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Proposed Amendments to Manual on 

Fire Hazards in Oxygen-Enriched Atmospheres 

NFPA No. 53M ~ 1 9 6 9  

?. Revise the fifih paragraph oaf Section 10 by changing " N F P A N o .  565" 
to "NFPA No. 56F." 

2. Revise the sixth paragraph oaf Section ?0 as follows: 

Current coverage of the fire hazards of oxygen-enriched at- 
mospheres is contained in NFPA No. 56B, Standard.for Respiratory 
Therapy; NFPA No. 56D, Standard .for Hyperbaric Facilities; and 
NFPA No. 56E, Standard for Hypobaric Facilities. NFPA No. 56B 
applies to medical applications. Nos. 56D and 561:. embrace other 
applications as well as medical applications. 

3. Delete the existing last paragraph of Section 70. 

4. Revise the Gloss~y as afollows: 

(a) Delete ANESTHESXA, INHALATION. 

(b) Delete AMESTHESXA, REGIONAL OR LOCAL. 

(c) Add definition as follows: 

ACTIVA~ON EsvaO',' - -  the minimum energy which colliding 
fuel and oxygen molecules must possess to permit chemical inter- 
action. 

(d) Revise COaBUSTIOn as follows: 

COMBUSTION m a complex sequence of chemical reactions between 
a fuel and an oxidant accompanied by the evolution of heat and, 
usually, by the emission of light. 

(e) Add definition as JoUows: 
HYPERBARIC - -  pressure greater than ambient. 

(f) Add definition as foUows: 
HYPOBARIG - -  pressure less than ambient. 

(g) Revise OXYGEN-ENRICHED ATMOSPHERE as follows: 
OXYGEN-ENRICHED ATMOSPHERE (OEA) - -  an atmosphere in 

which the concentration of oxygen exceeds 21 percent by volume 
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or the partial pressure of oxygen exceeds 160 tort (millimeters of 
mercury), or both. 

(h) Revise PaxssugE by adding "Pascal or" between " the"  and 
"newton" in tht third line and add " - 101,325 Pascals" at the end of 
the listing o~ equivalents. 

5. Revise 211 as foUows: 

211. The degree of fire hazard of an oxygen-enriched atmosphere 
varies with the concentration of oxygen present, the diluent gas 
and the total pressure. An oxygen-enriched atmosphere is defined 
as any atmosphere in which the concentration of oxygen exceeds 
21 percent by volume or the partial pressure of oxygen exceeds 
160 torr (millimeters of mercury), or both. In most commonly en- 
countered oxygen-enriched atmospheres an increased fire hazard is 
produced by the increased partial pressure of oxygen (as, for example., 
in an atmosphere of compressed air) or by the absence of the diluting 
effect of an inert gas (as, for example, in pure oxygen, at a pressure 
of one-fifth atmosphere). An oxygen-enriched atmosphere does not, 
however, by definition produce an increased fire hazard. Certain 
oxygen-enriched atmospheres may exhibit similar combustion sup- 
porting properties as ambient air while others are incapable of sup- 
porting the combustion of normally flammable materials at all, 
i.e., a decreased fire hazard, the latter case may frequently arise 
under hyperbaric conditions when the volumetric percentage of 
oxygen is significantly reduced in a nitrogen or helium mixture 
even though the partial pressure of oxygen is equal to or greater 
than 160 torr (as, for example, a 4% oxygen mixture in nitrogen or 
helium at a total pressure of 12 atmospheres will not support the 
combustion of paper even though the partial pressure of oxygen is 
365 torr). A similar condition, i.e., reduced fire hazard, may exist 
at very low hypobaric pressure even though the volumetric per- 
centage of oxygen is significantly high. 

6. Add a new 2111 as follows: 

2111. Figures 2-1 and 2-2 depict three combustii~n zones for 
vertical filter paper strips in hyperbaric mixtures of oxygen-nitrogen 
and oxygen-helium respectively. Those combinations of oxygen 
concentration and total pressure lying above the 0.21 atm. oxygen 
partial pressure isobar (lower dashed line) are, by definition, oxygen- 
enriched atmospheres but they may be located in any of three zones; 
noncombustion, incomplete combustion or complete con0bustion. 

7. Add a new Figure 2-I as follows: 
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Fig. 2-1. Illustration of varying degrees of combustion in an oxygen-nitrogen OEA 
(See 2 1 1 1 ).t 

NOTE: Complete Combustion: The  filter paper  strip burns completely. In- 
complete Combustion: The  filter paper, stri.'p .burns for a length greater  than  
one cent imeter  from a resistance wire :grater, but  the flame extinguishes 
itself before the strip is completely consumed. Slight Combustion: The  filter 
paper  str ip flames or smolders but does not  burn more  than one cent imeter  
from the resistance wire igniter. No combustion: No ignition. 
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8. Add a new Figure 2-2 asJol/ows: 
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Fig. 2-2. Illustration of varying degrees of combustion In an oxygen-helium OEA 
(See 21 ! 1 ).t 

NOTE: Complete Combustion: T h e  filter paper  strip burns completely. In- 
complet~ Combustion: T h e  filter paper  strip burns for a length greater  than  one 
cent imeter  from a resistance wire igniter, but  the flame extinguishes it- 
self before the strip is completely comumed .  Slight Combustion: T h e  filter 
paper  strip flames or smolders but  does not  burn  more  than one centimeter  
from the resistance wire igniter. No combustion: No ignition. 

9. Delete existing 213. 

10. Renumber existing 2133 as 213. 

11. Revise 2131 as foUows: 

2131. Most common texdle materials, including clothing," 
which become contaminated with oxygen, are susceptible to rapid 
combustion. Certain specialized materials, such as glass fabric, 
are not susceptible to combustion in oxygen-enriched atmospheres. 
Other special materials burn less rapidly than c o m m o n  textiles in 
oxygen-enriched atmospheres (see Chapter 5). 

12. Editorial~ correct 221 by changing " N F P A  No. 566" to "NFPA 
No.  50." 
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?3. Editorially correct the fiJth sentence oJ 230 as Jollows: 

Such incidents have been drastically reduced through wide- 
spread adherence to the provisions of NFPA No. 56A, Standard 
for the Use of Inhalation Anesthetics. 

