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IS HYDROGEN SAFE?
J. Hord

Cryogenics Division
Institute for Basic Standards
National Bureau of Standards

Boulder, Colorado 80302

The safety aspects of hydrogen are systematically examined and conpared with
those of methane and gasoline. Physical and chemical property data for all three
fuels are compiled and used to provide a basis for comparing the various safecy
features of the three fuels., Each fuel is exanined to evaluate its fire hazard,
fire dazage, explosive hazard and explosive damage characteristics., The flre
characteristics of hydrogen, methane and gasoline, while different, do not largely
favor the preferred use of any one of the three fuels; however, the threat of fuel-
air explosions in confined spaces Is greatest for hydrogen. Gasoline is believed
to be the easiest and perhaps the safest fuel to store because of Its lower valatilicy
and narrower flawmable and detonable limits. It is concluded that all threa fuels
can be safely stored and used; however, the level of safecy risk for each fuel will
vary irem one application to another. Generalized safety comparisons are made herein
but detalled safety analyses will be required to establish the relative safery 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 guldelines, regulatory codes applicable to the distribution of
hydrogen, and safety criteria for liquid hvdrogen storage are complled and presented.

Key words: Explesion, fire, fuel, gasoline, hydrogen, methane, safety.
1.0 INTRODUCTION

For many years now hydrogen has been conaidered a suitable, if not ideal, syntheric fuel
for future generations. Its clean-burning, rapid-recycling characteristics are lauded by
hydrogen advocates and its explosive characteristics are emphasized by hydrogen cpponents.
The safety aspects of hydrogen are the most common concern of the man-on-the-street when he
is first {introduced to the hydrogen fuel concept. This spontaneous fear reaction is probably
attributable to the automatic asscciation of hydrogen fuel with the "hydrogen-bomb' and the
Hindenburg fire. Subsequent to the Hindenburg incident this country has experienced zore
tragic and devastating fires iavolving natural gas, vet natural gas is a fuel that i{s commonly
accepted by the general publie. Also, there {s no connection whatsoever between the chexical
explesive potential of hydrogen fuel and the thermonuclear explosive potentinl of hydrogen as
it 4s used in 'hydrogen-bombs.' Thus, even the novice will recognize that the wide-eved fear
of hydrogen 18 unjustified. Simultaneously we must realize that hydrogen 1s one of the most
flarmable and explosive fuels available to us and it must be handled with appropriate reapect
and safeguards.

Evaluation of the safety hazards of a particular fuel is a highly complex task requiring
interpretation of specific technical data and intercomparisons with other fuels. Fire and
explosion hazards must be carefully assessed to determine the relative safety of a fuel in
each potential application. Therefore, hydrogen can be safer than coaventional fuels i{n some
applications and more hazardous in other applications. Because of the complexity and depth
of this tople, it is treated rather superficially in page-limited technlcal articles dealing
with hydrogen-energy concepts. The purpose of this paper is to systematically examine the
safety aspects of hydrogen and to determine if hydrogen is sufficiently safe for use as a
future fuel., It will be demonstrated herein that the answer is overwhelmingly, YES, although
its use may be restricted in some future applications.

2.0 GENERAL PHYSICAL AND CHEMICAL PROPERTIES

To pernit insight and provide perspective for the relative safety of hydrogen, compara-
tive data are given in table 1 for methane and gasoline, Methane is the major constituent



of most compressed natural gases and of liquefied natural gas (LXG); thercfore, methane and
LNG are used interchangeably in this document. The significance of the technical data, listed
in table 1, is discussed in considerable detail throughout the repainder of this paper. These
data were obtained from numerous sources and are believed to be the best available. Some of
the data given in table 1 were obtained by giving weiphted consideration to several sources

of data and by perforzing appropriate computations.

Most of the properties listed in table 1 will be familiar to the average reader; hewever,
each of the combustion properties will be briefly described because of their importance to
this safety analysis and because some of them are not commonly used properties. The thermo-
physical propertics conform with the conventionally asccepted definitions; however, explanatory
notes are provided at the bottom of table 1 to explain the bases for some of the “gasoline
properties. The heats of fusion and sublimation are taken at the triple point (at the
freezing point for gasoline) and the heats of vaporization are taken at the normal boiling
point., The combustion properties are defined in the following paragraphs.

