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~explosion hazards’ must be carefully as

Institute for ‘Basic Standards
National Bureau of Standards
-Boulder, ‘Colorado 80302 "

of;hydroge,ware systematically examined and _ th

‘line. Physical .and chemical property: data forfal three
d P : ring thevario afetys

: Each fuel is examined to evaluate 1ts . fir hazard

fire damage ~explosive hazard and ;explosive: damage characteristics

o‘not 1ar ely
e ‘use of any one of the three fuels, however, the thréat of ‘fuel-
] ,;confined spaces 1s greatest for hydrogen. : Gasoline is beliaved
to be the easiest and perhaps the safest fuel to store because of its lower: volatility
and narrower flammable .and detonable limits. It is concluded that all three fuels
can be safely stored .and used; however, the level of safety risk-for.: ‘each: fuel will )
.‘vary' mapplication to another. Generalized safety comparisons.'are made ‘herein
‘But’ detailed’safety analyses will be required to establish the relative- safety of differ-
ent fuels" for each specific fuel application and stipulated accident; ' The technical
data supplied in this paper will provide much of the framework for ‘such’ analyses.
Hydrogen safety guidelines, regulatory codes applicable to the distribution of
hydrogen, and safety criteria for liquid hydrogen storage are' compiled and presented.

Key words:  Explosion, fire, fuel, gasoline, hydrogen, methane, safety, i . -

1.0 INTRODUCTION

_ vhydrogén'has'Been'considered -a suitable, if‘notyidealy: ynthetic fuel
5. Its clean—burning, rapid-recycling: characteristics are :lauded by

d nd: its’ explosive, characteristics .are emphasized by +hydrogen: ‘opponents.
The safety 'asp “of hydrogen are the most common: concern of the man—on-tpe-street when he.
is first introduced to the hydrogen fuel concept. “This’ spontaneous fear reaction is probably
attributable 'to the automatic association of hydrogen fuel. with the, ydrogen—bomb' ;and .the
Hindenburg: firel Subsequent to the" Hindenburg incident his country xperienced more

tragic and devastating fires involving natural gas, yet natural gas is'a fuel. that is: commonly

accepted by tlie general publié Also, there is no connection whatsoever between the. chemical
explosive potential of “hydrogen fuel and the thermonuclear explos,: ;
it is.used’iin’ 'hydrogen—bombs.
of hydrogen‘ unjustified.

sat rag - : high- com :
interpretation of specific ‘technical d‘ta and’ intercomparisons .with other fuels. ‘Fire and

each potential application.‘ Therefore

of this topic,aitﬁis treated rather superficially in ]
with hydrogen-energy: conéepts. . The purpose‘of this . paper'is to’ sy_ atically examine the
safety aspects of hydrogen and to determine if hydrogen is sufficiently safé for use as a
future fuel. It will be demonstrated herein that ‘the answer is overwhelmingly, YES, although

its use’ may:be restrictéd in ‘some" future applications. hf;;g
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data were obtained
the data given in tabl”

combustion—suppo, pre:
mixtures of fuel iny%ir'

Stoichiémetfic;nﬂt
the fuel and oxygen 3
energy is realized.

‘Minimum enéfgyT

»reviewed by Lewis an

"Percentage’of thétrm
the ‘heat ‘of combustion “(high)
The highér heating vaide'of- e.‘
The ‘data’given in’ table 1 ‘are’ £0!
an_air environment. :




'parametet>used@in‘Fiqk”s,

‘vary' from

¥y measur- 5

Detonation velocityiin,NTP sir. The supersonic velocity at: whichA

Diffusionicoefﬁicien

through air. PLO= .
portional to,the.diffusion«coefficientmw This coefficient “can’™ be computed» Fr ot irical -
expression [48] that 1s based on the kinetic theory of gases, . LT

Diffusion velocity in NTP air: . The velocity at which d gaseous fuel 1if
air. For.a specified.fuel concentration gradient .the diffusion’ velocity is
the diffusionﬁcoefficient .and -can:be estimated from Stefan' 8 equation [49]

city varies with" temperature according to T3/2 and consequently low Aemperatute gases produced”

by cryogenic liquid: fuel spills will ‘diffuse more: slowly than NTP fuel gases. The values re-

‘corded in.table 1 are_based on NTP fuel gas and. NTP air densities and . fuel concentrations that .
99 per nt to 0 0 percent over pat /lengths of 3 cm to 30 m SR . :

Bubyant velocity in NTP air: The velocity at which gaseous fuels rise under the
influence ‘of~ buoyant forces.’ This velocity cannot- be determined in. a direct:manner’ag it is
dependent upon drag- and friction forces that, .OPposé . ‘buoyant: forces acting ‘the rising vol- *-
ume of gaseous fuel ‘”Atmospheric'turbulence as{Well;as shape and size ofrthe;riSing‘volume
terminal Velocity of:the bioyant gas, .Buoyant,.forces are related to:
airand’ Fuel densities; therefore, cold, dense fuel: ases- produced: by: cryo—

the différende 4

. genic fuel spills will rise more slowly than NTP fuel‘gases. The buoysnt velocities recorded

in table 1. vere.