14. Editorially correct the last sentence of 231 as follows: 

The NFPA, recognizing the potential hazards of oxygen-en- 
riched atmospheres created by such use, has published NFPA No. 
56F, Nonflammable Medical Gas Systems, and NFPA No. 56B, 
Respiratory Therapy. 

7s Editorially correct the last sentence of 233 as follows: 

The NFPA has published NFPA No. 56D, Standard for Hyper- 
baric Facilities. 

t6. Editorially correct 240 by adding "Gas"  between "Fuel"  
"Systems" in the sixth line. 

17. Delete "unintentionally" in the second line of 280. 

and 

18. Add the following at the end of Chapter 2. 

References  to Chapter  2 

tDorr, V. A., "Fire Studies in Oxygen-enriched Atmospheres," J. Fire and 
Flammability, Vol. l, 1970, pp. 91-106. 

19. Delete 373. 

20. Revise 32 as follows: 

'32.  Uti l izat ion of  OEA.  

21. Revise 3200 as follows: 

3200. A truck with 3,800 gallons of liquid oxygen was being 
~nloaded into a 250,000 cu. ft. storage tank. A leak in the hose re- 
[cased oxygen. Firemen found the truck tires . . . remainder un- 
:hanged. 

22. Change loss flgure at end of 3201from $1,000,000 to $d,500,000. 

~,3. Revise last sentence oJ 3203 as follows: 

The  oxidizable material might have been glycerine which was 
Jsed for lubricating the pump. 
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24. Delete 3205 and renumber 3206 and 3207 as 3205 and 3206. 

25. Revise 3206 (old 3207) as Jollows: 

3206. Due, probably, to excess wear on Teflon rider rings on 
a compressor piston rod, lubricating oil escaped into an oxygen 
cylinder, where ignition occurred. Steel and brass parts . . . re. 
mainder unchanged. 

26. Delete 3212 and 3213 and renumber 3214 as 3212. 

2Z Delete 3215 and renumber 3216 and 3217 as 3213 and 3214. 

28. Add a .Note to 3213 (old 3216) asJollows: 

NOTE: Other weft-documented cases suggest that shock, friction or com- 
pression heatin[[ from the sudden opening of a high pressure oxygen valve 
can cause igniuon of valve or regulator components without intervention 
of foreign combustibles. 

29. Relocate 3300  as 32?5. 

30. Delete 3220 and renumber 3221 as 3220. 

31. Delete 3222 and renumber 3223 and 3224 as 322? and 3222. 

32. Relocate 33?0, 3371, 3312 and 3313 as 3223, 3224, 3225 and 3226. 

33. Revise 3252 as follows: 

3252. A fire in the Two Man Space Environment Simulator 
at Brooks Air Force Base, Texas, occurred on 31 January  1967. 
An animal experiment underway in the chamber involved investi- 
gation of the hematopoietic effects of exposure to 100~ oxygen. 
Environmental conditions in the chamber at the time of the fire 
were approximately 100 percent oxygen at 380 mm. Hhg (7.35 psia). 
The simulator was built and equipped with materials of low com- 
bustibility but large quantities of paper, organic litter and other 
highly combustible materials were brought into the chamber for 
use in animal experiments. The chamber occupants were wearing 
combustible clothing. A portable electric light with an ordinary 
two-wire cord had been brought into the chamber. Shorting of 
this cord on the metal floor of the chamber is believed to have 
been the ignition source. The animals' fur caught fire and their 
movement helped to spread the fire. The two airmen occupants 
�9 . . remainder unchanged. 
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3{I. Revise 325d asJollows: 

3254. During a space-cabin experiment performed at an alti- 
lude of 33,000 feet (3.8 psia) with 96 percent oxygen, a power tube 
In the T V  cabin monitor overheated. The "resin" base of the tube 
Ignited and hot plastic dripped out of the chassis onto coolant lines 
passing beneath. These coolant fines were covered with insulation 
of as y e t . . ,  remainder unchanged. 

35. Revise 3255 asJoUows: 

3255. The same chamber  under the same atmosphere condi- 
llons described in 3254 was b e i n g . . ,  remainder unchanged. 

36. Revise 3256 asJollows: 

3256. An accident occurred in a chamber  with an internal 
atmosphere of 100 percent oxygen at 5 psi. Four men in the chamber  
were taking part  in experiments. 

A fight bulb in the ceiling fixture burned out. One man climbed 
up to replace the bulb. After the bulb was replaced, he heard a 
"sound like the arcing of a short circuit." A small flame (about 

inch long) was seen coming from an insulated wire in the fixture. 
The composition of this insulation is still not known. The  subject 
requested water but was told to snuff the fire out with a towel. 
The towel caught on fire and blazed so vigorously that it set the 
man's clothing afire. An "asbestos fire blanket" was used to snuff 
out the clothing fire, but it too burst into flames. The  asbestos 
blanket reportedly had an organic failer or coating which "kept  the 
asbestos from flaking off." The  clothing of the other subjects who 
were using the blanket also caught on fire. Altogether four men 
received second-degree burns. Carbon dioxide was used to extin- 

g uish the fire after evacuation of personnel from the chamber.  
t was felt that the blanket and towel had been "saturated with 

oxygen for 17 days and burned much more vigorously than would 
be expected under sea level conditions." 

Noa'B: Long storage in oxygen does not significantly enhance the com- 
bustibility of textile materials. (See Reference 9, Chapter 5.) 

An interesting aspect of this case is the fact that burning insula- 
ion dripped from the light fixture onto a bunk. One crewman 
tied to snuff out the resulting fire, and "his skin caught  on fire." 
['he burns on his hands were "severe" and necessitated treatment 
or 11 or 12 days in the hospital. The cabin was being continuously 
'ented and no analysis of the vapors was being performed at the 
ime of the accident. 
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NOTE: . . . . .  Laboratory experiments suggest that human skin is difficult to i8- 
rote m low pressure oxygen. ~ It wdlburn readnly, however, m the presence of 
other more easily ignitable combustibles, such as grease or molten plasti~ 
.which can act as localized ignition sources. 

