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GENERAL

CHAPTER 8. TRANSPORTATION

Standards and guidelines for the transportation of oxygen are for the protection of people
and infrastructure.

a Standards and Guidelines.

D

)

Transportation of GOX or LOX on public thoroughfares is covered by
federal and state transportation standards and guidelines (Table E-1,
Appendix E). NASA operations for the transport of GOX or LOX shall
adhere to these standards.

Transportation of GOX or LOX on thoroughfares controlled by NASA is
the responsibility of cognizant site authorities and is covered by federal
and state labor standards and guidelines (Tables E-1, Appendix E). Where
conditions and requirements of use on site are similar to those of public
thoroughfares, federal and state transportation standards and guidelines
will be used. NASA operations for the transport of GOX or LOX shall
adhere to these standards.

b. Definitions.

Gaseous and liquid oxygen can be transported by means that vary from tanks on
barges, railroad cars, and trucks to small cylinders. Transport containers are
described according to definitions devel oped by the DOT (49 CFR 171.8 1986).
Basic definitions include the following:

(1)

)

©)

(4)

Gaseous oxygen is specified as a compressed gas (UN 1072) with a hazard
class of 2.2 (nonflammable gas, oxidizer) by DOT (see 49 CFR 172.101
1986 and 49 CFR 173.115 1986).

Liquid oxygen is specified as a cryogenic liquid (UN 1073) with a hazard
class of 2.2 (nonflammable gas, oxidizer) by DOT (see 49 CFR 172.101
1986 and 49 CFR 173.115 1986).

A cargo tank specifies transport dewars designed for highway service,
such as over-the-road trailers, tank motor vehicles, compressed gas (CGA)
trailers.

A cylinder is apressure vessel with acircular cross section designed for
pressures greater than 275.7 kPa (40 psia).

800b
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TRANSPORT ON PUBLIC THOROUGHFARES

a

General.

While most NASA commerce on public thoroughfares involves commercial
carriers, the responsibility for complying with federal and state transportation
laws rests not only with them but also with the organizations that handle and
receive oxygen.

Training.

Personnel involved in handling, receiving, shipping, and transport of a hazardous
material must receive Hazardous Materials (HAZMAT) training (49 CFR 172.700
1986). NASA specific training can be obtained from the Hazardous Materials
Coordinator, Transportation Branch, Lyndon B. Johnson Space Center (JSC),
Houston TX 77058. Contact 713-483-6509 for further details.

Emergency Response.

During all phases of transport emergency response, information is required at
facilities where hazardous materials are either loaded, stored, or handled (49 CFR
173.600 1986). Advanced planning for a variety of potentially hazardous and
disastrous fires and explosions shall be undertaken with full realization that the
first priority isreduction of any risk to the lives of emergency personnel and
bystanders. NASA shipments of oxygen are monitored by CHEMTREC (the toll-
free emergency telephone number is 800-424-9300). Other emergency
information sources include the Dow Chemical USA’s Distribution Emergency
Response System (tel ephone number, 517-634-4400), and the Union Carbide
Corporation’s Hazardous Emergency Leak Procedure (HELP), which provides
information 24 hours a day (telephone number is 304-744-3487).

Transport Requirements for Gaseous Oxygen.

General requirements for the transport of GOX are givenin 49 CFR 172.101
(1986), Hazardous Materials Table, and 49 CFR 173 (1986), Shippers-General
Requirements for Shipments and Packaging. The proper shipping name for GOX
IS oxygen, compressed.

(1)  Packaging must be labeled NON-FLAMMABLE GAS, OXIDIZER.

2 Specia packaging requirements are given in 49 CFR 173.302 (1986),
Charging of Cylinders with Nonliquified Compressed Gases, 49 CFR
173.306 (1986), Limited Quantities of Compressed Gases, and 49 CFR
173.3 15 (1986), Compressed Gases in Cargo Tanks and Portable
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Tanks. Specifications for the qualification, maintenance, and use of
cylinders are covered in 49 CFR 173.34 (1986), for the design of cylinders
in 49 CFR 178.36 (1986), for the design of cargo tank motor vehiclesin
49 CFR 178.337 (1986), and for the loading and unloading of cylindersin
49 CFR 177.840 (1986).

(©)) Gaseous oxygen in quantities up to 75 kg (165 |b) may be transported on
board passenger aircraft or railcars. Up to 150 kg (330 Ib) are permitted
aboard cargo aircraft. It may be stowed above or below deck on board ship
(49 CFR 1992).

Transport Requirements for Liguid Oxygen.

General requirements for the transport of LOX are givenin 49 CFR 172.101
(1986), Hazardous Materials Table, and 49 CFR 173 (1986), Shippers-General
Requirements for Shipments and Packaging. The proper shipping name for LOX
is Oxygen, refrigerated liquid (cryogenic liquid).

(1)  Packaging must be labeled NON-FLAMMABLE GAS, OXIDIZER.

2 Packaging requirements are given in 49 CFR 173.316 (1986), Cryogenic
Liquidsin Cylinders, 49 CFR 173.318 (1986), Cryogenic Liquidsin Cargo
Tanks, and 49 CFR 173.320 (1986), Cryogenic Liquids, Exceptions.
Specifications for the qualification, maintenance, and use of cargo tank
motor vehicles are covered in 49 CFR 173.33 (1986), for the design of
insulated cargo tanks in 49 CFR 178.338 (1986), and for the loading and
unloading of cylindersin 49 CFR 177.840 (1986), Class 2 (gases)
Materials.

(©)) Liquid oxygen is not permitted aboard passenger aircraft, passenger
railcars, or cargo aircraft. It may be stowed only above deck on cargo
ships.

802 TRANSPORT ON SITE CONTROLLED THOROUGHFARES

a

Standard Commercial Operation on Site.

Federal and state transportation guidelines can be applied in lieu of special
requirements on NASA-controlled sites where conditions and requirements of use
are similar to public thoroughfares.

Noncommercial Equipment and/or Special Operations.

Specia equipment or operations used for the transport of oxygen must meet
federal and state labor requirements (29 CFR 1986) as well as additional
reguirements of the cognizant NASA authorities.

802b
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C. Guiddinesfor the Design of Noncommercial Transport Equipment.

@ General guidelines. Where applicable, standard oxygen design practice
should be used (Chapters 3 and 4).

@ The tankage design will be in accordance with accepted design
practice (ASME 1995a, b).

(b) Redundant relief protection must be provided to the tank and
piping systems.

(c) The design of the undercarriage shall isolate the tank and piping
systems from potential collision damage.

(d) Controls should prevent oxygen venting while the vehicleisin
motion.

(e Thetrailer should use afail-safe emergency brake system.

(2 Requirements for highway service. The design of noncommercia vehicles
must comply with federal and state transportation guidelines (see 801
above) for operation on public thoroughfares. In addition to the general
guidelines above, the design must meet highway standards for cargo tank
design (49 CFR 178.338 1986 for cryogenic transport and 49 CFR
178.337 1986 for gas carriers).

d. General Operating Procedures.

The following guidelines apply to all oxygen transport operations.
Q) General.

@ Operational areas should remain clear of nonessential personnel.
Appropriate personnel protective equipment should be used.
Facilities should maintain necessary deluge systems.

(b) Transport systems should be adequately grounded.

(c) The operational area should be kept free of combustible materials.
Spark-producing and electrical equipment that is within the
operational area and is not hazard-proof should be turned off and
locked out. All tools used shall comply with established safety
requirements.
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()

(d)

(€)

(f)

(9)

(h)

All tank inlets and outlets, except safety relief devices, should be
marked to designate whether they are covered by vapor or liquid
when the tank isfilled.

The temperature of LOX isso low that liquid air will form on
uninsulated transfer equipment and vaporizers. Drip pans should
be installed under all such equipment. The concern isthat LOX
will come off separately from LN, as the liquid air returns to a gas.
Oxygen will vigorously support combustion of any materials such
as paint, oils, or lubricants that make up the cargo tank or may be
found on the ground.

Trailers shall be equipped with a dry-chemical fire extinguisher.
The rating shall not be less than 10 BC.

In the event of aoxygen leak the transfer must be stopped and the
leak repaired. In the event of afire the oxygen sources should be
isolated as quickly as possible.

Operational procedural checklists should be used.

Note: LOX forms shock-sensitive explosive compounds with
carbonaceous materials. Transfer operations should not be conducted
over asphalt surfacesor porous surfaces such as sand that may hide
the presence of oilsand greases.

Repair operations.

@

(b)

Before any type of maintenance is attempted, the system shall be
depressurized; all oxygen lines disconnected, drained, or vented,

and purged; the operations area inspected; and the security of all

systems verified.

Repairs, alterations, cleaning, or other operations performed in
confined spaces in which oxygen vapors or gases are likely to exist
are not recommended until a detailed safety procedureis
established. As a minimum, this procedure shall include the
evacuation and purging requirements necessary to ensure safe
entry in the confined space. The personnel engaged in the
operations shall be advised of the hazards that may be encountered,
and at least one person shall be immediately available while the
work is being performed to administer emergency rescue, should it
be necessary.

Venting operations.

@

Where possible, facility venting should be used.
802d

8-5



802d

(b) In the field, a safe location, remote if possible, should be selected
for venting. Consideration should be given to the wind direction so
that vented gas will be carried away safely.

I nspection. Certification. and Recertification of Mobile Vessals.

Q) Mobile vessels require periodic recertification.
2 Mobile Vessels recertified for public thoroughfares.
@ Department of Transportation specifications require periodic
pressure retests of LOX vessels and of pressure-relief valves (49
CFR 173.31 and 173.33 1986).

(b)  Testing. See 49 CFR 178.331 (1986) for GOX and 49 CFR
178.338 (1986) for LOX tankage.

803 TRANSPORTATION EMERGENCIES

a

Initial Actions.

Thefirst concern shall be to prevent death or injury. In an accident or emergency
try to get the dewar off the road if possible, preferably to an open location. Shut
off the tractor-trailer electrical system. Post warning lights and signs and keep
people at least 152 m (500 ft) away for GOX or 800 m (Y2 mile) away for LOX.
Contact authorities and obtain help:

CHEMTREC (800-424-9300)

Emergency Actions.

Emergency actions to combat leaks and fires involving oxygen tractor-trailers
include pulling the vehicle into the |east hazardous area and turning the ignition
off. For fires originating near the engine, use afire extinguisher; for tirefires, use
water or chemical fire extinguishers or both. Tires may reignite 20 to 30 minutes
after theinitial fire has been extinguished, so the driver should not leave the scene
until the tire temperature is lowered sufficiently. The driver also should not leave
the scene until the fire has been completely extinguished and the burning materials
cooled. Aid should be requested from the nearest fire or police department or both.
On the highway, the environment in which afire and subsequent damage may
occur is difficult to control. An accident may occur at any time and at any place
along theroute. A controlled release of oxygen from the trailer through venting
should take into account all possible ignition sources, vapor dispersion, population
exposure, and general safe operations. Flares normally used for highway
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vehicular accident identification should not be used in close proximity to
upset or damage LOX tanks.
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CHAPTER 9: EMERGENCY PROCEDURES

900 TYPESOFEMERGENCIES

a Leaks and Spills.