Linmits of flammability in afr: The range of concentrations of gaseous fuel in air at
which the mixture will burn, f.e., a homogeneous fuel-air mixture will propagate a flame
within a linited range of composftions. These limits are determined experimentally [40]

by visually observing upward propagation of flames through flammable mixtures in vertical
tubes.

Limits of detonability in air: The range of concentrations of gaseous fuel in air at
which the mixture will detonate, {.e., the flame front will propagate at supersonic speed.
These limits are usually determined by measuring the rate of propagation [19,35,41] of

combustion-supported predsure waves in long horizontal tubes filled with combustible
mixtures of fuel in air.

Stoichiometric composition in air: The concentration of fuel in air at which all of
the fuel and oxygen in the mixture are consumed by the reaction and maximum combustion
energy is realized.

Minimum energy for ignition in air: The minioun spark energy required to ignite the
most easily ignitable concentration of fuel in air. The most easily ignited mixture of
fuel in alr {8 usuvally not the stolchiometric composition. To determine the minimum
ignition energy, a calibrated capacitor is charged to a specified voltage and discharged
through an arc between parallel plate electredes that are immersed in the cosbustible

2 ,
mixture of gases. Ignition energy is calculated from (1/2)CV", sce references [42,43].

Autoignition temperature: The minimum temperature at which a combustible mixture of
fuel and afr can be ignited by a hot surface [8,18,44].

Hot air-jet igniticn temperature: The temperature of a jet of hot air as it enters pure
fuel vapors or a combustible fuel-air mixture at NTP and causes ignition to occur. The data
given in table 1 represent the jet temperature of hot air as it enters pure fuel vapors at
NTP. The jet diameter for these data is 0.4 cm. This ignition temperature decrcases with
increasing jet diameter [22,45,46] and for a given jet diameter the hot gas jet ignition tem
perature increases if hot jets of nitrogen gas (rather than air) are squirted into cembustible
fuel-air mixtures [45]. The hot gas jet ignition temperature is dependent upon the composi-
tion of the combustible mixture and the velocity of the jet of hot gas.

Flame temperature in air: The temperature within the flame as deternmined by burning
preaixed stoichiometric fuel-air mixtures in the open air. Fires at the scenes of fuel
spills or leaks more closely simulate stationary gascous diffusfon flames which burn at
lower temperatures. Detailed discussions on this topic and experisental technigues are
reviewed by Lewis and von Elbe [47).

Percentage of thermal energy radiated from flame te surroundings: The percentage of
the heat of combustion (high) that is radiated from the combustion zone to its surroundings.
The higher heating value of every flame is eventually dissipated by radiative processes.,

The data given in table 1 are for flames fueled by vaporization of pools of 1liquid fuels in
an air environment. These data are similar to those obtained in laboratory experiments
with stationary gasecus diffusion flames [25,26]. Atmospheric moisture absorbs thermal

2



energy radiated from a fire and can reduce the values recorded in table 1. Hydrogen fires
benefit most from this absorption effect (25], e.g., it is estimated that 45 percent of rad-

fant hydrogen flame energy is absorbed within a distance of 8 m in 25°C air containing water
vapor at 15 m=Hg partial pressure.

Burning velocity in NTP air: The subsonic velecity at which a flame propagates through a

flammable fuel-air mixture, This velocity is usually determined in the laboratory by measur-
ing the velocity of gas flow to 4 bunsen burner [27].

Detonation veloeity in NTP air: The supersonic velocity at which a flame (and
accompanying pressure wave) propagates through a detonable fuel-air mixture.

Diffusion coefficient in NTP air: The diffusivity or coefficient of diffusion is a
parameter used in Fick's equation te describe the rate at which a gaseous fuel diffuses
through air. For a given fuel concentration gradient the mass diffusion flow rate is pro=
porticnal to the diffusion coefficient. This coefficient can be computed from an empirical
expression [48] that is based on the kinetic theory of gases.