37. Add a new 3258 asJollows: 

3258. During the launch preparation of an Apollo spacecrafl, 
liquid oxygen was flowed through portions of the pumping systel|~ 
and discharged into a drainage ditch approximately 40 feet wide 
and 5 feet deep. The purpose of this operation was to preco0~ 
the pumps and piping in the LOX Storage Area preparatory [0 
vehicle L O X  loading. 

Shortly after precooling was completed, two security cars ar 
rived in the area having completed their final security check of the 
area. The driver of the first car drove his vehicle about 10 feel 
past the gate, turned the engine off, got out, and walked back to 
stand beside the second car, which the driver had moved forward to 
the middle of the gate. The driver of the second car noted that hi0 
engine went dead when he came to a stop; he therefore turned oil' 
the ignition key and remained in his seat. A third security car 
driver arrived about 6 minutes later and parked about 10 feet be. 
hind the second car. His engine also died as the vehicle came to a 
stop. He remained in the car. At that time, the driver of the second 
car turned his ignition on. A distinct "pop"  was heard, smoke 
began issuing from the hood, followed by flames shortly thereafter, 
The driver of the first car ran to move his vehicle away from the 
flames; however, on reaching it he noted a distinct glow under the 
front of the car and concluded that it was already on fire. (It was 
not fully daylight at this time.) The third car burst into flames at 
about the same time. 

Statements by the drivers indicate that when they first arrived 
at the gate there was little fog visible. However, by the time the 
fires had started, the fog had increased to a dense layer of about 
3- to 4-feet deep. 

Several measurements of oxygen concentration in the area 
were made by Safety personnel 30 minutes to an hour after the fire, 
using a portable oxygen analyzer. The results indicated a concen- 
tration of approximately 75% to 100% just inside the cloud; how- 
ever, the concentration dropped to normal (21%) just outside the 
visible edge of the cloud. 

The fog persisted for over 2 hours. Weather conditions were 
calm with winds ranging from 0 to 4 mph at ground level. A marked 
temperature inversion was recorded and some natural ground fog 
was noted. 

The mechanisms whereby the fires were ignited were probably 
complex, and at least two different mechanisms appear to have 
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been involved. Discussions with automotive engineers indicate that 
r quantities of gasoline vapor from the carburetors and fuel 
pumps are vented under the hoods of most cars. Other  combustibles 
present included oil and greas6 on the external surfaces of the en- 
I|ines, and small quantities of hydrogen from the batteries. Vapors 
are continuously swept from the engine compartment and there- 
['ore probably do not reach hazardous concentrations while the 
vehicle is moving and the fan is in operation. After engine shutoff, 
however, vapors tend to accumulate. The amount of gasoline re- 
quired to provide a combustible mixture throughout the engine 
eompartment would be approximately one-half cup. However, 
61nee the vapors probably form largely at one or two points (the 
carburetor and/or  the fuel pump) and expand in all directions from 
those points, the amount  required to provide a flammable mixture 
In the area of the exhaust manifold would be only a few grams. 

Information from several sources indicates that outer surfaces 
of the exhaust manifold commonly reach temperatures in excess of 
600~ during operation. Sparking of relays and brushes is normal 
during startup and operation. These considerations suggest that 
even in a normal environment there exists a definite potential for 
Ignition to occur. (In fact, such instances are not rare. Seven 
vehicle fires per month have been reported in a city of approxi- 
mately 45,000). Any increase in the oxygen concentration in the 
eavironment results in an increased potential for ignition. Thus, 
the minimum spark energy required for ignition, the flashpoint, 
and the autoignition temperature are all decreased substantially. 
The fuel concentration corresponding to the upper flammability 
limit is increased; however, this may not be significant. The lower 
Ilammability limit is not appreciably affected, but the flame propa- 
gation rate is increased. 

In the case in question, it appears that a flammable mixture of 
oxygen and hydrocarbons accumulated under the hoods of the 
three ears while they were parked with the engines off. In the 
ease of the second car, this mixture was probably ignited by a 
spark which resulted from turning on the ignition key. In the 
ease of the other two cars, ignition probably took place spon- 
taneously when the concentration of the oxygen/hydrocarbon 
mixture in contact with the hot surface of the exhaust manifold 
reached some critical value. The fact that all three cars underwent 
similar phenomena rules out the possibility of a freak accident. 

38. Add a new 3259 asJollows: 

3259. A fire in a decompression chamber, resulting in the death 
of the diver, was apparendy caused by ignition of a cotton shirt 
hung around a light bulb to cut down the amount of light. The 
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chamber  pressure was at an equivalent depth of 30 feet with 2( 
to 28% oxygen and the balance nitrogen. Oxygen had been usr 
during the decompression period by means of an open loop masl 
system. The  chamber had been ventilated during the use of oxygen 
but the precise amount  of oxygen enrichment was unknown. 

Flammables in the chamber  included cellulose, rubber,  clothea 
bunk, and sneakers. All flammables were involved in a few second 
after ignition. 

39. Relocate and renumber 3320 and 3321 as 3266 and 3267. 

40. Renumber 333 as 33 and 3330, 3331, and 3332 as 330, 331 and 33 

41. Add the following at the end of Chapter 3: 

References to Chapter 3 

IDurfee, Robert L., "The Flammability of Skin and Hair in Oxygen-E 
riched Atmospheres," SAM-TRo68-130, December, 1968. 

42. Revise Chapter 4 as:follows: 
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Chapter 4. Fundamentals of Ignition and Combustion 
in Oxygen-Enriched Atmospheres 

41. General. 

410. Although considerable technical knowledge exists on the 
ignition, flammability, and flame propagation characteristics of 
various combustible materials (solids, liquids and gases), this tech- 
nical knowledge is inadequate in many instances. Thus valid 
predictions of the probability of fire initiation or of the consequences 
of such initiation even under normal atmospheric conditions are 
difficult to make. Most of the exact knowledge relates to premixed 
gaseous fuel-oxidant combinations because of obvious advantages 
of conducting controlled experiments. Unfortunately, most un- 
wanted fires occur under non-premixed conditions. The investiga- 
llon of the ignition and combustion properties of solid and liquid 
combustibles is more complex due to the heterogeneity of the re- 
action mechanisms involved. Thus, much of the available infor- 
mation on the fire properties of the latter type materials has evolved 
empirically with the specific data reported exhibiting a high degree 
of test method dependency. 