(1)

2)

3

Primary Danger. The primary danger from oxygen leaks and spillsis afire
or explosion caused by combustible materials in the presence of ahigh
concentration of oxygen. Oxygen-enriched environments greatly increase
the rate of combustion of flammable materials.

Gaseous Oxygen. GOX leaks can result in oxygen-enriched
environments, especially in confined spaces. Impingement of GOX onto
an organic material such as grease can cause afire. When leaks are
detected, the source of the oxygen should be halted or disconnected. Any
equipment inherently heat- or spark-producing should be turned off or
disconnected. Disassembly and repair of leaking lines should begin only
after the area has been properly ventilated.

Liquid oxygen.

@ Liquid oxygen spills and leaks cause oxygen enrichment of the
immediate vicinity as the liquid vaporizes. When aspill or leak is
detected, the source of the supply should be immediately halted or
disconnected. Any equipment inherently heat- or spark-producing
should be turned off or disconnected. Affected areas should be
completely roped off or otherwise controlled to limit personnel
movement. The equipment or piping should be thoroughly vented
and warmed before repair of the leak is attempted.

(b) Liquid oxygen spills on pavements such as asphalt have resulted in
impact-sensitive conditions that caused explosions from traffic or
dropped items (Weber 1966). The same condition can occur from
LOX leakage onto concrete that is contaminated with oil, grease,
or other organic materials. The affected areas should be completely
roped off or otherwise controlled to limit vehicle and personnel
movement. Electrical sources should be turned off or disconnected.
No attempt should be made to hose off the affected area, and the
area should not be cleared for access until the oxygen-rich cold
materials are adequately warmed and absorbed oxygen has
evaporated.

900a
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Overpressurization.

Oxygen cannot be kept liquid if its temperature rises above the critical
temperature of -118.6 °C (-181.4 °F). Consequently, if LOX istrapped in aclosed
system and allowed to warm, extreme pressures can overpressurize the system.
For example, LOX trapped between valves can rupture the connecting pipe.
Pressure relief of some kind must be provided where trapping might occur.
Moreover, relief and vent systems must be sized to accommodate the flow so that
excessive backpressures will not occur. Cryogenic liquid storage vessels are
protected from overpressurization by a series of pressure relief devices. These
relief devices are designed to protect the inner vessel and the vacuum-insul ated
portion of the tank from failures caused by inner and outer shell damage,
overfilling, and heat load from insulation damage or from afire.

Q) In specific instances, such as when these vessels are involved in afire
which impinges upon the ullage area of the tank, container failure could
result. In these instances, water should be directed onto the flame-
impinged portion of the tank to allow the tank to cool. Enough water
should be directed onto this area to keep the tank wet. Water should not be
directed toward the relief devices, as the venting gas may cause the water
to freeze and seal off the relief device.

2 Frost appearing on the outer wall of an insulated cryogenic vessel is
indicative of vessel insulation loss. Frost appearance is only a clue to the
type of insulation loss. Thisinsulation loss could be caused by a
movement of the insulation in the annular area of the tank, by loss of
vacuum in the annular area, or by inner vessel failure. Assistance from
knowledgeable and responsible pressure-systems personnel should be
obtained.

@ Personnel should listen and watch for indication of pressure-relief
device actuation. Constant relief actuation is an indication that a
major problem has occurred. Special care should be taken if the
sound of the relief device changes and becomes higher pitched
while operating.

(b) Continued pressure rise while the relief device is actuated indicates
amagjor system malfunction. If constant relief device actuation is
occurring, immediately evacuate the area and physically rope off
and control the areaif this can be performed safely. Venting the
vessal isrecommended, if possible. Do not apply water, asthis
would only act as a heat source to the much colder oxygen and
aggravate the boil off.
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C. Transportation Emergencies.

Vehicular accidents involving oxygen transports can result in leaks, spills, and
container rupture. Spills and leaks may result in fires and explosions. The first
priority in an emergency situation is to protect personnel from hazards resulting
from a spill or release of oxygen. The next priorities are protection of property
and the environment, which should occur only after personal safety hazards have
been mitigated.

Q) Consult the DOT Emergency Response Guidebook (DOT P5800.5 1993)
and other references shown below for information regarding the
emergency action to take in the event of an accident involving LOX or
GOX.

2 Additional information can be obtained 24 hours a day by calling the
Chemical Transportation Emergency Center (CHEMTREC) at 800-424-
9300.

(©)) Other emergency procedure information can be obtained from the
Association of American Railroads (AAR), Bureau of Explosives,
Emergency Handling of Hazardous Materials in Surface Transportation,
and the National Response Center, US Coast Guard Headquarters, Room
2611, 2100 Second Street, SW, Washington, DC 20593-0001, telephone
800-424-8802 or 202-267-2675.

d. Personal Exposure to Cryogenic Liguid or Cold Vapor (Cold Injury).

Note: Thisinformation representsthe most current NASA Headquarters
stand on cold injuries. It may change, and anyone dealing with oxygen
systems should keep informed on the latest recommended procedures. This
entire section isreferenced by a letter from the director of the NASA
Occupational Health Office.

Direct physical contact with LOX, cold vapor, or cold equipment can cause
serious tissue damage. Medical assistance should be obtained as soon as possible
for any cold injury. First aid procedures to be administered by medical
professionals are beyond the scope of this handbook. However, proper immediate
bystander response should be as follows:

Q) If it is safe to do so, remove the patient from the source of the cold.

900d
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2)

3

(4)

In the event of limb-size or smaller cryogenic exposure, appropriate
response may include an attempt to rapidly warm the affected area with
moist heat from a shower, eyewash or warm water bath, not to exceed
38.9 °C (102 °F).

Note: Do not allow a heavy stream of water to impinge directly on
frozen skin. In some cases, it is safest to do nothing other than cover
theinvolved area until professional medical help isavailable.

Massive full-body cryogenic exposures present significant additional
concerns, but removal of the victim from the exposure atmosphere and
keeping the victim’ s airway open are important. Loosely wrapping the
victim in ablanket until the arrival of the ambulance team is a so advised.

Some important don’ts:

@ Don’t remove frozen gloves, shoes, or clothing. Salvageable skin
may be pulled off inadvertently.

(b) Don’t massage the affected part.

(© Don’t expose the affected part to temperatures higher than 44°C
(112 °F), such as a heater or afire. This superimposes a burn and
further damages already injured tissues.

(d) Don’t apply snow or ice.
(e Don’t apply ointments.

()] Don’t allow any smoking, open flames, or other hazardous
conditions near the victim.

901 EMERGENCY ASSISTANCE PLANS AND PROCEDURES

a

Policy.
)

Each NASA center isresponsible for the preparation of emergency plans
and implementing emergency procedures. Evacuation routes and
requirements and responsibilities of site personnel are included in these
plans. Dry runs of safety procedures should be conducted using both
equipment and personnel and periodic safety inspections, and surveys
should be performed to ensure that emergency procedures are being
performed safely.
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2 Firedrills, general safety meetings, and facility inspections should be held
to develop and evaluate emergency plans and procedures.

3 Training should familiarize personnel with the physical, chemical, and
hazardous properties of LOX and GOX and with the nature of the
facility’s major process systems. Operator training should include oxygen
handling practice and emergency training in handling spills and fires.
Supervisors should keep operators informed of any operational or safety
procedure changes.

4 Supervisors shall periodically monitor oxygen-handling operations to
ensure that all safety precautions are taken during transfer, loading,
testing, and disposal. Local fire or other emergency personnel should be
informed of any unusual or unplanned operations. Also, the accessibility
and useability of fire protection and spill response equipment shall be
verified before oxygen-handling operations commence.

5 Written emergency procedures should be included in all operating
procedures involving oxygen.

902 FIRE-FIGHTING TECHNIQUES

a

General.

When fighting afire involving oxygen-enriched atmospheres, the first step should
be to shut off the oxygen supply and, if possible, to shut off and remove fuel
sources. Combustible materials must be cooled below their ignition temperatures
to stop the fire. Water has been shown to be an effective extinguishing agent for
firesinvolving oxygen-enriched atmospheres.

In some cases, when the oxygen supply cannot be shut off, the fire may burn so
vigorously that containment and control is more prudent than trying to put out the
fire.

(D) If fuel and LOX are mixed but not burning, quickly isolate the area from
ignition sources, evacuate personnel, and allow the oxygen to evaporate.
Mixtures of fuel and LOX are an extreme explosion hazard.

2 If afireissupported by LOX flowing into large quantities of fuel, shut off
the oxygen flow. After the excess oxygen is depleted, put out the fire with
the extinguishing agent recommended for the particular fuel.

902a
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3)

(4)

If afireis supported by fuel flowing into large quantities of LOX, shut off
the fuel flow and allow the fire to burn out. If other combustible material
in the areais burning, water streams or fogs may be used to control the
fires.

If large pools of oxygen and water-soluble fuels, such as hydrazine or

alcohol, are burning, use water to dilute the fuel and reduce the fire's
intensity.
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APPENDIX A

CHEMICAL AND PHYSICAL PROPERTIES

A.l LIQUID OXYGEN (LOX)

a

Physical and Chemical Properties.

(1)

)

3
(4)

High-purity LOX isalight blue, odorless, transparent liquid. LOX is
chemically stable, is not shock-sensitive, and will not decompose. Itisa
cryogenic liquid which boils vigorously at ambient temperature.

The physical and chemical properties of LOX arelisted in Roder and
Weber (1972). These include atomic weight 16, molecular weight
31.9988, density (at the boiling point and 1 atmosphere) 1.141 kg/l
(71.2311 Ib/ft3), boiling point -182.97 °C (-297.35°F), heat of fusion and
vaporization 444.8 Jmol (5.976 BTU/Ib) and 6812.3 Jmol (91.568
BTU/Ib), and specific heat at constant pressure (Cp,) 54.28 J/mol-K (0.405
BTU/Ib-°R).

Liquid Oxygen is astrong oxidizer that vigorously supports combustion.

Most common solvents are solid at LOX temperatures (-218.8 °C to
-183.0 °C (-361.8 °F t0 -297.4 °F)). LOX is completely miscible with
liquid nitrogen and liquid fluorine. Methaneis highly soluble in LOX,
light hydrocarbons are usually soluble, and acetylene is soluble only to
about 4 ppm.

A.2 GASEOUS OXYGEN (GOX)

a

Physical and Chemical Properties.