Diffusion velocity {m NTP air: The wvelocity at which a gaseous fuel diffuses through
air. For a specified fuel concentration gradient the diffusion velocity 1s proportional to
the diffusion coefficient and can be estimated from Stefan's equation [49]. Diffusion vele-

city varies with temperature according to 'I':”2 and consequently low temperature gases produced
by crycgenic 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
vary from 99.99 perceat to 0.0 percent over path lengths of 3 ¢m to 30 m. '

Buoyant velocity im NTP air: The velocity at which gaseous fuels rise in air under the
influence of buovant forces. This velocity cannot be determined in a direct manner as it is
dependent upon drag and friction forces that oppose buoyant forces acting on the rising vol-
uzme of gaseous fuel., Atmospheric turbulence as well as shape and size of the rising volume
of gas can affect the terminal velocity of the buoyant gas. Buoyant forces are related to
the difference in air and fuel densities; therefore, cold, dense fuel gases produced by cryo-
genic fuel spills will rise more slowly than NTP fuel gases., The buoyant velocities recorded
in table 1 were estimated from fundamental principles of dynamiecs and with the aid of empiri-
cal data [50,51); it was assumed that the radii{ of the buoyant masses of NTP fuel gas varied
from 3 ¢cm to 1.5 m,

Maximum experimental safe gap (MESG) Iin NTP air: The maximum permissible clearance,
between flat parallel steel surfaces, that prevents the propagation of dangerous flames or
sparks through the gap. The MESG is measured by igniting a combustible fuel-alr mixture
inside of a test enclosure and observing a similar combustible mixture surrounding the
enclosure to detect its ignition. The MESG is the largest gap size that does not permit
ignition ocutside of the test enclosure. The MESG is dependent upon the test gap flange
width, compesition of combustible mixtures inslde of and surrounding the test enclosure, the
inicial pressure and temperature of the mixture, locatien of the ignitien source and enclesure
geometry [31,52]. The hydrogen and gasoline MESG data recorded in table 1 were obtained using
parallel steel flanges that were 1,905 cm wide and 10.16 ¢m long. The methane MESG data were
obtained using an 8 liter chamber with equatorial flanges that were 2.54 cm wide. MESG dara
are of vital importance to the design and manufacture of explosion-proof equipment.

Quenching gap in NTP air: The spark gap between two flat parallel plate electrodes at
which ignition of combustible fuel-air mixtures is suppressed, i.e., smaller gaps have the
effect of totally suppressing spark ignition [16,33]). Other types of electrode geometries
are also used in laboratory measurements [16,33] of quenching distance. The experimental
data [16,33,53] are dependent upon the temperature, pressure and composition of the combus-
tible gas mixture and electrode configuration. Experiments have shown that the guenching
distance is relatively independent of the mode of ignitien. The quenching distance is
sometimes determined by measuring the smallest 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 the gap required to quench propagation of flame
between flanges or plates that form a narrow channel and are filled with & flammable fuel-
air mixture at NTP. In the latter two experiments the explosive gas mixture is ignited at
one end of a leng tube or channel by a pilot flame,




Lerenstion taduction distance in WTP alr: The distance required for o deflagration to
translt o a detopation in g detensble fuel-alr mixture. This distance 1ls wsuwally experis
meaeally deternined fo o long cylindeical tube with a spark or hot wire ignitor oo one end
af the tabe. The tube is instrumented along its leagth to sense the volonley of che flame
front as it peapagates through the detonshle mixturs of gases. The dintance from the
tpairer ro rhe axial position ds the tobe where the flame front first strsius the detonatien
velpoity I8 reoported as the induction distance., Thin distance is dependent upon the oowbisw
ible misture coustituents, the pressurs, temperature angd concentration of & EAGDU A
minture, the enclosure geometry {341 and strenpth of the ignition souree {187, & deflagera-
tion 43 8 low ordey explosion vesuiting from subsonis flame spead, relative to the unburned
gan. It is conventionally defined as¢ a propagating veasctlion In which the enerTgy nransicr
feon the veastion zone to the spreacted zone is ashieved through ardinsry rate-~lisiviag
Eranspdrt processes such as beat and masy transfer. A detomstion {5 2 high order sxplosisn
regultiag frem sugersonde §lase speed, relative o the unburned gag, It mav be defined as
A prepagating reactisn In which energy is transferred from the rescrion zone fo the unregeted
zope oo reaetive shook waee,

Limiting oxypen inden: The ainloum concentratien of cwvgen that will suppory flame
prepagacion dn sn uwaknown mixture of fuel, atr and nicrogen, e.g., po nisture of hydrogen,
aly and sleropen at NTP conditioos will propagate flame if the mixtare contains less than
5.0 valume percent cuypen [34].  Uae of diluents other than sitvegen results in d{fferent
walues for the Modting owypen index of esch fuel [14,34],

