquid or
gas. The vent stacks shall be placed to avoid possible contamination
of air intakes leading into nearby buildings and designed to keep air
out of the stack.

Venting.

The allowable quantities of hydrogen that may be vented are subject
to conditions such as wind direction, wind velocity, proximity of
inhabited buildings, vent stack height, local discharge limitations, or
other environmental restrictions. Quantities of hydrogen of 0.113 to
0.226 kg/s (0.25 to 0.50 1b/s) have been successfully vented from a
single vent 5 m (16 ft) high (NASA TMX-52454 1968). Multiple
roof vents at least 5 m (16 ft) apart across the prevailing wind may be
used. The use of multiple vents is preferred rather than using a
collection header and a single vent stack for multiple sources
requiring venting.

(D) Interconnecting vent discharges to the same vent stack may
overpressurize parts of the vent system. The vent system must
be designed to handle the flows from all discharges, or the
flow may back into parts of the system. Inadequate designs
also may effectively change the release pressure on all relief
valves and rupture disks connected to the vent system.
Overpressure in the vent system, which may be very high
(NFPA 68 1994), can cause overpressure and failure of
connected apparatus.

(2) High-pressure, high-capacity vent discharges and low-pressure
vent discharges should not be connected to the same vent stack
unless the vent capacity is sufficient to avoid overpressurizing
the weakest part of the system.

3) The discharge from vacuum pumps should be ducted to
suitable vents.

4) Small quantities of hydrogen may be disposed of outdoors
through vent stacks of suitable heights. A molecular seal,
flapper, check valve, or other suitable device should be
provided in the flow and transfer systems near the atmospheric
discharge to limit the backflow of air. The vent piping should
be purged to ensure that a flammable mixture will not develop
in the piping when hydrogen is introduced. Nitrogen gas may
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be used as a purge and blanketing gas when process
temperatures are above 77 K (-320 °F); for lower
temperatures, helium gas must be used. Hydrogen gas may be
ignited by static electrical charges as it leaves the vent piping.
A helium or nitrogen gas purge, as appropriate, should be
made available to extinguish any flame, and the vent stack
must be located to prevent a fire hazard if adequate
atmospheric dispersion is not available. Gas or liquid backed
into vessels or transfer lines by emergency shutdown
conditions must be released or vented in a safe manner.

Hydrogen Disposal by Burning.

ey

2)

3)

Larger quantities of hydrogen that cannot be safely handled by
roof vent systems are best disposed of in a burn-off system in
which the liquid or the gas is piped to a remote area and
burned with air in a multiple burner arrangement. Such
systems shall have pilot ignition, warning systems in case of
flameout, and means for purging the vent line. The design of
a hydrogen disposal system also must provide sufficient
assurances of the following:

(a) Hydrogen issuing from the flare stack will be disposed
of safely.

(b) The flare stack system will prevent explosions within
the stack.

(c) The radiation flux levels from burning hydrogen will
not harm personnel or damage the facility.

Diffusion flames are most frequently used in flare stack
operations. Combustion air comes from the open atmosphere
around the downstream end of the stack and is not mixed with
the hydrogen within the stack. Although disposing of
hydrogen by flaring is essentially safe, hazards do exist. The
hazards are flame stability, flame blowoff, and flame blowout.

Malfunctions in flare stacks generally have occurred at low
flows with air forced downward from the atmosphere. Stack
discharge velocities should be from 10 to 20 percent of the
sonic velocity in hydrogen. When the flow is too low to
support stable combustion, a continuous purge or a slight
positive pressure shall be provided, or the stack shall be
designed to limit back flow of air into the stack

(Section 505b.(4)).
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Negative pressures can be created and maintained in the vent
system for flare stack systems in which high flow rates may
occur. Extra care must be taken to ensure the vent systems is
leak tight to avoid air intrusion and possible detonation.