The maximumqph
rallel’ steel surfaces; that prevents thv¥propagation .01

d The MESG As’ dependent upo pt
width, composition of combustible mixtures inside ‘of and surrounding the
perature of the mixture, location Jof the igni‘ on

A '

‘dep | € ; T :
tible gas mixture and electrode configuration. Experiments have shown that the quenching ;
distance is relatively independent of the mode of, ignition. The . quenching- distance is
sometimes détermined by measuring the smsllest diameter tube through which.flame will propa—
gate in'a flammable’ NTP mixture of fuel—air_that fills the tube., Similarly, quenching
distances” can’ be‘obtained by measuring th 'gap required to. quench propagation of flame..

" between flanges oF* ‘plates that form-'a narrow channel. and are filled with. a, flammable fuele..

air mixture at NTP. In the latter two experiments’ the’ explosive gas mixture is ignited at ™~
one end of a long tube or channel by a pilot flame. .
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gas. It is conventionally
from the reaction .zone to

propagation in‘an unkno
air and nitrogen at NTP

after ‘a“podl™ of ‘11quid - fuel~

resultant .vapor-air ‘mixture h

after the initial-spill violer
ha" .

This maximum energy releasé 1s'dét rﬁ
holtz free-energy ‘functior ‘Explé i
equivalent quantities o¥~ '




Critical temperature, K

" ‘Denisity of ‘liquid at triple” point” g/cm

'~p1;5 Progertz N +:Hydrogen

'Holecular weight _ e ‘ cl 2 016 [1).
‘l}Triple point pressure, atm ;: N : ”“h 0 0695 [i}ff
‘Triple point temperature, Kyj‘q‘w‘ﬁi” 13, 803_[1]
Normal boiling point (NBP) temperature, K 20.268 [1]
Q:Critical pressure, atm ) 1?.759‘[1]

32,976 [1]

Density at critical point, g/cm . 0.0314 1)

oﬁwﬂydrogen*,,Methane?andéGEQoline?

tglo770 (i1

Viscosity of NBP liquid, g/eﬁ:;*? B
Thermal conductivity of NTP gas, mW/cm-K .1.897 [1]

Density of solid at triple'point,“g/cm o 6;0865-[1]
Dénsit& of vapor at triple"boint;{§/n3 125,597 [1]
Density of liquid at NBP, g/cnaz 0.0708 [1]
Density of vapor at NBP, g/ct'if3 pe - 0. 00136 1)
" Density of ‘gas at NTP, g/m3 83.764° [1]
Density ratio: NBP 1iquid-to-NTP gas /845 11
Heat of fusion, J/g 58.23 [1]
Heat of vaporization, J/g. ‘ 445.59 [1]
Heat of sublimation, J/g... - ,'507'39,[1}
Heat "of combustion (low), kJ/g : .- 119.93 (2]
Heat .of combustion (high), kJ/g,: 141.86 [2]
Specific heat (c ) of NTP"éas,’_ . 14:89 {11
Specific heat (C ) of NBP liquid J/g-K - 9.69 {1]
Specific heat racio (C /C ) of NTP ‘gas 1.383 [1)
Specific heat ratio (c /c ) of NBP liquid 1.688 {1]

0.0000875 (1]
0.000133 [1]

Viscosity of NIP gas, g/cm-

Thermal conductivity of NBP liquid oW/ em-K .1.00‘[1]

Surface tension" of NBP ‘liquid, N/ *5

Dielecttic constant of NTP gas

Dielectric constant of NBP 1iquid :

Index of refraction of NTP gas ”Q -

0T00193‘[1]

1.00026 (3]

1.233 3]

BECUOERT6

. 0,01294 [1}.ic

Methane -

16.043:[5}:; -
0.1159 (5] .
90.680 [S] . i
111.632 (1] . .-

45.387 (5],
190.56: [5

0.1604 [5]

0.4516 [5]

0.4872 (1]

251.53 (5]

0.4226 [1] (7
0.00182 (1] -o 00452"[91
651.19 [1] . {91

649. (11 1563 [7 91

58.47 (1] f',i§1 [i2]
509.88 [1] 309 (7,9]

602.44 [1]... .. .o omm=
50.02 [2] v 8425 [2,4,9]
55.53 (2] 48 [2,4,9]
2.22 {11 . 1i622.19]
3.50 (1] R B zoz 191
1.308 (11 2"
1.676 (1]

0.000110 1]
0.001130 [1]

0.330 (1]
. 1.86[1]-

1.00079. 111 ;.
1.6227 [1]

G ST 6

Index of refraction of NBP li ¢ o idedD0
Adiabatic sound’ velocity n ‘NT 1294 {11
Adiabatic sound velocity in NBP liquid, m/s . 1093 (1]

Compressibility factor (2) in NTP,gas ) 1.0006 [1]

1 0.01712 (1]
Gas constant (R), cm3-atm/g- 40.7037 {1}
Isothermal bulk modulus (&) of NBP liquid, MN/m 50.13 {3}

Volume expansivity (B) of NBP liquid, ﬁ*l 0.01658 (3}

Compressibility factor (Z) in NBP liquid

1.2739:11] -
“aesy
1331+[1]
1.0243 [1] : 006
0.004145:[1} - ~ "0.00643?
5.11477 [1] L 0.77
456.16 (6] L7638 [11]
0.00346 [6] - 1 0:0012% [9] .
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!