Hagoriszation wates of ligoid peols without burning: The rate at which the Yguid level
deoreases after @ pool of Hguld fuel has been forsed by spilling fuel onte a warm aurface
snh ds sand o soll,  Thess evsporation rdates ave measured after subsidence of the evislent
bolling that asccompanies the initial kiguid spilil. Vaporisstion rates of the sryagunic
funls pan be ewpeoted to vary widely with the condnetisity and heat capacity of the soil or
sthey materisl confining the spilied liguid fuel. 30 the csse of gesoline, waporization
rates will vary with the volassdliey of constirueats (Blend), age, fuel temperature, groond
surface texturs gnd temperature, ¢te. Wind velocity fnfluences the waporization rate of
2l fuels considered hersin,

Burndog rates of spilied liguid pools: The rate at which the Liguid lewsl decreasiey
afrer a pool of liguid fuel has been formed by spilling fuel omto s ware surface and the
reguliset vaper-alr wmisture hay been dpanired.  Again, these burning rates are messured
after the iniclal-spill vislent boiling has subsided and the vapor s sixing amd burning ia
aly above the poel of spilled fuel. These buroing rates wey alao be obtelped by adding the
vaporization vape Oeithout bhurning} snd the liguid level regeassion rate attyibutable o
the burning of capors Lo the open alr over Liguid fuels that arve eantained in opon-mouthed
insulated vessels. Steddy stave burning rates ineresse with liquid pool diameter while wapor-
ization rates continuously decvedse with time, frrespective of pool sise. Burning rates can
be pxpected to owary with pool dismeter swd wind velociey {23,26,118].

Flagh point: The aisimum liquid fuel teaperarure raguired to provide a fuel vapor-air
miwture a che surfsee of the liquid vhat w11l prepagate a flame.  The llquid fuel is
heated in an open of olosed cup [55] waril the waporizetion rate is sufficient o form a
mixture of fuel capor and alr thae s within the flamsble $elts near the liguid surface.
Ignition is accomplished with an open flame near the surface of the liguid,

Toxiciry: The quality or conditlen of baing harafnl, destruetive, desdly or poizonous
p living svgandsss.  The pesicivy of a4 fael can only be described {0 terms of its effects
tn living srpaniams and gpecifically in rterms of {vs effects on humams [36). Towioity
vatipgs 156] ave {of secessiny) relavive valves and thresheld ldmit values for eaposure to
tonle subatuwnees ave published annvelly -~ sepe reference [57].

Euergy of ewplosion: The theorsgical meximum energy avallable from a chemical awplasion.
This maxizmum energy release is detersined by computing the isothermal decreasze {n the Helm
holez fres-eoergy functloa. Esplosive spergies listed in table 1 are expressed in terms of
squivalent quanticles of THT (svemetrical wrinitrotolvens) dod may be converted directly te
energy univs by sultiplying by 4602 3 {g TNT).
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3.0 FIRE RAZARDS

By consideriag fire hawards, firve damage, explosive hazards aosd explosive domage
artributable o each foel we cin sxpope the relative sgfety merits of sach fuel for potential
fuel applicaniens. By definitiun, 8 hazard fdeatifies & pending risk av perdl. Of course,
the exfatence nf 8 hasard dous net gskure the oocurrence of a fire or explosion or that
damage will be spstained if o f£ire or explosion dees gever.  Thus, the safery hazards aod
damage potestial of candidave fuels must he compared to provide the reguisite ssfery eritecia
for fyel selection. The degres or extent of hazard and damage potential are frequently
difficult to express io ifndisputable selentific rerms. Conssquently, scientific dats ars
usually tewmpered with experienced Jadgment te formulite safety evaluations for different
fuels., Hence, the purpetusl sonbrvoversy over the selative ssfety of fuels,

By refersing to the combustion propertdes listed 4n table 1 swe can systematieslly step
through the fire hazards of hydrogen, nethane snd pasolime., Flrst we will consider the
agcidental or insdvertent wmeans of cbtaiming flamsable mistures of fuel 4o ale.  Usually,
such mixtures are the resuit of fuel leskage or spillage which may be attributable to
pochonical fallure of equipment, matevisl failuse, ernsion, physical abuse, {mproper
mafatenance, oolliaisn, ete.