Hydrogen flow through the flare stack must be within the
operational velocity that provides for stable combustion.
Stream velocities below the low limit may cause the flame to
drop or flash back into the stack. Velocities above the high
limit may cause the flame to blow off or to blow out.
Operations outside the limits may introduce air into the stack
or release unburned hydrogen into the atmosphere.
Experiments performed with hydrogen and helium
demonstrated that high concentrations of air (60 to 85 percent
by volume) could occur at substantial distances within the flare
stack during the upward flow of the gases. Figure A4.1 gives
experimental data showing when the flame was observed to
enter the flare stack as a function of stack diameter and
hydrogen flow. Figure A4.2 shows a plot of the boundary
velocity gradient versus the percentage of hydrogen defining
the blowout and stable flame regions. Figure A4.3 shows
predicted flame shapes in crosswinds for hydrogen, methane,
and benzene. Appendix B, Example 8 analyzes a hydrogen
vent-flare system.

The liquid or gas should be piped a safe distance from the
work and storage areas with flared venting systems. Water
pond burning may be used for rapid releases of large quantities
as well as relatively long releases. The hydrogen is dispersed
through a submerged pipe manifold to evolve into the
atmosphere where it is ignited and burned. The water serves
as a seal to prevent back mixing of air into the distribution
manifold and pipeline and provides some protection for the
manifold from thermal radiation damage.

Flare stack exits should provide good corona dissipation and
be equipped for weather protection. The lines from LH> or
SLH: systems should be long enough to warm the hydrogen to
above liquid-air temperatures (about 81 K, -314 °F),
preventing liquid-air from flowing back into or around the
system and creating a highly oxidizing environment.
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Hydrogen Disposal Into Exhaust Systems.

Disposal of hydrogen through an exhaust system requires approval of
the AHJ at the controlling NASA center. Such approval shall require
the hydrogen concentrations in air to be limited to less that 25 percent
of the LFL unless the exhaust system has been designed to contain a
hydrogen-air detonation.

Deflagration Venting.

(1) Hydrogen-air deflagrations subject to potential confined spaces
or closed vessels should be vented to prevent explosions. The
maximum deflagration pressure for a given GHz-air mixture is
calculated and an appropriate vent area is provided (NFPA 68
1994). Appendix B, Example 3 shows such a calculation.

2) Explosion vents should not be connected to hydrogen vent
systems.

Explosion Prevention.

The design, construction, operation, maintenance, and testing of
systems for the prevention of deflagration explosions is accomplished
by means of one or more of the following methods (NFPA 69 1992):
(1) Control of oxidant concentration

2) Control of combustible concentration

3) Explosion suppression

4) Deflagration pressure containment

5) Spark extinguishing systems

506 CONTAMINATION

General.

The storage and piping systems, including system components, should
be designed and installed to allow cleaning of the hydrogen system
and effective maintenance of a clean system. Contamination shall be
minimized.
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Filters.

Adequate filters should be used on hydrogen and associated systems.
The filter should be placed to effectively collect the impurities in the
system and should be accessible for cleaning. Filter elements made of
noncalendered woven wire mesh are recommended. Sintered metal
elements are not suitable because metal tends to spall and get into the
system. As a general rule, the filter element should retain

100 percent of the particles greater than 150 wm (0.0059 in.)
diameter. Some systems may have more stringent requirements.
Provisions for filter isolation and removal of any trapped oxygen or
other solid contaminants should be provided.

Interconnected Systems.

(1) The arrangement of systems shall be designed so that cleaning
or draining practices can be adjusted to ensure dead-end
volumes and possible traps are adequately cleaned.

2) Adequate means should be provided to prevent damage to the
lower-pressure system and its components for interconnected
systems operating at different pressure levels.

3) Protection.

(a) Pressure-regulating valves, shutoff valves, and check
valves do not adequately protect low-pressure systems
connected to high-pressure systems. Pressure relief
should be in the low-pressure system. The hydrogen
supply should be disconnected and capped when the
pressure differences in the systems cannot be used in
conjunction with relief valves for preventing leakage.
Relief valves and burst disks also are required for the
protection of third piping systems supplied through
valves from the high- or low-pressure system.