(1)
2)

®3)

Gaseous oxygen is an odorless, colorless, transparent gas.

The physical and chemical properties of GOX are included in Roder and
Weber (1972). They include density 1.43x10%kg/1 (0.0892 Ib/ft) at STP,
specific heat at constant pressure C, = 30.77 Jmol-K (0.230 BTU/Ib-°R),
and specific heat at constant volume C, = 21.28 Jmol-K (0.150 BTU/Ib-
°R).

Gaseous oxygen is a strong oxidizer that vigorously supports combustion.
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MATERIALSTESTING METHODS AND TEST DATA

B.1 Many tests have been developed for evaluating materials for oxygen systems, including
studies of ignition and burning characteristics and the causes of oxygen-related failures (Bryan
and Lowry 1986; Steinthal 1982; Ordin 1973; NHB 8060.1C (1991); Stoltzfus and Benz 1984).
These tests provide a means to rank materials.

Experimental methods used for determining and evaluating the ignition and combustion of
materials include:

a Ignition Tests.
Q) Mechanical impact
2 Pneumatic impact
(©)) Autoignition
4 Friction
(5) Particle impact
(6) Resonance cavity

b. Combustion Tests.

Q) Calorimeter

(2 Limiting oxygen index (LOI)

(©)) Upward flammability of materials in gaseous oxygen (GOX)
B.2 IGNITION TESTS

a Mechanical Impact Test Method (ASTM G 86 1991: ASTM D 2512 1991
NHB 8060.1C 1991).

This test method is to determine the sensitivity of materials to ignition by
mechanical impact in liquid oxygen (LOX) or GOX at pressures from 0.1 to 68.9
MPa (14.7 to 10 000 psia).
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The mechanical impact tester consists of atest chamber with a striker pin and
striker pin counterloader. It also includes the necessary test chamber purge,
pressurization and vent systems; a plummet, plummet guide tracks, plummet
hold-release mechanism and a plummet rebound limiter; and controls and
instrumentation necessary for performing the test and monitoring the test chamber
for evidence of reaction. For LOX compatibility, the test system and samples
should be configured as described in ASTM D 2512 (1991). For GOX
compatibility, the test system and samples should be configured as described in
ASTM G 86 (1991).

Autoignition Temperature (AIT) Test Method (ASTM G 72 1991).

This test measures the minimum sample temperature at which a material will
spontaneously ignite when heated in an oxygen or oxygen-enriched atmosphere.
AIT’ s of nonmetals are commonly measured by methods such asin ASTM G 72
(1991). Metals autoignite at much higher temperatures than nonmetals. These
temperatures are much higher than those that normally would occur in actual
oxygen systems. The temperature at which a material will ignite spontaneously
varies with the system geometry and heating rate.

The test system consists of areaction vessel (bomb), a sample holding assembly,
and a system whereby this reaction vessel can be charged with oxygen and heated.
Thermocouples and/or pressure transducers may be used to determine the
temperature at the time ignition occurs.

Pneumatic Impact Test Method (NHB 8060. IC 1991: ASTM G 74 1991).

This test method provides reaction sensitivity of materialsto dynamic pressure
impacts by gases such as oxygen, air, or gas blends containing oxygen.

The test system (ASTM G 74 1991) consists of a high-pressure accumulator
capable of being pressurized with oxygen or nitrogen to 69 MPa (10000 psia), a
quick-opening valve, and atest chamber with atest sample.

Frictional Heating Test Method.

This test method provides the susceptibility of materials to ignition by frictionin
GOX and LOX, air, or blends of gases containing oxygen. The ends of two
hollow cylinders are rubbed against one another in an oxygen-enriched
atmosphere. Test variables include oxygen pressure, normal loads, and rubbing
velocity. At standard test conditions, a material is ranked based on the Pv product
at ignition (where P isload divided by the initial cross-sectional area of the
sample and v is the relative surface velocity).

(1) The GOX frictional heating apparatus described here is also described
in Benz and Stoltzfus (1986). It consists of a high-pressure test
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)

chamber, an electrical motor and transmission assembly, and a pneumatic
actuation cylinder. The high-pressure test chamber, fabricated of Monel®,
consists of acylindrical chamber with areplaceable nickel seeveinside.
The chamber contains a rotating shaft that extends through the chamber by
a series of bearings and seals. The shaft is connected at one end to adrive
motor/transmission assembly that is capable of rotating the shaft up to

30 000 rpm. The other end of the shaft is connected to a pneumatically
actuated cylinder that allows axial movement of the shaft to apply up to
4450 N (1000 Ibf) normal load on the test specimens. The rotating test
specimen is mounted on the shaft, and the stationary test specimen is
affixed to the test chamber.

The LOX frictional heating test system is similar to the GOX frictional
heating test system, except the LOX frictional heating test system is
configured in avertical position and has afluid piping system for LOX.

Particle Impact Test Method.

This test method provides the susceptibility of amaterial to ignition by particle
impact. A stream of oxygen with one or more entrained particlesisimpinged on a
metal target. The particles may be capable of igniting themselves upon impact.
Test variables include oxygen pressure, oxygen temperature, oxygen velocity; and
number, size, quantity, and material of the particles.

1)

)

Supersonic Particle Impact Test System. The supersonic particle impact
test system is essentially the same as that described in Benz, Williams, and
Armstrong (1986). It consists of

€) A gasinlet and flow straightener
(b) A particle injector and converging nozzle
(© A diverging nozzle and test sample holder

GOX and the particle, injected just upstream of the converging nozzle,
enter through the inlet section of the chamber and are accelerated to
supersonic velocity as they pass through the converging and diverging
nozzle. After the diverging nozzle, the fluid enters a short section with a
constant cross-sectional areato establish the fluid velocity before impact.
The particle impacts a target made of the test material.

Subsonic Particle Impact Test System. The subsonic particle impact test
system is essentially the same as the one described in Williams, Benz, and
Mcllroy (1988). It consists of a particle impact chamber, in which
particlesup to 5 g (0.01 Ib) can be injected in flowing oxygen
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upstream of atarget specimen. The particles entrained in the oxygen are
carried through the test chamber where they impact the target made of the
test material. The oxygen and particles flow through holes on the
periphery of the target and finally are vented to the atmosphere through
the flow control orifice.

Resonance Cavity Ignition Test Method.

Thistest method was used to determine if resonance ignition could occur (Phillips
1975). It was developed in 1975, but was not maintained after the early tests were
completed. The test flow system consists of high-pressure gaseous nitrogen and
oxygen sources, stainless steel flow lines, pressure controllers, fire valves, and an
exit flow control valve. The controllers establish and maintain the constant
pressure delivered to the resonance apparatus. The resonance test apparatus used
isdescribed in detail in Phillips (1975); it consists of an inlet tube, an exit tube,
and a resonance tube forming atee. The temperatures generated at the base of the
resonance tube are in excess of 538 °C (1000 °F) for both GOX and nitrogen.

B.3 COMBUSTION TESTS

a

Calorimeter Test (ASTM D 2382 1991: ASTM D 2015 1991).

This test measures the heat evolved per unit mass (the heat of combustion) when a
material is completely burned in 2.5 to 3.5 MPa (368 to 515 psia) of oxygen at
constant volume. Several procedures such asthose listed in ASTM D 2382 (1991)
and ASTM D 2015 (1991) are used. For many fire-resistant materials useful in
oxygen systems, measured amounts of combustion promoter must be added to
ensure compl ete combustion.

Limiting Oxygen Index Test (ASTM D 2863 1991).

Thisis adetermination of the minimum concentration of oxygen in aflowing
mixture of oxygen and a diluent that will just support propagation of combustion.
ASTM D 2863 (1991) applies to nonmetals at atmospheric pressure. The test
method for metals has not been standardized; it is being reviewed by the ASTM G
4 Committee.

Upward Flammability of Materialsin GOX (NHB 8060. IC 1991).

This test determines the flammability of materialsin GOX. Init, amateria
specimen is exposed to a standardized promoter (easily ignited material) or other
ignition source. With a standardized promoter, the results give the relative ranking
of the materials.
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B.4

The promoted combustion test system described here is similar to the one
described by Stoltzfus et al. (1988). The test system consists of a cylindrical
stainless steel chamber with an internal volume of approximately 740 cm® (45
in.%). The chamber can be pressurized to 68.9 MPa (10 000 psia). The chamber
has a copper liner and a copper base plate to protect it from the burning material.
The test specimen, with an aluminum promoter at the bottom, is held at the top by
the specimen mount. The ignition of the aluminum promoter is accomplished by
electrically heating an aluminum-palladium wire wrapped around the promoter.

METAL TEST DATA

Several tests for metallic materials' ignition and flammability have been developed in
recent years. These tests provide a good indication of the relative ranking of metallic
materials for ignitability, but rarely provide absolute information on ignitability ina
specific application. Configurational tests have to be conducted if such information is
required. Additional tests that are more suitable for the specific application of a metallic
material may become available in the future. The relative ranking of materiasis partially
dependent on the test method used. Three tests commonly used by NASA are the
promoted combustion test (upward flammability test), the frictional heating test, and the
particle impact test. At present, the upward flammability test (NHB 8060.1C 1991) is
used to obtain a basic ranking of metallic materials' flammability. Particle impact and
frictional heating tests are valuable for ng ignitability when particle impact or
friction between moving parts can occur.

a Ignition Test Data.

Q) Mechanica Impact Test. Mechanical impact test methods (NHB 8060. 1C
Tests 13A and 13B, “Mechanical Impact for Materialsin Ambient
Pressure LOX” and “Mechanical Impact for Materialsin Variable
Pressure GOX and LOX” (1991)) have been used for evaluating the
ignition characteristics of metallic materials in oxygen systems. While
mechanical impact tests are not presently used to evaluate metals for
oxygen service, alarge body of datafor mechanical impact of metals
exists, some can be found in Key and Riehl (1964).

2 Autoignition Temperature Test. AIT'sas described in ASTM G 72 (1991)
are not available; however, some AIT’s of solid metals are given in Table
B-1. Ignition temperature of metals are dependent on the test procedure,
material configuration, and presence or lack of oxide layers.

3 Pneumatic Impact Test. Metals have been shown not to ignite because of
gaseous pneumatic impact.
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(4)

()

Friction.

@

(b)

(©

Ignition by frictional heating is very sensitive to the characteristics
of the metallic surfaces. Thistest is appropriate for materials
selection only if frictional heating is a possible concern.

Data on the ignitability of metallic materials by frictional heating
are shown in Tables B-2 and B-3. The Pv product is a measure of
the energy absorbed per unit area of rubbing surface per unit time;
metals and alloys with low Pv products at ignition are more easily
ignited than those with high Pv products at ignition. Relative
rankings of metallic materials for ignitability by frictional heating
show some differences from the relative rankings by promoted
combustion tests. These differences are significantly reduced if the
friction coefficient w of the metallic surface is considered and
relative rankings are based on the product uPv (Stoltzfus, Benz,
and Homa 1989).