411. The application of this knowledge to the assessment of the 
fire problem in oxygen-enriched atmospheres (PEA) presently is 
largely qualitative, but generally P E A  can be considered more 
hazardous than normal atmospheric conditions. The general prop- 
erties of oxygen-enriched atmospheres will be reviewed and the 
fundamental aspects of the ignition and combustion properties of 
gaseous, liquid and solid materials in such atmospheres will be 

�9 discussed within these limitations. 

42. Properties of Atmospheres. 

420. The  chemical composition of oxygen-enriched atmospheres 
can be very different from that of air. Nitrogen makes up slightly 
more than 78 percent of dry air by volume. Oxygen contributes 
approximately 21 volume percent. The other 1 percent is almost 
entirely argon with very small amounts of other gases, such as car- 
I)on dioxide, neon, helium, krypton, xenon, nitrous oxide, methane, 
ozone and hydrogen. All or only certain of these constituents may 
be found in the various oxygen-enriched atmospheres under con- 
sideration. The specific properties of these constituents are indi- 
cated in Table 4-1. 

421. In addition to the specific chemical composition of the par- 
licular atmospheres, pressure, temperature and volume have a 
significant bearing on the environment's fire hazard. For an 



Table 4-1 
Properties of Standard and Oxygen-Enriched Atmosphere Constituents 

Molecular Molecular Wt. Melting Pt. Boiling Pt. Density Thermal Cp 25~ Cp 
Constituent Formula (0 = 16.00) ~  ~ gm/Liter  Conductivity X l cal /gm C,  

Ni~ogen N~ 28.016 --209.9 -195 .8  1.2507 62.40 0.219 1.404 

Oxygen O~ 32.0000 --218.8 --182.96 1.4289 63.64 0.219 1.401 

Argon Ar 39.944 --189.2 --185.9 1.7828 42.57 0.124 1.568 

Carbon CO2 44.010 --56.6 --78.5 1.9768 39.67 0.202 1.303 
Dioxide 5.2ATM Subl. 

Neon Na 20.183 --248.67 --245.9 0.835 115.71 0.246 1.64 

Helium He 4.003 --272.2 --268.9 0.1785 360.36 1.24 1.660 
26ATM 

Krypton Kr 83.80 --157.1 - 152.9 3.6431 --23 0.059 1.68 

Xenon Xe 131.30 --112 --107.1 5.897 0.038 1.66 

Methane CH~ 16.04 -182 .5  --161.5 0.7167 81.83 0.533 1.307 
Niwous 
Oxide N~O 44.016 --102.4 --89.49 1.997 41.45 0.2003 1.303 

Ozone 08 48.0000 --192.5 --111.9 2.144 0.1959 

Hydrogen H~ 2.0160 --257.14 --252.8 0.0898 3.41 1.410 446.32 

' x  =c~/(sec) (em') (~ x lO'~ 
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atmosphere of given chemical composition, pressure defines the 
concentration of oxygen available for initiation of flame reaction. 
|~ressure and volume together define the total quantity of oxygen 
lwailable for the support of combustion and determine the associ- 
ated maximum thermal energy yield possible in the particular en- 
vironment. The  heat capacity and thermal conductivity of the 
Iitmosphere will affect ignition, the combustion processes and the 
temperature and pressure rise occurring during a fire. 

43. Igni t ion Mechanisms  

430. General 

4300. Flames involve strongly exothermic reactions between 
Bases and vapors, producing combustion products at high tempera- 
tures. Temperature,  pressure rise, and radiation are the criteria 
utilized to determine whether ignition has occurred. The  initia- 
tion mechanisms involved in the flame reaction are complex. 

4301. In  general, if a fuel molecule and an oxygen molecule 
are to interact chemically, sufficient energy must be imparted to 
these molecules to enable a collision between the two to result in a 
chemical transformation. The minimum energywhich the molecules 
must possess to permit  chemical interaction is referred to as the 
activation energy. For most fuel-oxygen combinations the acti- 
vation energy is much greater than the average energy of the mole- 
cules at room temperature. 

4302. An increase in temperature increases the number  of 
molecules with energy equal to the activation energy and the re- 
action rate increases. As the temperature is further increased, 
eventually enough fuel and oxygen molecules react with enough 
additional thermal energy released to enable the combustion re- 
acdon to become self-sustaining until one or the other, or both of 
the reactants, have essentially been consumed. 

4303. The minimum ignition energy for combustion will vary 
with the type of ignition source, the specific chemical nature and 
physical character of the combustible, and the composition and 
pressure of the aunosphere. Regardless of whether the combustible 
material is a solid, liquid, or gas, initiation of the flame reaction 
occurs in the gas or vapor phase. In  the case of solids or liquids, 
sufficient thermal energy must first be supplied to convert a par t  of 
the fuel to a vapor. The  ignition sources of principal concern for 
oxygen-enriched atmosphere applications can be categorized into 
four types. These types include electrical sources such as electro- 
static and break (arc) sparks; hot surfaces, such as friction sparks 
and heated wires; heated gases, independent of surfaces, gener- 
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ated by adiabatic compression or jets of hot gas (includes Idl,"~ 
flames) ; and exothermic chemical reactions. 

431. Effects of Atmosphere Composition and Environmenl~ 
Pressure and Temperature on Ignition Energy 

4310. Flame initiation energies cannot yet be calculated ft~ 
various combustibles (solids, liquids and gases) in environment= 
of differing chemical composition, temperature and pressure, btlr 
must be determined experimentally in each case. It is possiblr., 
however, to assess qualitatively the effects of these environmenl,~; 
parameters on the ignition energy requirements from typical clef 
trical and thermal ignition sources. 