The rate at which the fuel vapers mix with air f¢ indlcated by their 4iffusion velosi-
ties and thedr buvvant welecitiss. The buoyent effect is deminant for hydrogen and methane
snd frem the dots Hsted In teble 1 4t inm spparent that hydrogen can be expected to mix with
‘air move rapldiy than methane or gesoline -- the latter is obviously the siowest wixing fuel
of the three Inels coraiderad. In the event of 8 fweld spill, ope could espect hydrogen to
form coxbustible nixtures more rapidly than methine bocanse hydrogen has @ hip&ﬁr bunyant
velocizy and a slightly lower flassable limin. Agsin, zasoline wonld be orders of mammitade
slower than hydroges or sethaoe in forming covbuatible sixtores in atr. In some Tuel appli-
satdvay theer relative zixisg times may be lmpartant while in others they ave mesningless,
$og., An dangtsntaneous flre basard esisty fov the dmpact rupturs of an sdto fuel tank
frrespeetive of the type of fuel carried.

Broause of their higher buovant welocitles, hydropen and methane can sleso e expeoted
to dinperse more tapidly then gasoline and thus shorten the duration of the £laszmshle
hazard. Even though the upper flacsable limis (UFL) of hydrogen is mmch higher than that
of methane the higher buoyant velocity of hwdrogen permifs 1t to disperse to coucentrations
below the lower §lommeble limit {LFL} more rapidly [38] thon methame. Thus, ome could expect
g fire basard ro exist most reslily with hwdrogen, methans and gasoline respentively, and
o persist in the inverse order. '

We must exercise seme caution In smalysing fuel mixisg and dispersion rates by separing
relative buovant aud diffusion velogities of the XTP fuel ghses. In large eryogenis Tiguid
fuel spilis, the vapurisarion of Idgquid and waraing of tha wapor can el large masses of
air. In additien, BRP hdrogen vapor density approaches that of ¥IP adr while NBF methane
vapor density 4x greater than the depsity of NIP alr,  Congeguently, for sowme finite poried
af vime these cald vapor-alr mixtures are sonbusysnt and may extend to approciable distanons
from the splll. Therefore, both the vange aud Juration of the fire bhasavd may be extended
sompwhat when orvegenic liguid fuels ave spilled. More definitive experisental data are
needed in this ares o supplement existing knowledge [25,26,%6), Some gxperizental data and
analyaes for LNG spills on land are avallable [118]; these data treat the dispersion apd
drift characteristics of waper clouds that forzs over LNG spills.

“The lew value of limiting owxvgen index reflects the high value of the TPL for hydrogen—
alr mixtures. The wide flassability lmivs of hydrogen are of practical significance only
when fuel leskspe into eaclosed spaces is a major councern.  In this case the flammabls Iimits
of hydrogen are sufficiently wide to enhance the prodabiiity of combustion frem a rendown
iguition zource. This flammability chavacterdstie should tot preclude the use of hydeogen
because the LFL 4z the vital ome in most spplicarions.  The LPL L3 loporcast becsuse dpgnivion
sources are nearly always pregent shen a leskiong fuel firvat reaches covbustible preportions
in air.

The rate af wvapor generation and burning over spilled liguild pecls is of interest for
the varfous fuels. As dndicated In tablse 1 the volwsstrie wvaperization rates and buraing
rates are bighest for hydrogen, methane, and gasoline, respectively. Consequently, for &
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given liguid spillage wolume, gasoline fires w11l last the longest and hydrogen fives the
shertest while a1l of the fuels burn av shour the same flasme tempersture,  The cherpal encrgy
radiated from these pocl-fed fives way be computed by multiplving the apprepriate [hurniog
raced XOONEF llquid density} X (high best of conbustion) X {percentage of thermal RORYEY radie
ated from the flame to its survsundings).  The tadfated thermal energy should net axcesd

i& wfcmg ef pool Mguld-vapey surface ares for hvdrogen, 153 Wﬁﬁma for sethane or 313 Hfmmg
P gaseliine,  Then, the ssens of a hydroges fice may be hobtber than that of g hydrovarbon
fire, but the hydrooarben Fires will last five o ten Clmes lomger than hedreages f4ires {for
pguivalent fuel spillage volumes). Additional data for LHG weperixation add baroing rates
and for radiant best flux emitoed from fires over INT pools are presested in reSopenes [118}.