Ignition of metallic, materials by frictional heating can occur in
LOX systemsaswell asin GOX. The ignitability of metallic
materialsislower in LOX than in GOX because of the low initial
temperatures. However, once ignition takes place, propagation is
inevitably more extensive because of the large quantity of oxygen
present in the condensed phase. Combustion occurs in oxygen gas
caused by frictional heating vaporizing the liquid. Therefore, the
relative ranking of metallic materialsin LOX is essentially the
same as that in ambient temperature GOX.

Particle Impact.

(a)

Data on the ignitability of metallic target materials by
impact of single, large, supersonic, aluminum particles in the
supersonic particle impact test system are provided in
Figures B-la and B-Ib. The figure presents ignition (recorded
as ignition, partial burn, or no ignition) as a function of
target temperature for a supersonic particle impact tester
inlet pressure of 27.5 MPa (4000 psig); 1600-u particles
were used for the testing. Under these conditions, both
particle velocity and the pressure at the target increased
slowly with target temperature; the pressure at the target
varied from approximately 3.6 to 4.0 MPa (520 to 580 psia),
and the particle velocity at the target varied from
approximately 370 to 430 m/s (1200 to 1400 ft/s). The data
provide a rough relative ranking of the resistance of metallic
materials to ignition by particle impact; however, the test
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parameters are too arbitrary for the data to provide absolute
pass/fail criteriain use conditions.

@ Other metallic materials have been used as the particles, but
ignitions have not been observed except with aluminum 6061
targets and 304 stainless steel particles (Benz, Williams, and
Armstrong 1986). The 304 stainless steel particlesimbedded in the
aluminum 6061 targets but did not ignite (Benz, Williams, and
Armstrong 1986). Data from subsonic particle impact tests,
conducted at WSTF and elsewhere, indicate that fine iron particles
may be ignited by impact on static targets at flow velocities as low
as 35 m/s (115 ft/s), athough such burning iron particles were not
found to igniteiron or steel targets at flow velocities below about
40 m/s (150 ft/s) (Williams, Benz, and Mcllroy 1988). Results
from thistest program indicate that ignition may occur at higher
iron particle concentrations. Data on subsonic particle impact by
particul ate from other metallic materials and polymeric materials
are lacking at thistime. The data obtained to date suggest that
metallic powders are more likely to cause particle impact ignition
than large, single particles.

(b) The relative ranking of metal target materialsis assumed to be
similar for ignition by large, single particles and by powders, but
no definitive study has been conducted. Similarly, the worst-case
pressure is believed to be the highest system pressure, but this
assumption has not been verified experimentally. Temperature
effects are believed to depend on the size and ease of oxidation of
the particulate. Usually, ignitability increases with increasing
temperature; however, particul ate oxidation without ignition at
high temperatures can reduce the ignitability.

(6) Resonance Cavity. Data from resonance testing are described by Phillips
(1975).

Combustion Test Data.

Q) Calorimeter. The heats of combustion for selected metals and aloys are
shown in Table B-4.

2 Limiting Oxygen Index. The ASTM D 2863 (1991) standard limiting
oxygen index test is not commonly used for metals. However, some data
for some aluminum alloys and bronzes are reported by Benning,
Zabrenski, and Ngoc (1988).

B-7



3 Upward Flammability of Materialsin GOX.

@ The promoted combustion test has been adopted as a standard
metal s flammability test for NHB 8060. 1C (1991). Thistest
determines the ability of a metallic rod to propagate flame upward
when ignited at the bottom by an ignition source. Threshold
pressure is the minimum pressure required for self-sustained
combustion. For any metallic material, the flammability increases
with increasing pressure and decreases with increasing thickness
(the standard sample for the test is 0.32 cm (0.125 inch) thick); the
quantity of promoter does not affect the flammability. Table B-5
shows threshold pressures of some common metallic materials. It
should be noted that upward flame propagation is used for this test
because it provides more repeatable data and better distinguishes
the performance of different materials than does downward
propagation. However, metallic materials burn downward more
readily than upward and materials that are self-extinguishing in
upward propagation may burn completely in the downward
configuration. Nevertheless, the test severely evaluates metallic
materials because the aluminum promoter is afar more intense
ignition source than typical ignition sourcesin real systems (such
as burning polymeric materials). Details of thistest are givenin
NHB 8060. 1C (1991), Stoltzfus, Benz, and Homa (1989), and
Stoltzfus, Lowrie, and Gungji (1991).

(b) Relative rankings from promoted combustion and particle impact
tests appear to be similar, although the scarcity of particle impact
data makes this conclusion somewhat tentative. A rough
correlation exists between heat of combustion and ignitability and
flammability in these two tests. Thus, the materials that ignite least
easily and propagate fire least readily are usually those with the
lowest heats of combustion or those containing elements with low
heats of combustion. Specific exceptions to this general rule do
exist. For example, aluminum bronzes containing 93-percent
copper (low heat of combustion and relatively nonflammable) and
only 7-percent aluminum (high heat of combustion and highly
flammable) are highly flammable in high-pressure oxygen.

B.5 NONMETALSTEST DATA

a Test data on reactions of nonmetals with high-pressure oxygen have been
obtained principally from NHB 8060.1 Tests 13b and 14, “Mechanical Impact for
Materialsin Variable Pressure GOX and LOX” and “Pressurized Gaseous
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Oxygen Pneumatic Impact for Nonmetals,” (NHB 8060. 1C 1991). Inan
operating high-pressure oxygen system, the potential for pneumatic impact
ignition is greater than that for mechanical impact ignition (Moffett et al. 1988).
The standard pneumatic impact test is not mandatory for nonmetals. The
statistical base on which materials decisions are made for both tests is weak;
specifically the ability of these tests to distinguish batch differencesin materials
has been disputed (Bryan 1983). Test data on reactions of nonmetals with LOX
have been obtained with NHB 8060. IC Test 13A (Bryan 1983). GOX mechanical
impact usually provides a more sensitive material s test than L OX mechanical
impact; the sensitivity is known to increase with increasing pressure (Bryan
1983). The LOX mechanical impact test, however, has provided alarge database
for nonmetals and provides valuable information on their suitability for oxygen
service.

The mechanical impact test and the pneumatic impact test generally give similar
results for a given material. Polymeric materials are rarely ignited by pneumatic
impact at pressures below 1.7 MPa (250 psia), because the temperatures reached
by adiabatic compression are below the AIT of most polymeric materials.
However, they may react as aresult of mechanical impact at pressures below 1.7
MPa (250 psia).

Mechanical impact and pneumatic impact test conditions are usually more severe
than those in actual use. Data obtained are conservative and alow areasonable
margin of safety. However, ignition by adiabatic compression heating is very
configuration-dependent, and configurational testing or additional analysis should
be conducted for systems. For example, flexible hose materials may not react in
the standard NHB 8060. 1C Test 14 at 41 MPa (6000 psia), but aflexible hose
constructed of these materials has been shown to ignite when pressurized to only
6.9 MPa (1000 psia) through a quick-opening valve similar to that used in the
pneumatic impact test (Janoff et al. 1989). The flexible hose can still be used at 41
MPa (6000 psia) if the system is designed so that pressurization is slow and the
downstream end of the hose is not closed (see Chapter 4).

The potential for ignition by adiabatic compression can be assessed as follows
(ASTM G 63 1991):
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2)

3)

(4)

Calcul ate the maximum temperature the oxygen can reach with the

following equation:
n-1
T [F? "
T LR

where:
T = fina temperature (abs)
Ti = initia temperature (abs)
Pr = final pressure (abs)
P, = initia pressure (abs)
n = ratio of specific heats (1.40 for oxygen)

Thus, for afinal pressure of 34.5 kPa (5000 psia) from ambient conditions
(10 C(67.7 F), 101.4 kPa (14.7 psia)), the maximum theoretical
temperatureis 1277 C (2330 F).

Table B-6 shows polymer properties relating to ignition and combustion.
If the calculated temperature exceeds the AIT of the polymer, then the
potential for ignition exists.

If ignition can occur, the potential for igniting adjacent materials must be
considered. Calculation of adiabatic flame temperature will give an
indication of this potential. Representative values of polymeric adiabatic
flame temperature are given in Table B-6 for three different pressures.
Polymers are also ranked according to heat of combustion and the AIT
(Lockhart, Hampton, and Bryan 1989). Polymers with high heats of
combustion and high carbon black-filler content are more likely to ignite
adjacent materials (Shelley 1991).

Note: The polymersin thetablesarerepresentative of available
polymeric materials.

The ignition of adjacent materials is dependent on the heat transfer from
the burning polymer to those materials. This can only be assessed for a
specific configuration.

Other tests exist that may provide useful information on the relative ignitability of
nonmetals in high-pressure oxygen. Autoignition tests have been conducted in
high-pressure oxygen using ASTM G 72 (1991) and Steinthal (1982). Frictional
heating (Benz and Stoltzfus 1986) has been used as an ignition test. Additional
test methods for assessing the ignition potential of nonmetals are under
development (Tapphorn, Shelley, and Benz 1991).
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Combustion tests for polymers are the calorimeter (ASTM D 2015 1991), limiting
oxygen index (ASTM D 2863 1991) and the upward flammability of polymers
(NHB 8060. 1C 1991). The oxygen index datain Table B-6 indicate that the
majority of polymeric materials are flammable at ambient pressures (0.1 MPa
(14.7 psia)) in 100-percent oxygen. These data emphasize the need for careful
system design, because polymers are often used in systems that are at higher than
ambient pressures.
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TableB-1

Selected Values for Ignition Temperatures of Solids®

Metal Ignition Temperature
(K) (°F)
Mild Steel 4248 10 4410 2240 to 2330
W 4302 to 4446 2270 to 2350
Ta 4284 to 4428 2260 to 2340
Ti Alloys
RC-70 5400 to 5544 2880 to 2960
RS-70 5418 to 5508 2890 to 2940
RS-110-A 5364 to 5454 2860 to 2910
RS110-BX 5346 to 5472 2850 to 2920
Stainless Steels
430 4644 to 4698 2460 to 2490
Berylco® 10 3366 to 3384 1750 to 1760
Mg 2323 1171
Mg Alloys
20% Al 1900 936
70% Zn 2023 1004
25% N 1897 934
20% S 2194 1099
63% Al 1767 862
Fe 3286 1706
S 2606 1328
Ca 2055 1022
Th 1893 932
Ba 840 347
Mo 2736 1400
U 1310 608
Ce 1310 60