4311. Fig. 4-1 depicts, in an oversimplified manner, the" 
effects of variations in oxygen concentration and environmentl~Q 
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Oxygen concentration, % volume 

Rg. 4-I. Minimum ignition energy behavior of combustibles In oxygen-diluenl 
atmospheres at different pressures. 
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,Tenure. In general, at a given environmental pressure the mini- 
a,m ignition energy varies inversely with the concentration of 
~Fgen. For a fixed volume percent oxygen, the minimum igni- 

~'lj#t energy varies inversely with the square of the pressure. There 
:~bla a minimum pressure below which ignition does not occur. 

the temperature of a given system increases, less and less energy 
i* r162 to ignite the mixture until at a sufficiently high tempera- 
i~lee the mixture will ignite spontaneously. This minimum tempera- 
'~re is referred to as the autoignition or spontaneous ignition tem- 
~rature. 

432. Effect of Inert Gas on Ignit ion and  Flame Propagat ion 

4320. The  likelihood of ignition and the rate of flame propa- 
f~ttlon of a combustible are primarily influenced by the oxygen 
ontent of the environment. An inert gas, such as nitrogen or 
~ellum, if present in sufficient quantities, provides a physical oh- 
lade to the effective interaction of fuel and oxygen molecules. 

4321. The specific effect on ignition energy requirements by 
tle typical ignition sources will vary with the particular inert gas 
~lected. This is also true for flame propagation rate. These effects 
~ certain instances correlate with the heat capacity and thermal 
tmductivity properties of the different inert diluents. For ex- 
mple, the flame propagation rate for a given material, in a par- 
eular helium-oxygen atmosphere, is greater than that in a cor- 
:sponding nitrogen-oxygen atmosphere because of the higher 
lermal conductivity and lower heat capacity per equivalent rel- 
ine of helium t. 

6. Combustion Mechanisms 

440. General 

4400. Combustion is a complex sequence of chemical reac- 
~ns between a fuel and an oxidant accompanied by the evolu- 
~n of heat and, usually, by the emission of light. The  rate of the 
~mbustion process depends upon the chemical nature and physical 
taracter of the fuel and oxidant, their relative concentrations, 
~vironmental pressure and temperature, and other physical 
u'ameters such as geometry and ventilation. A comprehensive dis- 
mion of the combustion process is beyond the scope of this Manual. 

4401. However, it is important to review the essential features 
t h e  combustion process to obtain a better appreciation of the 
e hazard problem under various oxygen-enriched atmospheres. 
Dr this purpose the various combustible materials can be divided 
to two categories, the first consisting of combustible liquids, 
pors and gases and the second consisting of combustible solids. 
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441. Combustible Gases, Vapors and Liquids 

4410. In  Section 43, it was indicated that, for ignition to be 
possible, an adequate fuel concentration must be available in the 
particular oxidizing atmosphere. Once ignition does occur, the 
sustainment of combustion requires a continued supply of fuel and 
oxidant. In  the case of combustible gases, vapors, and liquids, two 
types of mixtures, homogeneous or heterogeneous, can exist within 
the atmosphere. 

4411. A homogeneous mixture is one in which the components 
are intimately and uniformly mixed so that any small volume 
sample is truly representative of the whole mixture. I f  the mixture is 
not homogeneous, it is necessarily heterogeneous, i.e., nonuniformly 
mixed. A flammable homogeneous mixture is one whose composi- 
tion lies between the limits of flammability of the combustible gas 
or vapor in the particular atmosphere at a specified temperature 
and pressure. 

4412. The  Limits of Flammabili ty represent the extreme con- 
centration limits of a combustible in an oxidant through which a 
flame, once initiated, will continue to propagate at the specified 
temperature and pressure. For example, hydrogen-air mixtures will 
propagate flame between 4.0 and 74 volume percent hydrogen 
at 70~ and atmospheric pressure. The  smaller value is the lower 
(lean) limit and the larger value is the upper (rich) Limit of Flam- 
mability. When the mixture temperature is increased, the flam- 
mability range widens. A decrease in temperature can result in.a 
previously flammable mixture becoming non-flammable by placing 
it either above or below the limits of flammability for the specific 
environmental conditions. 

4413. I t  will be noted in Fig. 4-2 that, for liquid fuels in 
equilibrium with their vapors in air (or in oxygen), a minimum 
temperature exists for each fuel above which sufficient vapor is re- 
leased to form a flammable vapor-air (or vapor-oxygen) mixture. 
This minimum temperature is referred to as the Flash Point. The 
Flash Point  Tempera ture  for a combustible liquid varies directly 
with environmental pressure. An increase in oxygen concentration 
also widens the flammability range, the upper limit being affected 
much more than the lower limit. For example, in an oxygen at- 
mosphere at 70~ and 14.7 psia, the upper limit for hydrogen in- 
creased to 95 volume percent comlSared to 74 percent in air while 
the lean limit remains essentially the same. A reduction in oxygen 
concentration results in a narrowing of the flammability range, 
until at  a certain oxygen concentration the limits merge and flame 



OEA-18 AMENDMENTS TO NO. 53M 
627. 

t 
._g 

8 

es 
E 

Nonflammable 

/ ~ a p o r - - o x l d e n t  mixtures ) 

M~sts ~ 

I Nonflammable (Lean h-'~..mit~ai r Or I / i Nonflammable (Lea'~'lirnit-air 02" 

, , j  
Temperature 

Fig. 4-2. Effects of temperature on the limits of flammability of o combustible 
vapor in air and oxygen. 2 

~ ropagation is no longer possible. Reduction of the oxygen content 
elow this minimum value is one means of effecting fire control. 

In practice, carbon dioxide or nitrogen are often utilized for this 
purpose. Nitrogen pressurization 8 gives effective fire control and 
as long as the oxygen partial pressure is about  0.14 atmospheres 
the environment remains habitable. 

4414. Total  environmental pressure also has an effect on the 
Limits of Flammabil i ty (see Figure 4-3). For a given atmospheric 
composition, an increase in pressure generally broadens the flam- 
mability range, the rich limit being influenced more than the lean 
limit. For example, the flammabili ty limits for natural gas-air 
mixtures at 500 psig are 4.45 and 44.20 volume percent compared 
to 4.50 and 14.20 volume percent at normal atmospheric pressure. 
A decrease in environmental pressure below 14.7 psia produces 
little effect on the Limits of Flammabil i ty until the low pressure 
limit is reached, whereupon materials become nonflammable. 