" Stoichionetric compositiqn in’ air, vol. %

Table 1;;..

Property

Limits of flammability in airy voll %
Limits of detonability in air, vol.;Z

Minimum energy for ignition in gir, oJ
éutoignitionAtemperature,-K !
ﬂott@iﬁ‘jetjignition temperature; K
Flame<temperature in air, K

to surroundings,,z

Burning velocity in NTP air, em/s
Detonation velocity 'in NTP air, km[s
Diffusion coefficient in NTP air, cn /s
Diffuaion velocity in NTP air, cm/s

Buoy ne velocity in NTP air; m/s

Maximum experimental safe’ gap in NTP air, cm

Quenching gap in NTP air, cm
Detonetion induction distance in NTP air
Limiting oxygen index, vol. %

Vaporization rates (steady state) of 1liquid
pools without- burning, cm/min

Burning rates of spilled liquid pools, cm/min 3.0 to 6.6 [25,26] -

Flash point, K
Toxicity

Energy! ‘of explosion, (g TNT)/(g fuel)

Energv of explosion,
(g TNT)/(cm NBP 11quid fuel)
Energy of explosion,
(kg TNT)/(m “NTP gaseous fuel)

perties;of ‘Hydr

:of.; thermal energy rediated from o

R, -

Gasoline**  (continued).
Methane

" 5.3 to 15.0 [13,14]
6.3 to 13.5 [19]
9.48
0:29 '116]
813 (8]
1493 -[22]
2148 [231

23 to. 33 [25 26]
37 to 45 ;[18.;1.9J
1.39 to 1.64 [19]

265 to. 325 I27 28]
148 to us (29,351

" 3742043 [18,24)
L4 to 1.7%.:(30]

0.16 R 0.05..

: $0.51 ‘ $0.17 . ;

1 2 to 9 0.8 to 6 anonbuoyent‘ ?

o 008 (31] 0.12 [32] 0.07.[31]. .

0.064" [16,33) - 10.203 [16,33) 0.2 [33]
L/D%100 [35,36] : - e 3
5.0 [34) 12.1 [34] NI |
2.5 to 5.0 [26]' © 0.05 to 0.5 [26] 0.005 to 0. 02 : ‘

0.3 to 1.2 [25,26] 0.2't0"0.9" 2

<230 {8} ”
slight [39]

gaseous

nontoxic (37}
(

gaseous

nontoxic [38])
(asphyxiant)

~11
4,56

! : 7.03

Lo Property wvalues are the arithmetic average of norma heptane and octane in those cases where
gasoline" values could not be found (unless oth o o Fanll

1

2-g1 atm and 15.5 C. Fa i
3 Density ratio @ 1 atm and :15.5 .C.

* @1 atm and 20 C.
S el atm and 100 C.
5.@1, atm:and 25 C. i
Based on the properties of butane.

g

10 Theoretical explosive yields.

Freezing temperatures for: gasoline @ 1 atm.

Based on the properties of n—pentane and benzene.

: Average value for a mixture of methsne, ethane, propane, benzene, hutane and: higher hydrocarb'ns

e, noted).




the existence of a haza 8 |
damage ‘will be sustained {f-a’

damage potential of candida

for fuel ‘selection.  Th \gT
difficult to ‘express in
usually tempered with-e
fuels. Hence, the perpetual controversy over the relative safety of: fuels.-

accidental or inadvertent . ai:
such miktures dare the’ result of fuel 1eakage ot spillage which may be attributable 0,

mechanical failure of equipment, material failure, erosion,. physical abuse, improper
maintenance, collision,' D

The raté at which the' fuel vapors mix with air is indicated by their diffusion veloci-
ties and their buoyant ve {ties. The buoyant effect is dominant for hydrogen and methane -
and from the data"1listéd”in’table 1 it is apparent that hydrogen can be expected: to: mix with  °
air more rapidly than methane ‘or gasoline -- the latter is obviously the -slowest: .mixing - fuel
of the three fuels considered. In the event of a fuel 'spill, one could: expect hydrogen to
form combustible mixtures-‘more rapidly than methane because hydrogen haa a higher :buoyant
velocity and a ‘slightly "lover " flammable limit. Again, gasoline would be. orders, of :magnitude
slower than hydrogen or methane in forming combustible mixtures in air.. In .some .fuel appli-
‘cations these relative mixing times ‘may be important while in others they .are meaningless,,
e.g., an instantaneous fire hazard exists for the impact “tupture of an auto fuel tank
irrespective of the type of fuel carried. :