(b) Check valves should not be used when bubble-free
tightness is required. Bottled gases have been
contaminated when check valves leaked in
interconnected systems. Two check valves in series
have been found to be unreliable. Check valves may
be used when system contamination is not important
and bottle pressures are not permitted to fall within
276 kPa gage (40 psig) of the contaminating pressure.
Two shutoff valves with a bleed valve between them
should be used if the contaminating pressure should be
higher than the supply pressure.
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Explosion Hazards. Explosion hazards in interconnected
systems, caused by hydrogen leakage from one system into
another, should be prevented by considering the following

principles:

(a) Leakage through valves should always be considered a
possibility.

(b) Overpressurization safety systems should be used for
protection.

(©) The hydrogen supply should be disconnected and

capped when the system is not in active use and system
pressure differences cannot be used in conjunction with
relief valves to prevent unwanted leakage.

Contamination with Oxygen, Air, or Nitrogen.

(a)

(b)

(©

Contamination may occur from interconnected systems.
Check valves should not be relied on to prevent
contamination.

Localized concentrations of solid oxygen particles can
approach and reach flammable range. Impurities from
the pressurization gas can accumulate in the LH> during
pressurization for transfer operations. Accumulation is
less likely when liquid is frequently withdrawn from
vessels. Therefore, higher boiling point impurities
(everything but helium) will accumulate when liquid is
stored and not used and tanks are occasionally topped
to make up evaporation losses.

The following precautions should be observed:

1 Hydrogen liquid should be stored under positive
pressure to aid in preventing external
contaminants from entering the system.

2 The pressurizing gas should be as free as
practical of impurities. The levels of
impurities, especially oxygen, shall be known to
ensure the pressurant gas is satisfactory.

3 All transfer and handling equipment for GH:
and LH: shall be clean, dry, and purged.
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4 Hydrogen should not be recirculated if
contamination cannot be prevented.

Permanent liquid storage facilities should be periodically
monitored or sampled for build up of condensable impurities.

Hydrogen systems should be maintained under a positive
pressure to prevent air, moisture, and particulate
contamination when they are not in use.

507 VACUUM SYSTEM

a. General.

A vacuum system is an important tool in maintaining insulating
vacuum and purging (removing unwanted hydrogen or other gases
from a hydrogen system). The vacuum system includes such
components as a vacuum pump (or pumps), valves, instrumentation
(vacuum gages), protection from over pressure, and a cold trap.
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Important considerations for a vacuum system include: flow
regimes (laminar or viscous flow, transition or mixed flow,
and turbulent or free molecular flow), degree of vacuum (such
as rough, high, and ultrahigh), conductance of the vacuum
system, pump-down time, materials of fabrication, fabrication
techniques to eliminate virtual leaks, seals and gaskets,
emissivity of inner surfaces of the vacuum system, and out-
gassing of components in the vacuum system.

GH: properties involved in a vacuum system that services GHz
include (some of these may be related to instrumentation and
measurements) the following: GH: thermal conductivity,
hydrogen ionization efficiency, the gas molecule average
velocity, molecular diameter, hydrogen permeation, hydrogen
absorption, and hydrogen viscosity.

Vacuum systems should be designed with sufficient volume
and necessary system pressure for all required uses throughout
the system. Vacuum pumps shall be selected for the highest
required degree of vacuum in the system. Pump capacity shall
be based on the total calculated peak demand of the system
and the pump should meet this peak demand when
continuously operating. Multiple pumps shall be installed
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with the calculated peak demand divided equally among the
units when pumps larger than 3.7 kW (5 hp) are required or
continuity of service is necessary. Standby pumps should not
be installed unless justified by mission criticality. Vacuum
vessels should be provided for reserve storage, momentary
peak demands, pump pulsation absorption, and entrapment of
liquids and other foreign materials that may be introduced into
the system. The vacuum vessels should be sized to prevent the
pump from cycling too frequently (NHB 7320.1 1982).

b. Hydrogen Vacuum Pumps.

GHz: is a difficult gas to pump for a variety of reasons. Vacuum
pump considerations include the following:

(1) The compression ratio of light gases, such as GHz and He, is
lower than that of the heavy gases for a diffusion pump
because of their high thermal velocity and small collision cross
section. The compression ratio of a diffusion pump for heavy
gases will be of an order of 10® to 10", whereas, it can be on
the order of 10° to 10° for light gases.