Anether matter of convern fn evalusting fire bazards is the rate of lsakage flow of
Ilgnids or gases theoogh leakage paths of warying geomelries, e.g., leakage through eracked
welds, isproperly smared flanges, threaded fittings, dovapged seals, cte. Pravious work [591%
has shown thet volwmetric leskage rates are doversely proportional te che sguars rout of the
denmity, ot inversely proporvticnal to the sbsolute wiscosivy of the lesking fluid. Beiug
the data glven s table 1 we can estimate the velative volumetvie leakage rates of the WAP
Hyguld fuels and of the gases at ST, Onder these sonditions the volumetric teakage flow
of ldgufd bydeogen will be 2.8 to 8.3 {viscous flow) times an large as 1tguid oerhane
teahaga) volumetric leakage €low of liguld hydrogen will be 3.1 to 15 (viscous Flow) tizes
as Lavge an llquid gaseline leskage: wolumerric leakage flow of hydrogen gas will he 1.3
fefscoun flow) go .6 times gy large as paseous methasne leskage: volumetric leakage flow of
bydrogen gas will be O.& (visosus flewd to 7.3 tives as large as gasolise wvapor leskage.
Simee cure Is ususlly zaken to mindwize fnel leshs the viscous leakage flows are considersd
to have the gresvest practical significence. Thus, we conclisde that 1inuid hedrogen is
tush wore $iffiewls to contaln than Idguid methane or Viguid pasolise sad that BTP gasoling
vapurs are sare ddfiicule te cuntadn rhan elther STF hydrogen oy 8PP methane, o spiee of
these unfavorable leakage characteristics, industry has proven that both liguid snd gaseous
bydropen cas be sefely and esslly conmtained.

Tachniques for detecnlos of hvdrogen leakasge are effectively sussarised hy ten documents
[60,61] and general proceduares for lesk tescing are detailed in the handhook oy Marr {84},

Tue ziniesem spark energy required for digoicles of hydrogesn f8 sir is shout an order of
wagnitude less fhan chkar for methane or gasoline: however, the ignitfon energy far sll thres
fuele {o suffictently low thet dgnitvion i relatively assured fn the presence of thersal
fweakl lgnltion souvess, @ g, sparks, saiches, hobt surfaces or open §lamesn. Even sz weak
spark due o the digcharge of startde electricity from a buwsan body way be suffioient o
fgnlve any of these fuels dn ade <~ 10 mI sparks may be produced in such elestrestatic
discharges [RIT,

slthough bydrogen haz 3 higher autofgnitien tewperatiute then methane o gasciine, ite
low fgnition energy charseteristiz webes 13 more veadily fgnivable then eivher of the
wedeacarban fuela, The hot sie-jer fgnivion temperature im bighest for methane and loweat
for wydrogen: vherafore, hydragen {s sasiecst o {gnite by jets of hot combustion products
eubtted fron an sdiscant enclomnrs,  The flash pelnt is weaningless for the aryopenie fuels,
hydrepgen and methane, within the reoperature range of intersst becasse these fuels will
flash at sll vemperatures abeve thelr normal bodling poinis.  The beiling points of the
cryegenic Mouid fuels are so low thar these fuels are consldersd to bekave Yike ERges.

The flash point of gaseline $s alss well below reon temperature; thevefore, all three fuels
wust he ponsidered volabile and will generate sufficlient vapor to create a fire hazard st
earth suvface texperdtuves, Then, sIl three Tuels are relatively sasy to fgnive. Hydrogen
is most suscepblible whille wethane snd gaseoline sppedr to be equally sugteptible to ignition.

X

The burnipg welaciny i o fuodamental property of o combustihie gas mixture amd should
rirt e confused with the flame apeed {63}, The burning welocity fnflusnoes the goverity of
the explesion snd aleag wich quenching gap is impurizst in the design of flame arresters {£3].
Higher burning welneivies dndicate a greater tendency for the zombustible gas mixture Lo
support the tramsizion frce deflagratlon o detosasfon dn long tuansls or plpes, The
insrantanesys pressure vise duw to the ixnition of a fyel-air misture combaiued in o sphevical
veanel iv propereienal o the oube of the borning welseity [84)].  In peseral, faster-buraiag
guses hwve smallsr quenchiog gops end flame arvesters for faster-burping Bagses. qunt havy
smaller spartuves [83]. The guenching gap is the passage pap dicension required bo preveat
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propagation of an open flame through s flasmable fuel-alr mixture that fills the passsge and
ir is clearly distinguishable frow the MESG. The larrer Is the maxisum persissibile clearance
begween flasges to assure that an explosion does not propagate from withinm an enclosure to 8
flumable mizterve surrounding the englosure.  Bevause of the high explosion prassures the
HESRG i» always smaller than the quenshisg distance,