4415. The  low pressure limit is dependent on the particular 
fuel and oxidant as well as the temperature,  size, geometry and 
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attitude of the confining vessel. The quenching or low pressure 
limits are represented in Figure 4-3 by broken lines to indicate their 
dependency on surroundings. 

4416. Under practical application conditions, the fire prob- 
lem usually involves heterogeneous mixtures rather than homoge- 
neous combustible-oxidant mixtures. One type of heterogeneous 
system pertains to gaseous fuel-oxidant mixtures and is heterogeneous 
in view of the concentration gradients which normally exist when the 
combustible vapor is first introduced into the oxidizing atmosphere. 
The type of flame that results is a diffusion flame. A heterogeneous 
system also results when a liquid fuel is injected in the form of a 
mist into the oxygen-containing atmosphere. These systems are 
noted in Figure 4-2. 
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Fig. 4-3. Effects of  pressure on limih of  f lommablnty of  a combustible vapor  in 
air and of  pressure and composition on the quenching diameter, m 
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4417. In the case of the heterogeneous vapor system, both 
flammable and nonflammable mixtures can be formed at tempera- 
tures above the Flash Point of the liquid from which they are formed. 
The flammable zones exhibit ignition and burning characteristics 
similar to flammable homogeneous mixtures. Flammable hetero- 
geneous vapor-mist-oxidant mixtures can be formed at temperatures 
below the Flash Point; f lammable sprays can be produced over a 
wide temperature range both below and above the Flash Point. 
Ignition of a flammable mist or spray requires vaporization of the 
fuel droplets to form flammable gas mixtures; as a result the ig- 
nition energies for these mixtures are higher than those of normal 
flammable gas mixtures due to the heat of vaporization. 

4418. For most practical cases, the type of flame which is en- 
countered is a diffusion flame and requires the diffusion of oxidant 
to the combustible gas at the flame front for its combustion. The  
rate of burning is primarily dependent on the rate at which the 
fuel and oxidant are brought together and is influenced by such 
factors as thermal gradients and turbulence. Increasing the oxi- 
dant content, such as in oxygen-enriched atmosphere applications, 
can result in significant increase in burning rate. 

442. Combustible Solids 

4420. Burning of solid combustibles requires the consideration 
of only heterogeneous fuel-oxidant systems. As in the case of flam- 
mable liquids and gases, the flame reaction occurs in the gas phase. 
Once a particular solid combustible has been ignited, propaga- 
tion of flame requires that a portion of the heat of combustion be 
fed back to the solid fuel to cause its vaporization and /or  pyrolysis 
thereby making additional gaseous fuel available to mix with the 
oxidant. The  flame process is of the diffusion type. 

4421. Although it is not possible to predict the exact burning 
behavior of a material in atmospheres of different composition and 
pressure without actual experimentation, the general effects of 
these parameters on flame propagation over the surface of a solid 
combustible, referred to as the Flame Spread Rate, is a property 
used to evaluate the fire hazard in different oxygen-enriched at- 
mospheres. This rate is also dependent on direction of propagation, 
orientation of combustible, scaling, and nature of the combustible 
surface (nap burning). 

4422. The  observed effect of atmosphere composition and 
pressure on the Flame Spread Rate is illustrated in Figure 4-4. I t  
should be noted that increasing the partial pressure of oxygen at a 
constant environmental pressure may change the classification of a 
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Fig. 4-4.. Effects of atmosphere oxygen content and environmental pressure on 
flame spread rate. 

material from the nonflammable to the flammable category. For 
materials already in the flammable category based on 21% oxygen, 
further increase in the oxygen partial pressure results in a higher 
flame spread rate. 

4423. Fire properties of some solid combustibles in different 
atmospheres have been tabulated in Chapter 5. Perusal of these 
data deaf ly  indicates that almost all materials are flammable in 
pure oxygen environments. 

45. Effects of Fire in Oxygen-Enr lched  Atnzospheres 

450. Thus far we have seen that oxygen-enriched atmospheres 
usually facilitate the initiation of the combustion process and, once 
ignition has occurred, the flame reaction proceeds with greater" 
rapidity. Another important consideration in the analysis of the 
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0verall fire problem is that oxygen-enriched atmospheres may be 
e,tcountered under closed-environment (fixed -volume)conditions 
e.g., in spacecraft and hyperbaric chambers. 4 

451. In confined spaces, the :combustion of a relatively small 
quantity of combustible can result in the rapid generation of ex- 
tremely high temperatures and increased pressure. The high 
Icmperature can result in the ignition of other combustibles some 
distance from the initial reaction zone, thereby contributing to the 
rapid spread of the fire. The high temperatures and toxic com- 
bustion products which are generated are in themselves potentially 
lethal to any personnel in the environment even if these personnel 
are not themselves engulfed in flames. The increased pressure 
produced in association with the flame process can also result in 
1he explosive rupture of the chamber. 

452. The effects of oxygen content and environmental pressure 
0n the quantity of fuel which can be consumed, and the resulting 
maximum theoretical temperatures and pressures that can be at- 
lained in air and in several other typical oxygen-enriched atmo- 
0pheres in a 360 cubic foot chamber are indicated in Table 4-2. 

4520. The maximum temperatures and pressures in Table 4-2 
are recognized to be higher than those that would be experienced 
trader true closed-environmental fire conditions. The specific 
values listed were calculated with the assumption that: (1) com- 
bustion of the fuel is instantaneous, (2) none of the heat generated 
Is lost to the wails of the chamber, and (3) no disassociation of the 

~ roduct gases occurs. Assumption (3) fails significantly above 
500~ 

4521. Solid combustibles, such as fabric materials, burn rapidly 
In 100 percent oxygen but consumption of the stoichiometric 
amount of material would require several seconds. This would allow 
a considerable portion of the thermal  energy produced to be ab- 
sorbed by the walls. Experiments conducted with cotton fabric 
In 5 psia - -  100 percent oxygen in a 1.6 ft a explosion test chamber, 
with sample dimensions and test configurations conducive to maxi- 
mum flame spread, resulted in peak pressures of 35 psia in 15 
~conds after ignition, or approximately 20 percent of the theoretical 
maximum pressure for cellulose. 