% Reynolds (1959)
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TableB-2

Friction Ignition Test Data for Similar Pairs®®

Test Materias Pv Product at Ignition
Stator Rotor W/m? x 10°® (Ibf/in® x ft/min x 10°)
Inconel® MA 754 Inconel® MA 754 3.96-4.12° 11.30-11.75
Haynes® 214 Haynes® 214 3.05-3.15 8.73-8.96
Inconel® MA758 Inconel® MA758 2.64-3.42 7.53-9.76
Nickel 200 Nickel 200 2.29-3.39 6.54 — 9.66°
Tin Bronze Tin Bronze 215-2.29 6.15 — 6.55°
Hastelloy® C-22 Hastelloy® C-22 2.00—2.99' 5.72-8.52
Inconel® 600 Inconel® 600 2.00-2.91 5.70 — 8.30°
Inconel® MAG000 | Inconel® MAG000 1.99 -2.66 5.68 —7.59
Glidcop A1-25 Glidcop A1-25 1.95-3.59 5.56-10.2
Hastelloy® 230 Hastelloy® 230 1.79-2.19 5.10-6.24
NASA-Z NASA-Z 1.77-2.63 5.05-7.52
CuZzr CuZzr 1.68-3.19 481-9.11
Inconel® 625 Inconel® 625 1.62-1.73 4.65-4.94
Hastelloy® B-2 Hastelloy® B-2 1.61-2.16' 4.60-6.12
Waspal oy Waspal oy 1.55-2.56 4.45-7.31
Monel® 400 Monel® 400 1.44 - 1.56 412 — 4.46"
Monel® 400 Monel® 400 1.42 —1.55° 4.05-4.43
Haynes® 230 Haynes® 230 1.40-1.82 4.00-5.20
Monel® K-500 Monel® K-500 137-1.64 3.91-4.68
13-4 PH 13-4 PH 1.31-2.06 3.74-5.88°
Hastelloy® C-276 | Hastelloy® C-276 1.21-2.82' 3.45-8.06'
Incoloy 903 Incoloy 903 1.20-1.44 341-4.11
Inconel® 718 Inconel® 718 1.10-1.19 3.13-3.37
17-4 PH (H 900) 17-4 PH (H 900) 1.00-1.21 2.87-3.45
Yellow Brass Yellow Brass 0.97-122 2.77-3.49
Hastelloy® X Hastelloy® X 0.93-1.05 2.66 —3.02°

a

-2.5cm (1in.) diameter x 0.25 cm (0.1 in.) wall x 2 cm (0.8 in.) specimens rotated axially, horizontally in
stagnant 6.9 Mpa (1000 psia), aviator’ s breathing grade oxygen. Tests were conducted by keeping v constant at
22.4 m/s (73.5 ft/s) and increasing P at arate of 35 N/s until ignition.

> All unreferenced data are from previously unpublished frictional heating tests performed at NASA White Sands
Test Facility.

This material did not ignite at these Pv products.

Benz and Stol zfus (1986)

Stolzfus et al. (1988)

Bryan, Stoltzfus, and Gunaji (1993)

Bryan, Stolzfus, and Gungji (1991)

Q ™ o a o
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TableB-2
Friction Ignition Test Data for Similar Pairs (continued) *°

Test Materias Pv Product at Ignition
Stator Rotor W/m?x 10 (Ibf/in x ft/min x 10°)
Hastelloy® G-30 Hastelloy® G-30 0.90 — 1.28° 2.58 -3.68
14-5 PH 14-5 PH 0.88-1.04 251-2.96
304 SS 304 SS 0.85-1.20 243-341
17-4 PH 17-4 PH 0.85-1.07 242 -3.05
Inconel® 706 Inconel® 706 081-121 2.33-345
303 SS 303 SS 0.78-0.91 2.25-2.60
Stellite® 6 Stellite® 6 0.79-0.82 225-2.35
316 SS 316 SS 0.75—0.86 214-2.46
Brass CDA 360 Brass CDA 360 0.70-1.19 1.98 - 3.41f
17-4 PH 17-4 PH 0.61-1.05 1.75-2.99
(Condition A®) (Condition A)

Invar® 36 Invar® 36 0.60-0.94 1.71-2.68"
Incoloy MA 956 Incoloy MA 956 0.53-0.75 151-214
316 SS 316 SS 0.53-0.86 1.50 — 2.46'
440C SS 440C SS 0.42-0.80 1.19-228
Nitronic 60 Nitronic 60 0.29-0.78 0.82-222
Incoloy 909 Incoloy 909 0.29-1.15 0.85-3.30
Aluminum 6061-T6 | Aluminum 6061-T6 0.061 0.18"

Ti-6A1-4V Ti-6A1-4V 0.0035 0.01'

-2.5cm (1in.) diameter x 0.25 cm (0.1 in.) wall x 2 cm (0.8 in.) specimens rotated axialy, horizontally in
stagnant 6.9 MPa (1000 psia), aviator’s breathing grade oxygen. Tests were conducted by keeping v constant at
22.4 m/s (73.5 ft/s) and increasing P at arate of 35 N/s until ignition.
All unreferenced data are from previously unpublished frictional heating tests performed at NASA White Sands

Test Facility.

Bryan, Stoltzfus, and Gunaji (1993)
Bryan, Stolzfus, and Gungji (1991)

Solution Anneded
Stolzfus et al. (1988)
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Table B-3
Friction Ignition Test Data for Dissimilar Pairs*”

Test Materials Pv Product at Ignition
Stator Rotor W/ m?x 10°® (Ibf/irf x ft/minx 10°)
Monel® K-500 Hastelloy® C-22 1.57-3.72 451 -10.61
Monel® K-500 Hastelloy® C-276 1.41-270 4.00-7.70°
Monel® K-500 Hastelloy® G-30 1.34-1.62 3.81-4.63
Ductile cast iron Monel® 400 1.28-1.45 3.65-4.13°
Gray cast iron 410 SS 1.19-1.48 3.39-4.24°
Gray castiron 17-4 PH (H 1150 M) 1.17-1.66 3.35-4.75°
CuBe Monel® 400 1.10-1.20 3.14-3.42
Ductile cast iron 410 SS 1.10-1.23 3.12-343°
AlS| 4140 Monel® K-500 1.09-1.35 3.10-3.85°
Ductile cast iron 17-4 PH (H 1150 M) 1.09-1.17 3.00-3.35°
Monel® 400 Nitronic 60 1.03-1.69 2.93-4.78
Inconel® 718 17-4 PH SS 1.02 —1.06" 2.91-3.03
Bronze Monel® K-500 0.99-184 2.82 -5.26°
Tin bronze 304 SS 097-125 2.78 —3.56°
Monel® K-500 Inconel® 625 0.93-2.00 2.67-5.70
17-4 PH SS Hastelloy® C-22 0.93-1.00 2.65-2.86
Monel® K-500 304 SS 0.92-1.13 2.63-3.24
Inconel® 718 304 SS 0.90—1.18° 2.58 -3.37
17-4 PH SS Hastelloy® G-276 0.89-1.10 255-3.14
Bronze 17-4 PH (H 1150 M) 0.89-1.02 2.55—-2.90°
316 SS 303 SS 0.89 —0.90° 253-257
Inconel® 718 316 SS 0.86 —0.96° 244 -2.73
Monel® 400 304 SS 0.85-—0.94° 2.43-2.69
17-4 PH SS Hastelloy® G-30 0.84-1.02 2.41-2.90
Monel® K-500 303 SS 0.84 — 1.00° 2.41-2.88
Ductile cast iron Stellite® 6 0.84-1.16 2.39-3.32°
CuZzr 316 SS 0.83-0.90 2.39-2.58
Ductile cast iron Tin bronze 0.81-1.69 2.32-4.82°

-25cm (1in.) diameter x 0.25 cm (0.1 in.) wall x 2 cm (0.8 in.) specimens rotated axialy, horizontally in

stagnant 6.9 Mpa (1000 psia), aviator’s breathing grade oxygen. Tests were conducted by keeping v constant at

22.4 m/s (73.5 ft/s) and increasing P at arate of 35 N/s until ignition.

All unreferenced data are from previously unpublished frictional heating tests performed at NASA White Sands

Test Facility.

Benz, Bishop, and Pedley (1989)
Bryan, Stolzfus, and Gunaji (1991)
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Table B-3
Friction Ignition Test Data for Similar Pairs (continued) *°

Test Materials Pv Product at Ignition
Stator Rotor W/ m?x 10°® (Ibf/irf x ft/minx 10°)
Monel® K-500 17-4 PH SS 0.80 - 1.00° 2.27-2.39
Bronze 410 SS 0.79-1.20 2.25 - 3.60°
304 SS 303 SS 0.77 - 0.79° 2.21-226
Tin bronze Aluminum bronze 0.77-0.84 2.20-2.38
316 SS 17-4 PH SS 0.77 - 0.85° 2.18-2.41
Monel® 400 303 SS 0.76 - 0.93 2.17 - 2.67
Inconel® 718 303 SS 0.75-0.87¢ 2.14-2.48
Monel® K-500 316 SS 0.75-0.91¢ 2.10-2.61
304 SS 17-4 PH SS 0.69 - 1.09 197-3.11
316 SS 304 SS 0.68- 0.91¢ 1.93-2.60
Stellite® 6 Nitronic 60 0.66 - 0.77 1.90-2.18°
Monel® 400 17-4 PH SS 0.66 - 1.53¢ 1.89-4.38
303SS 17-4 PH SS 0.65-0.88 1.86-2.51
17-4 PH SS Inconel® 625 0.64 - 1.09 1.83-3.11
304 SS CuBe 0.63-1.24 1.81-3.54
Monel® 400 316 SS 0.62 - 0.91¢ 1.75-2.59
Ductile Cast iron Nitronic 60 0.44-0.75 1.25-2.15°
Aluminum bronze C355 Aluminum 0.30-0.32 0.85-0.91°
Nitronic 60 17-4 PH (H 1150 M) 0.28-0.61 0.80- 1.75°
Babbitt on bronze 17-4 PH (H 1150 M) 0.09-0.21 0.25- 0.60°
Babbitt on bronze Monel®K-500 0.09-0.19 0.25-0.55"
Babbitt on bronze 410 SS 0.08- 0.09 0.24-0.27°

-2.5cm (1in.) diameter x 0.25 cm (0.1 in.) wall x 2 cm (0.8 in.) specimens rotated axially, horizontally in
stagnant 6.9 MPa (1000 psia), aviator’s breathing grade oxygen. Tests were conducted by keeping v constant at
22.4 m/s (73.5 ft/s) and increasing P at arate of 35 N/s until ignition.

All unreferenced data are from previously unpublished frictional heating tests performed at NASA White Sands
Test Facility.