Because df thei 1ghi ?buoyant velocities, hydrogen ‘and methane “can’ also_ e xpe ted
to disperse more rapidly than gasoline and thus shorten the duration of the flammabl T
hazard. ‘' Even: though:the" upper'flammable limit (UFL) of hydrogen is much highe
of methane' the ‘higher*buo C ‘permit:
below the ‘lower flamiable'S]
a fire hazard to exist-mos
to persist in the inver

* We must. exercise some “cailition in analyzing fuel mixing and - dispersion rates Y. comparing'
relative buoyant and’ diffusion velocities of ‘the NTP fuel gases. ' In large cryogenic iquid

analyses for :LNG spills
drift": characteristics )

The low value ‘ h ogen:
alr mixtures.  ‘The-wid ﬁf smmsbility 1imits of hydrogen are of practical signif nly
when fuel leakage into enclosed spaces is a major concern. In this case. the. flammable limits
.of hydrogen are sufficiéntly wide to enhance the probability of combustion from a random
ignition source.  This: flammability characteristic should not: preclude the. use: ‘of hydrogen }
because: the LFL ig the vital+ one ‘in most applications. The’ 'LFL is important. because.ignition
sources are nearly always present when a lesking fuel firat reaches combuatible proportionsv
in. air. . . . ol
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"for gasoline.

Ahydrocarbon fuels."

276 W/cm2 of pool liquid—vapor

density, or inversely proportif
the data glven in table 1 we
liquid fuels and’ of the gases at l&;
of liquid hydrogen will be 2.4 to 8 5 (vi

1eakage, volumetric leakage flow of 1 quid hydrog

the tions the volumetric leak.age 5,flow
us flow) times as laxge as liquid methane
,“will be 3.1 to. 15 (viscous fIOW)itimes

(viscous flow) to 2.8 times as
hydrogen gas will ‘be 0.6 (visc

. | S as large as gasoline vapor leakage}- ‘
e fuel_leaks the viscous leakage flows are’.cont ‘”ered

much more difficult to contain t
vapors are more difficult to con
these unfavorable leakage charac

Techniques for detection of hydrogen leakage are effectively summarized by two documents o 3
[60, 61] and general procedures for I‘ k-testi g ; ; : S

magnitude less than’ tha
fuels is sufficiently

ignite any of these fuels in air -
discharges [62]

ature is highest for methane anﬁ
g ite by jets of hot combustion P
f 1 ’

for hydrogen, therefv
emitted *from an adjac
hydrogenand: methan

The flash point of ga
nust be considered volatile and
earth surface temperatures. fT,.

support’ the’ transition from deflagration to detonation in 1ong tunnels or pipes. The

o




‘ lpropagation of an E flame throug
4t 18 clearly distinguishable*fr
between flanges to. assu

e of the high explosion press

Available data [65] indicat rise ratios for adiabatic combusti
stoichiometric mixtures..of hydrogen—air A dent:
cal, . Similar data [31}: produced pres : io, for hydrogen-air that were 20 to 4

percent higher than those for gasoline—a eI 18’ ubes or tunnels, hydrogen—air mixtures

will transit to detonation more rapidly than methanefair or gasoline~air mixtures; therefore,‘
overpressure hazards in.confined spaces ‘are enhanced in hydrogen systems. Thus, the
burning velocity of hydrogen.ds”an“indic g high explosive potential.and: of ‘
difficulty . of confining .or Jarresting hydrogen”flames ‘and eéxplosions. Industrial equip”
currently available to: safely confine hyd ’xplosions but pipeline flame arrester

[87]

Some of the combustion characteristics‘discussed in the previous section are also appli-"
cable to comparisons of fire:! damage by the different fuels. Similarly, many of these.charac-:
teristics are applicable to: explosive hazard and explosive damage criteria as will be revealed
in subsequent sections of this paper. In the previous section we discussed the risk: LOX like-
lihood of having a fire. - In this section we examine the damage potential of a fire. o

' The main fire damage parameters ‘are thermal rsdiation, flame engulfment (fireball), smoke'
inhalation, fire detection and: extinguishment. Explosion overpressure, impulse and shrapnel
damage are related parameters that are reserved for detailed digcussion under the section:
entitled explosive damage. . Therimal radiation characteristics of the three fuels under consid-
eration have already been discussed so we turn our attention to fireballs. S :

. Fireball damage is the direct result of combustion of materials initiated through contact
or engulfment, by flames. thatiare:consuming fuel A fireball may result from the. -igni "
‘fuel-air- mixtures or. from -the! explosion £'8011d"6r chemical explosives. The explosio
fireball is.short-lived but:flamesiwillipersis

ergist until all ‘of the fuel is consumed in f

fires. Ignition of . fuel-air. mixtures: bove‘pools of-spilled liquid fuels produces flames
with dimensions that vary with: the: volume'of ‘spilled liquid, rate of spillage, nature of . .
spillage containment surface, wind velocity, location of ignition source and time delay be-

fore ignition, . A simple mathematical;expression [66] seems to adequately.predict the: maximumié
equivalent . spherical radii of fireballsfor"a wide variety of explosives including hydrogen—
air and rocket bipropellants‘ The " iameter ‘of. the fireball is given by o

where D= diameter in meters and W
estimated from

: " See reference [66],f
and fire radiation criteria are sut
d 2 .The ‘development and discussion :
_ 11 not be .repeated here. Although- theseﬂfigures
were developed speoifically for hydrog'v they are believed to provide conservative safety. E
criteria for methane and gasoline must .be .emphasized that these figures are based
ad - ex ' rricaded storage and experimental areas ‘and ‘are

not indicative of ‘inddstrial’ torage'
dards are much 1ess stringent - see figure 3.