References  to Chapter  4 

IHuggett, C. M. and G~ Von Elbe, W. Haggerty, '~ Combustibility 
Materials in Oxygen-Helium and Oxygen-Nitrogen Atmospheres, 
SAM-TR-66-85, Brooks Air Force Base. Texas. ltme 1966_ 
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Table 4-2 

Oxygen Content, Maximum Fuel Consumption and Resulting Combustion Temperatures and Pressures 
in Different Atmospheres in a 360 eu. ft. Volume Enclosure 

FUELS: CELLULOSE HYDROCARBON 
15 psia 15 psia 15 psia 15 psia 

ATMOSPHERE: (Air) (100%-0~) (Air) (100%-02) 

Oxygen Content (Kg) 

Maximum Burnable Fuel*(Kg) 

Heat of Combustion (cal/gm) 

Maximum Heat Release 
(Kcal) 

Maximum Theoretical 
Temperature (oC) 

Maximum Pressure Ratio 
(Pfinal/Pinitial) ** 

Maximum Final Pressure (psia) 

t 

2.9 14.5 2.9 14.5 

1.2 11 0.36 3.3 

"4000 "11700 

,~4924 -'-,43500 "4233 ,~38200 

1810 5670 1390 5840 

8 36 7 33 

120 540 105 495 

*Assumes all but 10 volume percent of available 0~ can react. 
**Does not consider dissociation of product gases. 
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ivan Dolah, R. W. et al., "Review of Fire and Explosion Hazards of 
Flight Vehicle Combustibles," ASD Technical Report 61-278, October 
1961. 

rratem, P. A., Gann, R. G. and Carhart, H. W.. "Extinguishment of Com- 
bustion in Confined Spaces with Nitrogen," Combustion Sdente and Tech. 
nology, 7 (1973). 

4Huggett, C. M., "Combustion Processes in the Aerospace Environment," 
Aeraspaee Medicint, 7, 1176 (1969). 

43. In Table 5-I, under Anesthetic Agents, revise the Min. Ign. Energy 
for ethylene as :follows: 

In air~ change "0.11" to "0.07" 

In oxygen, add value "0.001" 

44. In 5210, change the A I T  of carbon disulfide fiom 248~ to 194~ 

45. Revise 5212 by changing "Freons" to "halons" in the parenthesis 
in the fourth sentence. 

46. Change "Freon"  to "halon"  in the Joarth line of 5233. 

47. Change "9400F '' to "1040~ '' in the last line of 631,I(a). 

48. Change "ever"  to "even" in the last line of $317(a). 

d9. Add a superscript 32 reJerence to "Table  5-6". 

50. Add a new 5439 as follows: 

5439. The  oxygen index test, ASTM D2863-70, has come into 
wide use in the last few years for the characterizations of the flam- 
mability of solids. In this procedure a small vertically oriented 
sample is burned downward in a candle-like fashion in an oxygen] 
nitrogen mixture. The composition of the gas mixture is adjusted 
to determine the minimum percent of oxygen which will just sup- 
port combustion of the sample. This limiting oxygen concentra- 
tion is termed the oxygen index (O.I.). 

An oxygen index of 20.9 indicates that a material will just con- 
tinue to burn downward in the normal atmosphere. Burning in the 
upward direction takes place more readily and it is found that 
an O.I. of 26 or 27 is necessary if a material is to be noncom- 
bustible in air. Still higher values would be required for materials 
for use in most OEA's. The oxygen index test provides a convenient 
method of comparing the flammability of similar materials. No 
correlation with performance under fire condition is implied. I t  
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may be used as a guide in the selection of materials which shoulc 
then be tested under conditions of intended use. 

51. Change date of NFPA aVo. 325M in Reference 2ff to Chapter 5 fron, 
1965 to 1960 and change aVFPA address to: 470 Atlantic Avenue, Boston, 
Mass. 02210. 

52. Add Reference 32 to Chapter 5 as:follows: 

mCook, G. A., R. E. Meierer and B. M. Shields, "Screening of 
Flame Resistant Materials and Comparison of Helium with Nitrogen 
for Use in Diving Atmospheres," First Summary Report on Com- 
bustion Safety in Diving Atmospheres, Defense Documentation 
Center, No. AD651583, (March 31, 1967). 

53. Reoise 6312(a) as :foUows: 

(a) Studies on the hazards and fire risks in oxygen-rich gas en- 
vironments have been reported by both the RAF Institute of Avi- 
ation Medicine of the Air Force Department of the Ministry of 
Defence, Farnsborough, Hants, England, L, and the NASA Lyndon 
B. Johnson Space Center, Houston, Texas. a . . . remainder unchanged. 

54. Change "listed" to "approved" in the second line oaf 6320. 

55. Revise the Note to 6320 as:follows: 

Nomz: Most metals burn freely in oxygen-enriched atmospheres (see 
5315) depending on the concentration and pressure of the oxygen. FAec- 
trieal contacts could likewise burn away and initiate fires of the nearby 
insulation or materials unlem proven by tests to be suitable for the par- 
dcular pressure, and oxygen concentration in the chamber or system. Ap- 
paratus and circuits which have been found to be safe in ordinary at- 
mospheric ambients are not necessarily safe in oxygen concentrations or 
pressures higher than that of ordinary atmospheres. It is therefore neces- 
sary that equipment and circuits be tested for safe use at the maximum 
pressure and oxygen concentration as well as for the materials which 
may be in the proximity of the electrical equipment or circuits. 

56. Revise 6321 as :follows: 

6321. Since there are no flexible cords available with non- 
combustible insulation, it is essential for safe operation that por- 
table equipment be used in oxygen-enriched atmospheres only if 
required for life safety and under rigorously controlled conditions. 
Fixed electrical equipment within oxygen-enriched atmosphere 
should comply with the requirements of NFPA No. 70, National. 
Electrical Code, Article 500, Class I, Division 1 and, in addition, 
equipment installed therein should be approved for use in the spe- 
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cific hazardous atmospheres at the maximum proposed pressure 
and oxygen concentration. 