Benz, Bishop, and Pedley (1989)

Bryan, Stolzfus, and Gungji (1991)
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Table B-4
Heat of Combustion of Metals and Alloys

Material DH_cal/g” Source
Beryllium (BeO) 15865 JANNAF (1971)
Aluminum (A1,05) 7425 JANNAF (1971)
Magnesium (MgO,) 5900 JANNAF (1971)
Titanium (TiO,) 4710 JANNAF (1971)
Chromium (Cr,05) 2600 Smithells (1976)
Ferritic and Martensitic Steels 1900-2000 Cdculated
Austenitic Stainless Steels 1850-1900 Calculated
Precipitation Hardening

Stainless Steels 1850-1950 Calculated
Carbon stedls 1765-1800 Calculated
Iron (Fe,05) 1765 JANNAF (1971)
Inconel® 600 1300 Calculated
Aluminum bronzes 1100-1400 Calculated
Zinc (ZnO) 1270 Smithells (1976)
Tin (SnO,) 1170 Smithells (1976)
Nickel (NiO) 980 Smithells (1976)
Monel® 400 870 Calculated
Y ellow brass, 60 Cu/40 Zn 825 Calculated
Cartridge brass, 70 Cu/30 Zn 790 Calculated
Red brass, 85 Cu/15 Zn 690 Calculated
Bronze, 10 Sn/2 Zn 655 Calculated
Copper (CuO) 585 JANNAF (1971)
Lead (PbO) 250 Smithells (1976)
Silver (Ag,0) 35 Smithells (1976)
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TableB-5
Minimum Oxygen Pressure Required to Support Self-Sustained Combustion of
Approximately 15-cm (6-in.) long, 0.32-cm (0.125-in.)-Diameter Rods Ignited at the Bottom

Threshold Pressure Next Lower
Material (MPa) (psia) Pressg; ;)eqed
Commercialy pure Ag >%8.9 >%10 000
Monel® K-500 >368.9 >310 000
Inconel® MA 754 >368.9 >210 000
Monel® 400 >368.9 >210 000
Brass 360 CDA >368.9 >310 000
Cu-2 Be >368.9 >310 000
Nickel 200 >%55.2 >28 000
Copper 102 >%55.2 >%8 000
Red Brass >8.3 >27 000
Tin Bronze >%48.3 >%7 000
Yellow Brass >38.3 >27 000
Haynes® 188 345 5000 3000
Haynes® 242 345 5000 3000
Hastelloy® C22 345 5000 1000
Hastelloy® C276 20.7 3000 1000
Inconel® 600 20.7 2500 1000
Stellite® 6 20.7 2500 1000
Inconel® 625 20.7 2500 1000
440C SS 17.2 2500 1000
MP 35N 13.8 2000 1500
Elgiloy® 13.8 2000 1500
Udimet 700 6.9 1000 500
Haynes ® G3 6.9 1000 500
Inconel® 718 6.9 1000 750
Waspaloy 6.9 1000 500
Invar® 36 <"6.9 <1 000 None
304 SS 6.9 1000 500
Colmonoy® 6.9 1000 500
17-4 PH 6.9 1000 500
303SS <"6.9 <1000 None

a

> indicates that this was the highest pressure tested and the material did not support self-sustained combustion.
The threshold pressure, if it exists, is greater than the stated value.

< indicates that no tests were conducted at lower pressures and therefore the threshold pressure is less than or
equal to the stated value.

b
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TableB-5
Minimum Oxygen Pressure Required to Support Self-Sustained Combustion of
Approximately 15-cm (6-in.) long, 0.32-cm (0.125-in.)-Diameter Rods Ignited at the Bottom

(continued)
Threshold Pressure Next Lower
Material (MPa) (psia) Press(“g;;)aed
321 SS 6.9 1000 500
Commercially pure Pb <52 <750 None
Commercially pure Be 4.1 600 500
316 SS 35 500 100
Carbon Steel A302B <"35 <"500 None
Ductile Cast Iron <"35 <"500 None
Nitronic 60 <"35 <"500 None
9% Nickel Steel <"35 <"500 None
Weldarlite 049-T851 2.1 300 250
Commercially pure Sn 14 300 200
Al-Bronze 14 250 100
AMS 6278 14 200 100
Commercially pure Fe <0.7 <100 None
Aluminum 1100 <"0.7 <100 None
AlSI 9310 0.7 100 50
Aluminum 2219 0.2 25 20
Aluminum 5058 <"0.2 <"35 None
Commercially pure Al <0.17 <50 None
Commercially pure Hf <0.17 <25 None
Zr <"0.07 <"10 None
Commercially pure Ti <0.007 <"1 None
Ti-6A1-4V <°0.007 <"1 None

a

> indicates that this was the highest pressure tested and the material did not support self-sustained combustion.
The threshold pressure, if it exists, is greater than the stated value.

< indicates that no tests were conducted at lower pressures and therefore the threshold pressure is less than or
equal to the stated value.

b
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Table B-6
Polymer Properties Realted to Ignition and Combustion

Autoignition Oxygen Heat of LOX Solubility Permeability Flame Temperature °C?
Material Temp Index Combustion Mechanical S, cm¥cm?® Q, 108 cm?, s* Pressure (psia)
(°C) (Ql) (i/9) Impact 0, am! o’ A-amb, B-3000, C-10000
FEP 77" 10467° 0/20 (98J)° 4.47 2464(A) 3439(B) 3761(C)
Polyether 3153(A) 3978(B) 4192(C)
sulphone
PEEK 35° 3155(A) 3988(B) 4206(C)
Polyethylene 22.7° 23825' 6/51 (98J)' 0.02 3145(A) 3970(B) 4185(C)
Terepthatlate
Polystyrene 17.8 41380' 20/20 (98J)° 18.94 3130(A) 3942(B) 4152(C)
Polyacetal 14.2 - 16.1' 12/20 (98J)° 0.39 3013(A) 3687(B) 3841(C)
Polycarbonate 22.5-39.7 30783 20/20 (19.5J) 1.29 3134(A) 3948(B) 4159(C)
0/20 (19.5J)
ABS 18.8 - 33.5' 35575
Polymethy! 16.7-17.7 25080' 2/2 (98J) 3008(A) 3677(B) 3830(C)
Methacrylate
Polyphenylene 533° 43° 28692° 3164(A) 3993(B) 4209(C)
Sulphide
PolyPhenylene 28-29° 20/20 (98J) 3105(A) 3891(B) 4090 (C)
Oxide
Polysulphone 32° 3194(A) 4053(B) 4279(C)
Nylon 11/12 0.03 3077(A) 3827(B) 4011(C)
Nylon 6 24° 0.03 3072(A) 3815(B) 3997(C)
Nylon 66 339" 22° 31400° 3/100 (98J)° 0.03 3118(A) 3845(B) 3897(C)
Polypropylene 231-262° 175 46050° 17/20 (98J)°
3Gordon and McBride (1971) B\Werely (1988) “Lowrie (1983)  “Information supplied by manufacturer. ®lkeda(1983) fASTM G 63 (1991)

9Bryan (1983)

"Testing performed at WSTF.
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Table B-6
Polymer Properties Realted to Ignition and Combustion (continued)

Autoignition Oxygen Heat of LOX Solubility Permeability Flame Temperature °C?
Material Temp Index Combustion (j/g) | Mechanical S, cm¥cm?® Q, 108 cm?, s* Pressure (psia)
(°C) (Ql) Impact o? am! O’ A-amb, B-3000, C-10000
HDPE 255° 485° 17.5° 46500° 30/80 (98J)° 4.18 3070(A) 3814(B) 3996(C)
30/80 (83J)
3/20 (9.8
Pine wood 19678°
Natural 39778° 0.112f 17.7' 3099(A) 3876(B) 4072(C)
Rubber
Styrene 160 0.094' 13.0' 3132(A) 2948(B) 4156(C)
Butadiene
Rubber
Silicone 460-473° 21-32° 12895-15440° 400' 2995(A) 3909(B) 4189(C)
Rubber
Polytetrafluoro 512-527° 100° 5334° 0/20 (98J)° 2543(A) 3507(B) 2831(C)
ethylene
PCTFE 384° 100° 7858-9785" 0/20 (98J) ¢ 0.07 2487(A) 3406(B) 3705(C)
(Kel-F81)
Buty! 380¢ 0.122' 1.0 3091(A) 3860(B) 4052(C)
Ethylene 25.5¢ 38460 7/20(98))" 0.13 19.0' 3083(A) 3842(B) 4029(C)
Propylene
Chloroprene 306-317" 32- 35 26737-27310° 16/20 (98J)' 0.075' 3.0 3086(A) 3865(B) 4062(C)
(Neoprene)
Nitrile or 489° 22° 34900° 2/3 (98J)° 0.068' 2.9 3097(A) 3867(B) 4060(C)
BunaN
4Gordon and McBride (1971) ® keda (1983) “Tapphorn, Shelley, and Benz (1991) 9ASTM G 63 (1991) “Lowrie (1983)
‘Blow and Hepburn (1985) 9Testing performed at WSTF. "Key (1972) 'Bryan (1983)
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TableB-6

Polymer Properties Realted to Ignition and Combustion (continued)

) Autiognition Oxygen Heat of LOX Solubility Permeability Flame Temperature °C*
Material Temp Index Combustion Mechanical S, cm¥/cm® Q, 108 cm? s* Pressure (psia) A-amb,
(°C) (ol) (i’9) Impact 0, am™ O B-3000, C-10000
Chlorosul ponate 27° 28470° 4/5 (98)J) 2.1° 3048(A) 3778(B) 3956(C)
Polyethylene 1/15 (19.5)°
(Hypalon)
Polyurethane 25-28° 31771-27214° 2.4
(foam)
Fluorinated 461-484° 56-100" 12912-18614" 3/20 (98J)° 1.2 2997(A) 3774(B) 4005(C)
Elastomer
(Viton®)
Polyimide 562" 49 26109" 0/20 (98J) 3147(A) 3965(B) 4179(C)
Vespel®
SP21 65° 25522° 0/20 (98J)°
Vespel SP21° 6071¢ 0/20 (98J)°
Rulon A
reinforced
PTFE 427° 533g¢
Rulon LD
reinforced
PTFE 7118° 0/120 (98J)°
Fluorogold
reinforced
PTFE
Fluorogreen® 10048* 0/20 (98J)'
E600
3Gordon and McBride (1971) ® keda (1983) “Blow and Hepburn (1985) 9 owrie (1983) *ASTM G 63 (1991) Key (1966)

9Bryan (1983)
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Table B-6
Polymer Properties Realted to Ignition and Combustion (continued)

Materid

Autiognition
Temp
(°C)

Oxygen
Index
QN

Heat of

Combustion (j/g)

LOX
Mechanical
Impact

Solubility
S, cm¥/cm®
02

Permeability
Q, 108 cm? st
am™ O

Flame Temperature C*
Pressure (psia)
A-amb, B-3000, C-10000

Kalrez®
Perfluoro
elastomer

Polyvinyli-
dene
chloride

Polyvinyl
chloride

Carbon

Black

Krytox®

240AC
Fluorinated
lubricant

Torlon®
Polyamide

imide
(AMOCO)
Fomblin LC
Fluorinate
Lubricant
(AUSI-
MONT)
Halar
ECTFE
ETFE
Tefzel
(DuPont)

PVdF Kynar®

429°

402°

427°

427°

100°

60°

37

35°

>100°

42

>100°

30°

43.7°

6552°

20900

20855°
32750°

3768-4187°

16329°

13710°

2/2 (98J)
0/20 (9.8J)

0/200 (98J)f

79/100 (98J) ¢

0.004

0.09

2543(A) 3506(B) 3831(C)

2908(A) 3549(B) 3707(C)

3048(A) 3798(B) 3987(C)

2428(A) 3389(B) 3702(C)

2434(A) 3370(B) 3674(C)

3215(A) 4032(B) 4239(C)

3314(A) 4178(B) 4400(C)

8Gordon and McBride (1971)

Bryan (1983)

b keda (1983)

“Fenimore and Martin (1966)

9ASTM G 63 (1991)

“Lowrie (1983)
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FigureB-l1a
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APPENDIX C

DESIGN EXAMPLES

C.1 Thisappendix expands on the concepts presented in Chapter 4, which designers must
adhere to when designing oxygen systems and components. The examples detailed below will
aid the designer in combining the use of the various design techniques to design simple, reliable,
ignition-resistant equipment. Refer to ASTM G 88 (1985) for additional design guidelines.