Smoke inhalition ‘ils one of the major causes of injury and death in any fire. When fuel—‘”“
air fires cause buildings and other combustible materials to burn, smoke inhalation is of
concern for hydrogen, methane. and_gasoline. . When fuels burn.in the open air only gasoli
can cause severe smoke inhalatio , both hydrogen and methane are clean burni"

ndar s'for fuels. Industrial hydrogen storage stanf - gaf
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invisible in daylight
impurities in ‘the air.
and»large hydrogenf

.are visible in the

hydrogen fires are
to avoild personnel
yellowish in color
of methane but are
obvious."

- Two .types of sensors, thermal and op
‘Thermal sensors are the' conventional type ai
These conventional sensors (inc

[67]

quite adequate- for
the use of optical

The most common . optical sénsors detect .« e
detection schemes exist {61, 67].: Closed" ircuit infrared and ultraviolet television . e

sets, equipped with appropriate filters ha y &
fires on:rocket engine tes 8
detect hydrogen fire

emit pungent gases

used to cool and protect: adjacent exposed co ustibles and may not extinguish the fire unless
it is used in a prescribed manner by skill

fuel—air mixture may be :
In those instances wh

fire.”

These experimental

foams applied to the pool surface reduce the’ radiant heat flux to surroundings while reducing S
vapor evolution. Thus, fire control and fire extinguishment methods and equipment are commer-
clally available to combat LNG fires. ol .

It is anticipated that '_
ling liquid}hydtogenwfiresv utuno- such':dats [ :
have been siuccessfully used to extinguish gaseoue hyd_ogen fires.‘

and ‘water vapor) are not foreign to the‘a
gasoline-air fires: :
produced by burning

dir at near—range distances

'mixed with large VOlume :

or gasoline fires,‘ owév

chemical agents and high—expansion foadris:

more difficult to détect. ar A .
and equipmént damage. Methane flames, though clean—burning, are : : ; g Sy
and quite visible in daylight.,: ‘ » ol

fully discussed by Custer and Bright
e.and - ionization detectors), coupled

" The aerospace industry has advanced' PR ' )
fires in bright-field environments. ' y i L
.or, infrared radiation and- several coe : 3

detection of all hydro;
‘gsensors’ for detecti 4

- been successfully used to detect hydrogen'T

Ry %

;recommended fire extinguishing

ublished by the ‘NFPA [8].iGlds§: ’
re " 1 ed. , line fires and water deluge, o ‘water oo .

“Sefﬁl.iﬁ fighting g L thane or hydrogen fires. The water is g

.B B : ) L |

B

R

pers nel. Water ‘may be particularly ineffective -

results show that dry ¢ an beé ‘used to extinguish LNG fires and:

nert g

h flooding and- CO extinguishers
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-"An explosion is always accompanied by a fireball and

‘distances.',By~its nature an explosion‘hazagd,con
‘and shrapnel hazards. The extent of overpressur
..by _.the time interval of explosive overpressure)‘
severity 'f the explosion.

‘explosion with attendant high overpressures and ‘se

. lower overpressures. and less shrapnel hazard th
) order to ‘have-a fire or an" explosion there mu t exis

.explosive potential of all’ three fuels is discuss

by kinetic® effects, friction, chemical reaction,a_; ‘.
- influences: whether a detonable mixture deflagrates-

_.develop into:a detonation in'a closed sys em due 1

- Strong” (shock-wave) ignition sources tend to init ate d onations in ‘open or; closed. fuel-sir

i -8ystemsi: - Matches, sparks, hot ‘surfaces: and open 8 fconsidered to be thermal weak). .

‘ignition soiirces while ‘shock-wave (strong)?ignition “bu :

rvessels, INT,: high' voltage—cspscity shorts (exploding wires), lightning, snd other explosive
“*_charses. .. o .;‘ , ‘ TR

“5 0. EXPLOSIVE: HAZARD

gnition of a combustible mixture of fuel-air~csn result in a fire orian explosion.“
Jure wave (overpressure) " The

d. by,the,explosion 8o that a
otally confined

fireball may ignite surrounding combustibles ‘or fuel re
fire’ ‘ma follow an explosion. ‘1f the fuel—air

Detonations csuse more d. ma,

sive hazards associated with each fuel; therefore the
3.0, ‘48 equally applicable to this’ section ‘on- explosi
properties reviewed in section ‘3.0, MESG and hot ‘air
important ‘to ‘the ‘containment ‘of an explosion ‘and ‘to p
to explosive mixtures of fuel~air surrounding the enclosure.

atards., Two of the combustion :
L.gnition temperature, are vitally:

' ropagation :of .the explogsion

'The containmerit vessel must

_-be. sufficiently strong to withstand the explosion'pressure without emitting jets..of

combustion" ‘products that' are larger or hotter tha
ignition temperature' and simultsneously the MESG,mu‘

hose specified by. the 'hot atr-et
not be exceeded. o S .