$7. Revise 6322 as follows: 

6322. All electrical wiring installed in a system or chamber 
should comply with the requirements of the National Electrical 
Code, Article 500, Class I, Division 1. The boxes and fittings 
should be approved for use in the specific hazardous atmospheres 
at the maximum pressure and oxygen concentration of the chamber 
or system. 

58. Editorially revise 6400(c) as Jollows: 

(c) Standard for Hyperbaric Facilities, NFPA No. 56D. 

59. Add a 6400(d) as follows: 

(d) Standard for Hypobaric Facilities, NFPA No. 56E. 

60. Change "566" to "50" in 6401(a). 

61. Change "565" to "56F" in 6401(b). 

6Z Change "56"  to "56A" in 6402(c). 

63. Revise 7101 as follows: 

7101. It  is probably neither possible nor practical to conduct 
sufficient laboratory tests or gain sufficient field experience to allow 
setting up rigid specifications for fire extinguishing equipment and 
systems for all situations. There is suf f ic ien t . . ,  remainder unchanged. 

64. Revise 7204 as follows: 

7204. It  is assumed that, for purposes of this chapter OEA 
areas will be inhabited for at least part of the time. Therefore, fire 
ex t inguish ing . . ,  remainder unchanged. 

65. Revise 7270 as JoUows: 

7210. Water has shown to be an effective extinguishing agent 
in OEA when it is applied either as a stream or spray in sufficient 
quantity, l-s, ~8 Reference (1) shows that water at a spray density 
of 50ram/rain. (11/~ gpm/ft.~) applied for 2 minutes will extinguish 
cloth burning in 100 percent oxygen at atmospheric pressure. 
However, insufficient information has been developed to date to 
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specify minimum water quantities necessary to suppress OEA fires 
for all of the various materials and environments that may be 
encountered. 

66. Delete last sentence of 7212. 

67. Revise the parenthetical material in 7220 as follows: 

(Toxicity ratings for undecomposed vapor range from 1, the 
most toxic, to 6, the least hazardous.) 

68. Revise 7222 as follows: 

7222. Early investigations showed an extremely low order of 
toxicity of Halon 1301.11' 14 Other, more recent tests indicate the 
possibility of adverse physiological reactions to Halon 1301 at con- 
centrations above approximately 5 to 10 percent in air. 12 I t  has 
been reported that concentrations of Halon 1301 exceeding 10 per- 
cent may produce definite cardiac and central nervous effects and 
that concentrations of the order of 15 to 20 percent may lead to 
unconsciousness and conceivably death. 14 The NFPA has estab- 
fished that concentrations greater than 10 percent shall not be used 
in normally occupied areas. Concentrations of 10 percent or less 
should be used only where evacuation can be accomplished im- 
mediately, t6 

69. Add a new 7223 as follows: 

7223. Limited testing of Halon 1301 has shown that it will 
extinguish fires in pure oxygen atmospheres when used at 50 per- 
cent concentration and is effective in compressed air at 5 percent 
by volume, le Higher concentrations may be required for deep- 
seated fires. Generally, Halon 1301 will be effective against few 
truly deep-seated fires in OEAs. This information indicates that, 
while the use of Halon 1301 for fire suppression in 100 percent oxy- 
gen environment is contraindicated for toxicological reasons, there 
is a potential use in the hyperbaric OEA environment. Future test 
programs may indicate a possible application in the hypobaric OEA. 

70. Reoise 72# as foUows: 

724. Other Extinguishing Agents. 

7240. Data are available which indicate that a high-expansion 
foam extinguishing agent is effective in OEA for fire suppression. 
Extinguishment was accomplished with a mixture of 300 parts of 
gaseous oxygen to one part of water-based solution. I t  was shown 
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1hat respiration was possible in the foam atmosphere. 17 The 
~pplicability of this extinguishing agent, however, to a particular 
~pplication must be evaluated with regard to space available 
(blowers may be bulky) and time required to inundate the fire 
locale. 

7241. Little or no data are available on the use of low expan- 
don foam or dry chemical in OEA. 

7242. Fire blankets made of wool, or of asbestos with an or- 
ganic binder, are expected to be flammable in OEA. No reliance 
0hould be placed on their use until blankets of suitable material 
have been produced and tested for effectiveness. 

71. Revise the third sentence of 730 as foUows: 

The automatic activation of the fixed fire extinguishing sys- 
tem should occur in less than one second of the perception of sensible 
flame development. 

12. Revise 7300 as follows: 

7500. NFPA No. 56D, Hyperbar ic  Facilities, and NFPA No. 
56E, Hypobaric  Facilities, contain fire protection provisions for 
these facilities. Standards for other applications have not been pre- 
pared. 

73. Revise 7301 as follows: 

7301. NFPA No. 15, Water Spray Fixed Systems, c o v e r s . . .  
cemainder unchanged. 

14. Revise Reference 13 to Chapter 7 as foUows: 

USlandard for Hyperbaric Facilities, NFPA No. 56D (1970). Par. 3512. 

75. Add the foUowinR four references to Chapter 7. 

lIReinhart, Charles F. and Ruth E. Reinke, "Toxicology of Halogenated 
Fire Extinguishing Agents Halon 1301 (Bromotrifluoromethane)". E. I. flu- 
Pont de Nemours & Co., National Academy of Sciences Symposium: An Ap- 
praisal of Halogenated Fire Extinguishing Agents. April 11-12, 1972. 

ISNFPA No. 12A, Halogenated Fire Extinguishing Agent Systems - -  Halon 
1301. 

16Eggleston, L. A. "Fire Safety in Hyperbaric Chambers," Southwest Re- 
search-lnstitute, Fire Technology, Vol. 6, Nov. 1970. 

'"'Evaluation of High Expansion Foam for Spacecraft Fire Extinguish- 
ment," NASA/JSC ---E.. W. Bliss Co., Research and Development Division, 
3 Feb. 1969. 
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76. Add the following " A d d i t i o n a l  Read ings"  

56. Proceedings of National Academy of Sciences Symposium: An Appraisal 
of Halogenated Fire Extinguishing Agents, April 11-12, 1972. 

57. Robertson, A. F. and M. W. Rappaport, "Fire Extinguishment in Ox- 
ygen Enriched Atmospheres", NASA CR 121150, Feb. 1973. 