C.2 SAMPLE MATERIAL APPLICATIONS

Refer to Chapter 3, ASTM G 63 (1985), and ASTM G 94 (1990) for information on materials
ignition and combustion. The following information provides guidelines for the designer, but it is
not intended to supersede specific datafound in Appendix B. The materialsidentified in the
following sections are roughly in descending order of resistance to ignition and combustion in
oxygen. Components fabricated from Monel® without thin cross sections are generally safe from
ignition mechanisms. Ignition sources must be avoided when using materials known to be
flammable in the use environment.

a Metals.

Q) Monel® 400 is useful as an engineering aloy with high ignition resistance
in oxygen. It has particular advantages for welding applications, such asin
pressure vessels and piping. It is aso good for assembly housings where
weight is not a design constraint and where environmental corrosion, such
as might occur by a seashore, may preclude such metal's as aluminum.

2 Monel® K-500 is useful for high strength-to-weight ratios (specific
strengths). Monel® K-500 is more expensive than Monel® 400, but it also
has improved physical properties that make it a good choice. This material
is excellent where relatively high hardness is required, such as bearing
load retention and improved galling resistance. Another good application
for Monel® K-500 is on valve and piston shafts.

Note: Monel® K-500 should not be welded for most applications.

3 Bronze has been shown to be an excellent material for sintered filter
elements.’ It may also be used for valve bodies and other components
where material strength is not a prime design criterion.

'Recent tests on initability of filter materials at WSTF.
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(4)

(5)

(6)

(")

(8)

(9)

(10)

Beryllium-copper may be used for springs and other applications where
high strength and the ignition resistance of copper-based alloysis desired.
Inconel® X-750 may be used for high-strength springs, Inconel® 600 for
low-strength springs, and MP-35N and Elgiloy® for very high-strength
springs and high spring rates. Ignition resistance and high-temperature
properties of these materials vary.

Inconel® 625 is useful for very high-temperature applications where
welded materials are required. In essence, it may be used as a high-
temperature replacement for Monel® 400, keeping in mind that material
strength is reduced and flammability and ignition susceptibility is
increased.

Hastelloy® C-22 and C-276 are Ni-Cr-Mo alloys that can withstand high-
temperature oxidizing environments up to 1090 °C (2000 °F). They are
also resistant to mineral acids, solvents, wet and dry chlorine, or
hydroflouric acids. However, in high-pressure oxygen environments these
alloys have flammable traits similar to Inconel® 625. C-22 dloy,
however, is known to be markedly less flammable than C-276. Both of
these alloys are available in cast, wrought, and forged configurations.

300 series stainless steel isavery common material for valves, tubing,
vessels, and fittings. If used in situations where the ignition mechanisms
are minimized or eliminated, it provides an effective and relatively low-
cost material choice.

Inconel® 718 is useful for very high-temperature applications where high
specific strengths are required and welding is permitted. Because it can be
heat-treated to enhance mechanical properties, Inconel® 718 may replace
Inconel® 625; however, flammability and ignition susceptibility is
increased.

Galling potential increases with materials of similar chemical composition
and hardnesses. If an all-Monel® valve is required, then screw threads
should have one mating part made of annealed Monel® 400 and the other
of age-hardened Monel® K-500 to achieve alarge difference in hardnesses
and some difference in chemical composition. Using an annealed 300
series stainless steel mated with age-hardened Monel® K-500 would
further reduce galling potential because of the increased disparity in
chemical compositions.

Aluminum alloys are highly susceptible to ignition and combustion in
oxygen, but because of their lightweight, designers are tempted to use
aluminum in spite of the ignition hazards. An anodizing surface
preparation should be used for aluminum parts subject to conditions that
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may generate particulate or be subjected to particle impacts (Bahk et al.
1992). Examples include bends or restrictions in aluminum flow lines,
valve bodies, and piston housings.

Polymers.

In general, al polymers are flammable in 100-percent oxygen; therefore, care
must be taken to minimize or eliminate ignition sources. The materials listed
below appear roughly in descending order of preference.
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Teflon® is the most compatible soft good in terms of ignition resistance in
oxygen-enriched environments. For this reason, it is preferred for awide
variety of seals and miscellaneous components. Teflon® does not have any
appreciable resilience, which isavery desirable property for seal
materials. Because of this, the designer must ensure that “cold flow” of
Teflon® can be tolerated for long-term mechanical loading, pressure-
induced loading, and thermal cycling. Additionally, the designer must
avoid situations where extrusion creates fine Teflon® particles that can
promote combustion of other components. The designer must also avoid
seal |eakage that could create an oxygen-enriched environment around
pressurized components and/or high-velocity flow, which could create
particle impact ignition hazards. Teflon® may also be used as a solid
lubricant coating on rubbing surfaces, but it will create contamination as
the equipment is operated. Designers should be aware that fillers may
adversely affect ignition and combustion effects of Teflon®.

Kalrez®/Chemraz® may replace Viton® or silicone when applications call
for an®el astomer at lower and/or higher operating temperatures than
Viton™.

Kel-F® isafluorinated material that may sometimes be substituted for
Teflon® because of itsincreased rigidity and a slight resiliency. However,
Vespel® is usualy preferred over Kel-F® in applications where material
strength is important.

Viton® is the most recommended elastomer for oxygen usage. Unlike
Teflon®, it has “ shape memory,” which allows it to withstand various
loads and still return to its original shape. Because of this property, Viton®
may be preferred over Teflon® for certain applications, even though it has
reduced ignition resistance.

Vespels®, especially Vespel ®SP-21, are excellent choices for bearings,

bushings, valve seats, and seals. These materials have good ignition
resistance, lubricity, machinability, and creep resistance.
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Silicone is acommon material for seals and diaphragms when ductility
and low hardness are required to provide excellent sealing ability at low
operating temperatures (not cryogenic) and moderate pressures. However,
silicone is not amaterial of choice for oxygen service because of itslow
ignition threshold in oxygen-enriched environments and its high heat of
combustion. Therefore, if silicone is used, the designer must ensure that all
ignition sources are eliminated. Fluorosilicone is not recommended in
place of standard silicone, because the mechanical properties are not
enhanced, ignition/flammability characteristics are similar to silicone, and
possible health risks from combustion byproducts are increased.

Adhesives and bonding agents should be avoided because of their high
reactivity with oxygen.

Composites.

Polymeric composites may have increased mechanical or physical properties over
standard materials. A simple example of thisis glass fiber-filled Teflon®. The
enhanced properties are desirable, but the disadvantage is that the matrix material
and often the sizings are more flammable in oxygen. When attempting to use any
composites, complete ignition sensitivity testing must be performed.

Ceramics and Glass.

D
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Ceramics are not generally flammable in oxygen, so they can serve as
effective thermal and electrical insulators. However, although they may
not burn, they may be severely degraded by contact with molten metal
slag, and their ability to act as afire stop or an insulator may be
compromised. Care should also be taken in their use, because they are
typically brittle and susceptible to fracture from manufacturing-induced
defects and impact loading. High safety factors and compressive loading
are design requirements.

Glasses may be used for many applications including pressure vessel
windows and valve seals. Pressure vessel codes generally require glass-
retaining pressure differentials to have safety factors of ten or greater.
Specia design features must also be incorporated per ASME (1987).
Sapphire glassis often used for windows as well asfor valve ball seals
where they mate against seats.
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C.3 GENERAL DESIGN REQUIREMENTS

The key to successful designsis to integrate the concepts presented in Chapter 4. Several
potential hazards can be reduced or eliminated by judicious design. Additionally, it iswise to
spend time at the initial design stage to ssmplify designs. By simplifying, potential failure points
and ignition sources can be eliminated, parts can often be made sturdier and more ignition-
resistant, and flow paths can be made straighter.

The following gives some examples of how to apply the concepts in Chapter 4 to real systemsto
avoid specific problems.

a

Particle Impact.

Anideal design to eliminate particle impact ignition sources would limit fluid
velocities, minimize contamination, reduce the potential for particle impacts on
blunt surfaces, and avoid burrs and small parts susceptible to kindling chain
ignition and combustion. In a best-case example, flow would approximate clean,
low-velocity flow through a straight section of tubing. A worst-case example of
how not to design for particle impact ignitions may be found in Figure C-1, which
illustrates several design problems.

Q) The blunt drill point at the end of the horizontal hole could provide a place
for impact to occur, thus resulting in ignition of metallic particles
entrapped in the flow stream. The drill point islocated immediately
downstream from the maximum (near sonic) fluid velocity.

2 The drill point allows particles to concentrate at the ignition site, thereby
increasing the chance of ignition.

3 The sharp edge at the intersection of the drilled holes provides a site for
ignited particles to promote combustion, which could in turn promote the
combustion of the bulkier portion of the housing.

Pneumatic | mpact.

Soft goods must be protected from ignition sources, because they are more easily
ignited than metals. An ideal example of a design to eliminate pneumatic impact
ignitions would limit pressurization through the use of “dow” actuators or flow
restricters. It would avoid manifold designs that allow fluid hammer Situations to
occur during flow transient situations. Additionaly, any small, drilled holes or
crevicesthat are difficult to clean can accumulate nonmetallic contaminants, which
can be easily ignited from compressive heating or resonant fluid vibrations. Similarly,
soft goods exposed to these heat sources can aso beignited, so al O-rings, sedls,

and valve seats must be protected from the fluid flow by metallic parts wherever
practical. Figure C-2 illustrates soft goods that are minimized and protected
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from the flow by metallic parts. As shown, there is atortuous flow path which
reduces the pressurization rate and compressive heating of the seals.