The 1imits “of detonability are important in an evalustion of the explosive hazards of
fuel-aitr mixtures. The wider these limits, the grester the probability of a high-order -
shrapnel hazards -- detonation. The
will burn and low-order explosions - .
led deflagrstions and they result in
a ociated with; detonations.

flammsble 1imits define the“fuel-air concentration
may ‘occuf within these limits. Such explosions ar

and*an 1ignition ‘source. -Thé fuel and" oxidizer’ d ;and mixed by “the release of

fuelinto the air:: Hydrogen has by far the widest 1 mits f detonability of the three. fuels

consideréd herein; therefore, it presents the’ “gre te hazard to explosion damage. The :
the.next-section. . . i ui-

‘Thé ignition source may be’a mechanical or. el

o owever, ‘a deflagration msy

sources’initiate deflsgrations in ‘open sn clos ;
luence of .the confining walls. i

;.detonstion. Experimental dsts [lll] indicate tha
“prise sufficient- confinement 'to support st ng'

_velocity of the mixture. dice
1Vflashback arrestors that successfully disrupt ‘def agrative o

The geometry of an enclosure has a, strong effec

thst are ignited by thermal ignition sources
pipeline, hesting duct, or” hallway that’ it tskes for resction'to progress from & deflsgrs—
tion to‘a’detonation”is ‘felated to the detonation induction ‘distance. Hydrogen is a-rapld’
burning fuel and the flame front has a tendency to accelerate in long enclosures. Conse=
quently,- ‘detonation “induction’ distances hdve been experimentally observed using hydrogen=air:
mixtures but né "*such data’ exist for the ‘glower burning gasoline-sir or methanerair mixtures.
Transitionito detondtior ‘occurs becs e compression of t unburned fuel—air mixture by
deflagration incredses the‘mixture tempersturebsn s..both of; which |
‘Recent experiments [87]

ge the: burning;,u
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e,

_jhydrogen—rich‘mixtures of hydrogen, methaneyindu
” 1 :

: iever, We cen be-quite
H proper. circumstarices (L/D 21

uin open air are usually‘ oﬁuidered
¢ if they ars cibee to

'arguments concerning ogerpressure'a mn o T
fuels. Thus,. we see that overpreisure d_shrapnel hazards associated with ordinary . ) J
_enclosures (L/D 30) dre. about, the gamé for hydrogen i
stringeént- for gasoline-air. ;

a 18 a greater explosion threat
r tendency to transit to detonation.

flagration overpressures
‘ame protection for pres”ure veé“

of d onation [66] It appears~:

ing W 11 s sition from deflagration to detonation~
- the use’ . of elastic &embranes ¥

storage vesse
procedures.-z-"‘

nd reproducible and it s a. goodbstandard
es ., ExpreSSing explosive potential in -,
for evaluating damage potential at ‘

L

terms of an equivalent mass of - TNT i good ‘téchr

distances well—removed fr%m the'

'
A
1
i
}
i




‘tance data®[74] ¢an~be" used [71 74] ‘to ‘estimate overpr 88

Following this procedure we obtain the theoretical. limiting value,’of explosive potential for
ydroge 8. the most.. potent

‘ g y

realized -‘in an’ actual open—air mishap because it is virtually im'ossib to spill or release
a -large quantity offuel and have all of it mixed in proper proportion ith air prior to
ignition. Experimental data and eomputations indicate that he fraction ‘[66,- 85, 96] of fuel
within the combustible range at any time following a massiv inuous fuel spillage will
be less tha percent of the quantity spilled. Such explo ive ield.data are meager for
all three fuels, however, the vapor or gas.phase mixing limita ons- ‘are equally applicable -

to: all® fuels. Hydrogen disperses much more rapidly than meth, >..0F: .gasoline, but it also has
much wider: flammable and détonable’ limits, etc. Thus, in the absence of more definitive
experimental data 1t is ‘impossible to accurately assess, theupwob,ble explosive yield attri-
butable to accidental release and ignition of hydrogen, methane or gasoline in air. The
'energy of explosion' values listed in table 1 .8hould . be considered theoretical maximums and
yield” factors of ten percent are considered reasonable for fuel—air explosions. Higher yield
factors are possible in 1iquid bipropellant explosions 174). .