Svaliable date [63] indicate that the pressure vise racios for adiabapic combuntion of
steichiometric wiztures of hydroges-air and sethane~adr in closed vensels are nearly fdenti=
esl, Siollsr dura [33] produced pressure rise ratfes £or hydrogen-aly that sere X0 to &0
percent bigher than those for gasoling-sir. Im loug tubes or tupnels, hvdrogea-air mistures
will rransit o detoenation sere rapldly than methsne~aiy ov gascline-air mixtures) therefors,
sverpreesute hnzards in confined spaces are subanced in hydeogen systems. Thus, the high
burning welocicy of kydregen is an’ ladication of its high explosive potential snd of the
Aifficuley of confining er srvestisg towdrogen flames and cxplosians, Industzial eguipment is
surrently available o gafely senfing hydrvogen supleafons but plpeline flame arresters, though
sucipsslul fo certals hydvogen~air vonbustion applications, are sot yet considsred relfsble
{871,

4.0 FIRE DAMAGE

Some of the sowbustisa charscterinciss dipoussed in the previeus section are alse applii-
cable oo oonparisons of firve damage by the different fuele. Siailerly, many of these charnos
terizrics ave applicable to explosive hasard and enplosive damage criteris as will be revealed
in subsegquent sectioans of this paper. In the provious sectien we discessed the risk or 1ike~
ihwod of having a fire. In this section we exawioe the damage povential of & Fire.

The main fire damsge pursmeters sre thersal radiseisn, flome sngulfpsne {firvebsll), smoke
iphalation, fire detection and excinguishwent., Esplosfon overpressure, iupulse and shrapnel
damage sre ralated paraseters that are resevved for detalled discussion under the sextion
entitled explosive demage. Therwmal radistion characteriatics of the thres Fuels uader coasid~
pration have alrvewmly been discussed so we turn our attentdon to fireballs,

Fireball damage iz the direct result of cosbustion of matevials inlzisted through contasy
or eugelfmeny by flames thas are cossuming Fuels. A Fireball wey result from the {goivien of
fuel~alr siztures or from the sxplosieon of solld or chemiesl seplosives. The explosion
fireball is short=1ived but flames will persist until all of the fuel is consured in fuel-air
firen. Tgnition of fuel-air siztures above peols of spilled Xiguid fuels produces Tlames
with dinenslons that vary with the velume of spilled ligquid, race of spillage, nategs of
spdllage convainment surfsce, wind velocity, lecstion of ignition sewrce and time delay be-
fore ignition. & simple nathemarical szpressivcn [68) seesms o adeguately pradict the maxisus
squivalent spherical vadil of fireballs for a wide variety of caplosives fucluding hydrogen=
zir and vocket hipropeilunts,  The dismeter of the fireball is glven by
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where B = dianefer in seters and ¥, = weight of fuel im kilograns. The fieabsll duration smay be
enzinsted from *

D& FLREW

¢ 0u47 w2,

where t is o svconds and W, 13 the weight of fuel fu hiloyrams. See referenew [68] for Yimiva-
rivng of these approximetiois. Various firebsll snd fire radfation criteria sre semsarized
alomg with overpressuve eriteris on figures 1 snd 2. The development and discussion of thase
figures has been treated elssvhere [86] and will not Ye repeated bere. Although these figures
were developed spesifically for hydrogen they axe belisved to provide couservative safery
sriteria for methane aud gasoline. It must by cophasized thet these figures ave based ypon
porential fire and explosfon togards In unbarricaded storage and experisental arzas and are

st dndfcative of Industrial stavage standards for fuels, Industrisl hydragen storage stas—
davdy are wmush less stringent -= see figure 3.