M echanical Impact.

Any situation where mechanical components can impact against each other should
be avoided. Examples of situations where this can occur are relief valves, shut-off
valves, and regulators. Spring-loaded seats in these devices react against fluid
pressures, and, during transient flow situations, the seal and seat can impact
against each other caused by the imposed force imbalances. Refer to Figure C-3,
which demonstrates a place where mechanical impact could occur.

Frictional Heating.

Rotational or trandational sliding contact between two parts has the potential to
generate enough heat to ignite parts at the interface. Common configurations
where this situation can occur is with bearings and pistons. Any contamination,
such as lubrication or particulate generated by seal wear, near the heated region
can also be ignited. Frictional heating hazards can be reduced by careful control
of surface finishes, coefficients of friction, alignment, and flow-induced cooling.
Rubbing of metallic parts should be avoided unless the design has been carefully
analyzed.

Frictional heating has also been found to ignite materialsin cryogenic
applications. The frictional heat can vaporize the LOX and form a vapor-rich fluid
surrounding the heat source. Once this occurs, the ignition and combustion
situation resembles that of a GOX situation. The force imbalances across the
valve seat configuration shown in Figure C-2 could create friction when closing
the valve stem.

Electrical Arcing.

Electrical arcsin oxygen-enriched environments can lead to heating and
subsequent ignition. An example of good design practice is found in Figure C-4,
which demonstrates the proper method to insulate electrical components and
reduce the possibility of arcing. Arcing can rapidly heat wire insulation, creating
fuel and heating in the presence of oxygen and causing ignition.

Eliminate Burrs and Sharp Edges.

Although the elimination of burrs and sharp edges should be the goal of all
designers and machine shops, this becomes especially important in oxygen
systems where small, thin portions of metal can become the site for kindling
chain combustion. If an ignition source such as particle impact is able to
ignite a burr, this may promote the combustion of the bulkier material
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surrounding it, which would otherwise have been substantially more difficult to
ignite (Figure C-5).

Minimize Use-Generated Particul ate.

Threaded connections can generate contaminants in oxygen systems as they are
engaged and tightened (Figure C-6a). This problem can be eliminated by
redesigning the threaded members so the smooth portion of the plug interfaces
with the seal before the threads engage (Figure C-6b). However, this solution
involves rotating a part against its seal and may cause seal damage. Alternatively,
the in-line threaded connection can be replaced with a flanged and bolted
connection in which the threaded portions are outside the fluid stream (Figure C-
6¢). The function of the threaded connection can also be performed by a separate
locking nut and sealing plug; the locking nut is inserted after the sealing plug has
been pushed into the seal (Figure C-6d). A fifth optionisto install abarrier ring to
block the particul ate (Figure C-6€).

Avoid Rotating Vave Stems.

A manual, screw-type valve with arotating stem (Figure C-7a) might seem
desirable in a high-pressure oxygen system because such avalve can provide a
slow actuation rate. However, a rotating-stem valve presents contamination
problems. A nonmetallic seat can easily be damaged by excessive closing torque,
shredding, or gas erosion during opening and closing. Furthermore, solid
contaminants can become embedded in soft seat material. If the seat is made of
metal, it must be hardened to prevent galling when the valve stem rotates against
the seat. Such hardened materials can fracture or even fragment as a result of
excessive closing torque or closure onto hard contaminants such as silica.

A manual valve with a nonrotating stem (Figure C-7b) and a metallic seat can be
used to achieve the desired slow actuation rate. In this case, the metal seat can be
made of a much softer material and the seat can be formed by “coining” (pressure
molding by the stem itself to create a perfect match). Contaminants will not cause
fragmentation of such aseat. Galling cannot occur unless the nonrotating feature
is compromised (therefore, care should be exercised when cleaning). The seat and
body of such avalve can be fabricated from many metals that are comparatively
unreactive with oxygen.

Eliminate Blind Passages and Crevices.

A stagnant area at the end of a drilled passage tends to collect debris either
from manufacture or from normal use. During rapid pressurization of GOX
and its attendant compression heating, the debris becomes fuel for ignition.
When an underexpanded jet impinges on (or flows across) a stagnant cavity, a
periodic pressure wave may be formed that oscillates in the cavity, heating the
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gaswithin it (cavity resonance). If particles are present in regions of rapid gas
flow, they can impact the end of the passage and cause ignition of the component;
drill points can collect particulate at their center and significantly increase the
chance of ignition. Blind passages and dead-end cavities also increase cleaning
difficulty, requiring that the part be turned during soaking to eliminate air pockets.
Specia nozzles or extensions must be used to flush such areas. Figure C-8a
depicts ablind passage created by plugging adrilled passage. Figure C-8b depicts
adead-end cavity created by overdrilling an intersecting passage.

GOX components should be designed so that ajet will not impinge on or flow
across a stagnant cavity. Jets should be gradually expanded and stagnant cavities
should be eliminated or kept as shallow as possible. In Figure C-8a, the blind
passage could be eliminated by making the counterbore for the plug much deeper
and installing the plug closer to the regulator stem. The cavity may not be
completely eliminated, but the total dead volume would be significantly reduced.
The cavity shown in Figure C-8b can be eliminated by paying careful attention to
dimensions and tolerances or, preferably, by redesigning to eliminate the
intersecting holes. If particle impact ignition is a concern, the drill point should be
eliminated as part of the redesign. Inspection with a borescope can be conducted
to verify that passageway lengths are within tolerance.

Prevent Rotation of Seals and Rotation Against Seats.

Sealed parts that require rotation at assembly (such as O-rings on threaded shafts)
can generate particles which may migrate into the flow stream (Figure C-9a).
Particulate generation also occurs in ball valves where aball is rotated on a
nonmetallic seat.

A related phenomenon, which may be described as “feathering,” occurs when
valve stems are rotated against some nonmetallic seats such as Kel-F®. Because of
the mechanical properties of some nonmetallic materials, athin, feather-like
projection of material is extruded from the seat. The feathered feature is more
ignitable than the seat itself.

Instead of rotating, the sealed part can be designed as a push-in plug locked in
place by a second part that is threaded but not sealed, as shown in Figure C-9b.
Alternately, the sealed threads can be replaced with a flanged and bolted
connection. Kel-F® and other nonmetallic materials subject to feathering should
not be used for seals and seats in rotating configurations. Ball valves are not
recommended for oxygen systems because of their tendency to generate
particulate and their quick opening times. The quick opening times lead to rapid
pressurization of downstream cavities, creating rapid heating of soft goods and
increasing the risk of polymer ignition and combustion.
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Eliminate Thin Walls.

The walls between inner cavities or passageways and the outer surface of
component housings may become so thin that stress concentrations result when
pressure is introduced. Because geometries both inside and outside can be
complex, it may not be obvious from drawings or even from direct inspection that
such thin, highly stressed areas exist. If such walls become too thin, they may
rupture under pressure loading. The energy released by the rupture can raise the
temperature in the rupture zone. The failed section can expose bare, jagged metal
that can oxidize rapidly and may heat enough to ignite and burn. Figure C-10
illustrates a thin-wall condition.

Thethinwall in Figure C-10 is primarily the result of an overdrill caused by
careless design or an overtolerance. The dimensions of adrilled intersection
should be planned more carefully or the tolerances set more tightly. It may even
be possible to eliminate the intersection atogether (the most desirable solution) as
shown in Figure C-6b or C-6¢, although analysis must still be performed to ensure
that all sharp edges and thin walls are avoided. All intersections should be
examined by X-ray or borescope to ensure that the drilling was acceptable.

A solution to this problem isto perform dimensional tolerance studies and to
create CAD models of the component in question. An indication of thin walls
should prompt a stress analysis of the local area to determine whether a problem
actually exists. Dimensions and tolerances called out on the manufacturing
drawing should then be tight enough to preclude stress concentrations.

Cold Flow and Extrusion of Seals.

This effect can often be minimized by using springs to provide an external shape

memory for the seal, by reinforcing the materials with various types of fibers, and
by supporting the seals with stiff back-up rings. Seal extrusion can be avoided by
minimizing pressure and thermal reversal cycles.

RISK OPTIMIZATION

In real design situations, the designer will often face risk optimization. Many times, task
constraints dictate the use of specific materials, hardware, or features. When these
features introduce new ignition hazards, the hazards must remain minimal. Often, the
designer will be able to minimize risks by adding filters, reducing pressurization rates, or
ensuring that the best (and possibly more expensive) materials are incorporated into the
design. It is beyond the scope of this document to describe all possible compromises for
risk optimization; the designer must assess each situation separately.
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FigureC-1
Design Highly Susceptible to Particle Impact Ignition

Particles entrained in the flow stream are accel erated through the orifice and impact a
blunt surface downstream. On impact, the particles are at near-sonic velocity and the
kinetic energy is efficiently converted to heat. The drill point exaggerates the problem by
concentrating the heat from multiple burning particles, and the sharp edge from the
intersection of drilled holes alows kindling chain promoted combustion.
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Volve Stem Actuator Fitting
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FigureC-2
Design Showing Minimization of Soft Good Exposure to
Pneumatic Impact Ignition

This configuration shows the soft goods removed from the region of maximum
pneumatic impact heating where the fluid momentum is stopped. All soft goods have
restricted flow paths from this region, greatly reducing fluid heating of soft goods.
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Valve Stem Actuator Fitting
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FigureC-3
Design Susceptible to Mechanical Impact Ignition

Spring-loaded valve seals can be exposed to transient flow conditions that cause rapid
valve stem throttling as fluid dynamic pressures and mechanical forcesvary. Valve stem
throttling can, through single or multiple impacts, provide sufficient heating for ignition.
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Design Minimizing Electrical Arcing

Ignitions caused by electrical malfunction can be prevented by using double-insulated
heater wire with adifferential current sensor and a temperature sensor to monitor off-
limit operating conditions.
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FigureC-5
Design With Sharp Edges

Insufficient drill-point penetration in the drilled hole creates a sharp edge at the intersection of
the bore and drilled holein Figure C-5a. As shown in Figure C-5b, this situation can easily be
eliminated by extending the drill-point penetration. This configuration will be much less
susceptible to several ignition mechanisms.
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Figure C-6

Designs Showing Various Fitting and Particulate Generation Configurations

Figure C-6a shows how particul ate can easily be generated during fitting assembly. The
configuration will allow particles to be created while threading parts together to be
released into oxygen-wetted regions. A build-up of particles can cause particle impact
ignitions. Figures C-6 (b) through (