A recent ‘document [119] providea a new approach to the prediction'of hazards and damage
from-explosions’ f_lightweight bipropellant tanks and from bursting lightweight gas .storage
vesseld) This approaeh evaluates explosive yield pulse;and fragment charac-
teristics, direetly and avoids the use of conventional TNT : cy. This study,also’
assesses th damage effects ‘of blast and fragments on”str S facilities and humans, and
appears €0 beé the first attempt to’ provide more realistﬂ ’
can be obtained using TNT equivalents.

e ‘éxplosion. A confined
produce a static pressure

' phaSe explosions can be
3 to 7.kPa, mon-:

lefle er tions (even
a) . of. explosion: pressure =-

'"and unconf ined defle s damage and. injure people e

via fire, ‘window-gla:

severely damage or .
xpl sion., TNT pressure-dis-
gresulting from fuel-air it
detonations. The applicability of TNT equivalence to vapor or gas-cloud explosions is fully
reviewed in references [74, 85]. Determination of blast yield for liquid-phaae explosions
was recently reviewed by Baker et al. [86,119].. The pressure
fuel- isiapproximately double [72] thdt obtained by adiabati*’
mixture of ‘the- fuel in air at constant volume.' Consequen ¥s

totally destroy rdi

ﬁeflagration ‘to‘detonation because the e agration compresses;the unburned

sion transits from

.fuelrair mixture_prior ‘to. transition to detonation, e.g., a reflected pressure rise ratio of
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tank explosions was’ recently published by

Design for shrapnel protection is difficult b“

. velocity £61" the lower density projectiles == gee refere

Figures 1 and 2 summariee much of the fi

oeséary to estimere‘the
f_varied type; " strength, and
en'es [75-86 119] In brief

Figure 3 provides a ready ¢ ’
hydrogen, LNG and gasoline. By Y
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‘figurelB.rewresents the minimal .distance. forﬂseparff
an s.?iThe ‘distance [117] between' such*tanl

- gfauﬁd”ga
;vthree fee

- Curves 6A and. 6B on figure 3 represent the variation in quantity—distance ‘standards for
. the protection of personnel in buildings adjacent to gasoline storage tanks.: ‘These. curves
bound standards [117] that vary with type.of .tank construction, fire' control.measures and
protection for exposures, tank operating pressure and emergency venting eq\i 1ty

NSRRI T B AR N ERENE

SRERSAES

.M"and should not limit their use. %
7.0 COMPARISON OF FUEL STORAGE METHODS e ¥

o Hydrogen may be stored in the compressed gas, liquid or: hydrid forms The relative ' é

. costs [88} of. stordge in these various; forms are dependent upon-the’ quantity of hydtogen ' &

”stored and upo desired storage pressure and storage duration.

Currently, the most promising alloys for metallic hydride storage contain titanium and .
magnesium. Storage data .[89] for magnesium-nickel (Mg=N1i) and iron-titanium (Fe-Ti) hydrides 4
"are’ evailable and hydride storage system evaluations are in progress. [90] . Safety standards : E
for”the production, processing, handling and storage of titanium and’ magnesium are well 4
,documented [91]; however, the safety ‘hazards are much less certain for the. candidate Fe-Ti
-and: Mg-Niores i ;combinati n; with stored hydrogen. A recent’ experimental evaluation [92] i
indicates’ thatéFe fydride'can beiconsidered a safe method of storing hydrogen. Hydride i
storage appea 8 ‘a ive  [90)+ “for certain’ short—term storage applications but excessive E Q
- weight, restraints could limit the use of hydrides in transportation appli- ' it

- cations.

,a,compressed gas HAn industry and this practice must be
is usually ‘stored "in metal containersat: pressures ‘ranging from near-
"may also be: possible to store compressed hydrogen in aban-
s fields, caverns, aquifers, etc. Metal storage containers are‘normally

“ar hydro en: ompatible ‘ductile steel and are no {generally susceptible to
i ‘thermally-

mpanied by i o B
v ion lasting*

induced pressure relief’ evices. Vessel fracture would most likely ba” ‘acco
' _leased ydrogen and air mixture with ‘an ensuing‘confl

Again, ca strophic R

-;ment laboratories supporting the U. S. space exploration programi
-ifailures dre’ not technically plausible as dewars are constructe -of ductileA tals and are ' i s
.;diked to confine the ‘liquid contents of the dewar in the" event spillage. The purpose’ of : 3
‘the 'dike 1is ‘to reduce the 1iquid evaporation rate and to confine’ the’ potential conflagration =
to -the vicinity. ‘of the defective dewar. The double wall construction of liquid storage
dewars provides good protection against fire and shrapnel and. additional fire resistance for
adjacent storage dewars can be provided with a water deluge system. Liquid hydrogen storage
dewars are usuall built with carbon steel vacuum jackets and aluminum or gtainless steel
inner vessels.. L quid hydrogen has been safely stored in large metal dewars for nearly.

20 years,
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:ndtused in. both the compresaed:ga <an
torage should prove to:be: equall safe.

buildings or“ it
gas (LNG);" ‘and” 44
catastrophic failures and. diking confines potential -conflagrations.