2) Modern turbo-molecular pumps have high pumping speeds,
large hydrogen compression ratios, and low ultimate
pressures. The compression ratio is exponentially dependent
on rotor speed and the square root of the molecular weight of
the gas. The light gases, such as helium and hydrogen, will
have compression ratios much smaller than the heavy gases.
The speed ratio for argon is about unity for a blade tip velocity
of 400 m/s (1312 ft/s); it is about 3.0 for GH2. Compression
ratios of 1.6 for GH2 and 4 for argon are obtained for a blade
angle of 30° and velocity of 400 m/s (1312 ft/s). The net
compression ratios are calculated to be approximately 100 for
GH: and 10° for argon if 10 disks (5 rotors and 5 stators) are
cascaded. A special blade design for pumping hydrogen is
used for optimizing performance. No conventional LNz trap is
required on a turbo-molecular pump to stop bearing or
mechanical pump fluid backstreaming. The compression
ratios for all but GH, the lightest gas, are high enough that
none will backstream from the foreline side to the high
vacuum side, provided the pump is rotating at rated angular
velocity. An LN2-cooled surface will not trap the small
amount of GH: that does backstream into the work chamber
because of its low compression ratio (O’Hanlon 1980).
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3) Cryogenic pumps do not handle all gases equally well. The
capacity for pumping He and GHz is much less than for other
gases. Because cryo-surfaces condense vapors, they can
accumulate significant deposits able to react with one another
or with the atmosphere when warmed. Cryogenic pumps
easily pump large amounts of GH2, have no high voltages, and
generate no hydrocarbon, metal film flakes, or other
contaminants of their own (O’Hanlon 1980).

GH: will diffuse rapidly in an evacuated space because of average
velocity of the gas molecule (average velocity is related to the
absolute temperature and the molecular weight). The average
velocity for GHz is 1750 m/s (5741 ft/s), compared to 464 m/s
(1522 ft/s) for air.

A leak in a system being evacuated could result in air being pulled
into the system, or gas being pulled in from another part of the
system. Consequently, a hydrogen-air mixture could be formed.

Virtual leaks can be reduced by techniques such as using continuous
welds inside and intermittent welds outside avoiding screw threads
and internal blind holes.

Elastomeric materials used in hoses (such as, rubber and Tygon) will
absorb and permeate hydrogen readily. Thus, the length of such
hoses should be minimized.

The exhaust of rotary mechanical pumps should be vented outside of a
building because of oil vapors in the exhaust (an oil mist separator
may be used to reduce the oil vapor in the exhaust, but it does not
adequately remove all the oil vapors). The vent line should not run
vertically from the exhaust connection because water or other vapors
that have condensed on the cooler walls of the vent line will drain into
the pump and contaminate the fluid. This problem may also be
addressed by the addition of a sump at the exhaust connection to
collect the vapors before they can flow into the pump.

Condensation on the interior walls of the vacuum pump can occur
when large quantities of water or other condensable vapors are being
pumped. Gas (usually room air) is admitted through a ballast valve to
avoid condensation and its resulting problems. The ballast valve is
positioned to allow the ballast gas (which can be as much as

10 percent of the pump displacement) to enter the chamber during the
compression stage. This could result in the creation of a combustible
mixture within the pump when a system containing hydrogen is
evacuated.
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CHAPTER 6: HYDROGEN AND HYDROGEN FIRE DETECTION

Note: The system design should ensure that detection occurs
immediately and operating personnel are notified as appropriate if
hydrogen leaks into the atmosphere or a hydrogen fire occurs.

HYDROGEN DETECTION
a. General.

GH: is colorless and odorless and normally not detectable by
human senses. Means shall be provided to detect the presence
of hydrogen in all areas where leaks, spills, or hazardous
accumulations may occur.

(1) The hydrogen detection system must be compatible
with other systems such as those for fire detection and
fire suppression. The detection units should not be
ignition sources. Total times for detection, data
summary, transmission, and display should be as short
as possible. A portable hydrogen detector should be
available.

2) Well-placed, reliable hydrogen detectors are imperative
for safe installatio