”ge. The use of dictile steel tanks virtually pr
Gasoline hasib

nickel steel i1 er’ shell'a ff,rbo steel outer shell) and a disastrous fire: accompanied ‘the -
failure of one of these tank in / Changing the inner shell material: from:3.5¢ percent )
nickel steel to 9 percent nickel steel or ‘aluminum has cured the early: storage problems : * ¢
agsociated with LNG and‘it has, been safely stored [94] 1in large .quantities:since:the mid=- 7.
gixties. Storage vessels with concrete inner shells and . carbon steel:outer: shells have ‘also’ "
been placed in service within the last several years. LNG:is.stored in:aboveground:and- ‘below- -
ground containers and the space between the double walls, is usually filled with a foam, powder,
or fibrous insulation: material and  gag-filled with.nitrogen or natural: gas. : A11 ‘of ‘the fore-
going arguments concerning t storage of gasoline and liquid hydrogen: apply-to. the ‘storage of
LNG. In fact,.& comprehensive fire and explosion hazard study [26] by-the: ‘Bureau of - Mines S
concluded that LNG could be safely stored in much the same manner as gasoline.»<;«“

\

Of the three fuelsfexamined, gasoline is certainly the easiest and perhaps’the safest fuel :

: : The degree of risk associated with ‘the: storage- RS
of each fuel cannot'be specifiad at this time so that we must conclude that all three fuels‘- o
can be safely stored using current -technology.

8.0 FUTURE HYDROGEN APPLICATIONS

Hydrogen 1s ‘belht

rely- on”electriciti of
in- each of these marke

- and new* uses'of:hydrogen may- pose ne.‘safety ‘hazards :that..

‘characterization and evaluation of accidental exp
and is a useful guide to current research efforts in this area. The interested reader

P
in preparing safety analyses for each specific application of hydrogen fuel as the applications
arise. Without- resorting ‘to specific applications and specific accident ‘eriteria’we’ ‘can: cate—
gorically analyze sgme ) 3

“ts” increased use in

19




{

Hydrogen ds:a pot
tually, and technical]
[101], trucks and bus
logistics sand: safe
undetermined.: ing
airplanes, we find th t
Hydrogen was tried‘b

cedures are most difficult
of the aerospace industr i

enriched gases;(co'
in European countries
also appears to:

sector. o

The ‘scéne of a hydro"n fire mayﬂbe hot
1.8 X). than that: of a hydrocarbon fire, but the hydrocarbon _ires will endur
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“fuels. ' In some applications hydroge

extinguish LNC &ud gasoline fires. :

'ing velocity tend to make hydrogen a greater explosive threat than methane or
. confined fuel-air. explosions.are:not.normally;

‘the three fuels considered.

Hydrogen fires are more difficﬁi‘x£  de methane or gasolinme fi:eq_ﬁut-modéfu,; e
d‘reliably detect the flames of all three

detection equipment makes it possible uickl’

flow is StOPPed;QFguntil;liguiﬁmsﬁiil
created by extinguishing:such. flame e ire should be controlled.in all. ,
and in many cases it is advisable to .extinguish the fire. Water may be used to fight fires

of all three fuels and commercial dry chemicals and high-expansion foams can be used to -

sumed, because of  the potential explosive hazard

The potential for smoke inhalati
and hydrogen fires.respectively. . ...:u

its of hydrogen coupled with' its.rapid burn- :
‘or gasolire. Un-
wery.destructive; however, confined fuel-air .
nts the greatest confined-explosion threat of

The wider flammable limits and detonab:

VT

explosions can be devastating an

ydrogen  presen

For equivalent energy storage or for equivalent volume storage, hydrogen has the least
theoretical explosive potential of the three fuels considered — even though it has the
highest heat of combustion (and explosive potential) on &: mass basis. -

Hydrogen is currently being safely stored and used in industry in bofh the compressed gas
and liquid forms and it is anticipated that metal hydride storage will be equally. safe.. Of the

three fuels examined, gasoline iqgthe;gagigstzgﬁd¢pe?haps the safest fuel to store because of
its lower volatility and narrower flammable and detonable limits. - -

Personnel and: equipment safety criteria (fuel quantity-distance) are concisely charted
on figures presented herein, It is believed that these figures provide safe exposure
distances for all three fuels. - ‘ o :

Consideration of future hydrogen.applications reveals no safety problems in the industrial .
and commercial markets. - Hydrogen safety, problems may exist in the ‘transportation and residen-
tial fuel markets and;additionglgqgfetyuanglyses;are;hee¢gdﬁip-thesg,areégg]'Lowén,;iak_(or:;__v

ity "s

lower .cost) fuels will most likely be used to satisfy many of these markets over the next few

decades; however, hydrogen -cannot currently: be considered unsafe and cannot. be excluded from

 consideration in any of these spplications on the grounds of safety. It is the author's

belief that fuel availability and cost will outweigh fuel safety in the selection of fuels -

in the future and hydrogen must be cons;deréd a contender in the chemical fuel market.

Finally, hydpogen safety guidelines and applicable regulatory codes are‘éuﬁﬁbriié&faﬁd
tabulated -in the Appendix of  this paper;, SRR _ o o e
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hane ‘fires should be‘allowed'to~burq%unti1ﬁgasgf*'p§ 
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e ire should be controlled.in all situations ' '
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