Swoke ishalation i ene of the major causes of injury and desth in any fire. When fuul-
air fires cause buildings and other copbustidde materials to burn, swoke inhalation is of
vonesrn fox hydregen, methane and gescline. ¥hen fuels burn in the epen alr oaly gesoline
can gcsuse severe swoke inhalation damage an bovh hydrogen end sethane are olean Wurning
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fueis. Inhalation of the combustion products from hydrogen~aiv or sethane-air fires is
voensidered leas serious because doth of these fusls sre buyovant and requlbre o large Influs
ef frewh alr to sustain the fire. Alzo, the ceabustion products of Wrdrogen~aiy fivag
fmadinly aftrogen and water wepor) and methans-sir fives {mafnly nitvegen, coarbon diwwide

and water vapsrl are pot Enraién i the Tusgs as are the gnoty cowbusbion produsts of
pasnline-adr fires. OF oourse, the lungs can be seared by breathing het conbustion gAsLs
praduced by butning any of these fuels. Breatblog any of these fuels or thelr coxbustion
praducts in sufficlently rich concentrations can alse canse ssphyzistion. The physisloginal
effants of breathing serodols, toxio pases (suck s €O sod ﬂG 1, hot gases and oxvgens
Aeficiont gases ave veviewnd by Custer and Bright (671,

burrent fire detection techmology is summarised in 2 vesent document [67] and hydeagen
fire detecrion is reviewed in an older publication [B1]. lHydrogen flames are uearly
lowisible in daylighe but thelr vwiaibilicy ig improved by the preseoce of modstare andfor
impurities in the alr. Hydregen fires are resdily wisible in the dark or in subdued Iighs
and large hydrogen fires are quite detactable in daylight becsuse convestive “heat ripples"
arw visdble fn the air st pear~rvange distsoeces and tharmal eadistion hests the skis, Smali
hydrogen fires are zore difficulc to detest and vequive that certain precautions he taken
o avedd persennel and equipment damage. Hethane {lasmes, theugh clean~burning, ars
velluvwish dn color srgd guite vigible in davlighe. CGaseline flamps are sizmilar to phowe
of smethane but arve mixed with large woluses of soot snd smoke go that £ive desection is
chwisus.

Two rypes of semsors, theemal sod optical, are used to deteet hydeogen fires.
Therzal sensors are the cenventienal type and are fully diseussed by Custer and Bright
[67]. Theass conventional sensors (Including swoke and fonization detestors), soupled
with fiame vigibility, are adequate for detection of smethane or gasnline firva amnd meb
gults adequate fer detection of all hydrogen firves. The serospece industry hag gdvanced
the gse of pptical ssnsors for detesting hydrogen €ires in bright=field enwironments.
The most common aptical sensors detect ultravielet or dnfrared radistion and several
datectinn schemes exist {6l &7]. Claosed-cireuit dnfrared and ultravioler television
seiw, equipped with appropriste fileers, have boen swecessfully used to detect hrdrogen
fires on rocket sogine test stamds [61]. Iotumescent paints have alde been used
detect hydrogen firves. These paints char and swell st low temperature {=~200°C) and
it pungent gases.  Hydrogen firves ave ochvlously more $ifflcult te detect than methane
wr gasoline fives; however, the avallabilicy of mcﬁ&@n devection equipment makes it
poasible to gulckly snd veliably detect the flames of all three fuels,

A brief review of fire extiaguishment metheds snd recommended fire eatinguishing
pracedures for vardous cosbustible materials has been published by the XPPA [H]. Class B
gxtinpulishing agents [8] are penwrally suirted for gasoliue fires and water deluge, or water
spray, are usgally usefnl o Slghting pesoline, methane or hydregen fires. The water ig
used to coel sad protest adjscent exposed comhustibles and may not extfnguish the fire unless
it ig used Iin g preseribed sanner by skilled persounel. Water may be phrticularly fneffsctiwn
in extinguishing liguid gasoiine fires as the gasoling is-lags dense than water amd will
float on top of the water and continue to burn.

e is sumstines adelsablse to pernit hydrogen and methane fires to burn until pag-flome ia
stopped or liguid-spills sre sonsuned becnuse of the potentisl explosive hasard ereated by
extinguishing such £lames. If the fuel source {s nelcher depleted nor stur off, an exploesive
fupleair mixcure way be foreed with far greater dumnage potsntial {IF fgnfted) than the oxiginal
five., In those ifnstances where extisguishiment s judged ifmprudent, a water dalupe say be gsed
to peol purrenading conbustibles and conrral fire danage.

Revent experiments [118] have evalugted the effevtivensss of commeecially available dey
shesteal agents and high-expansion foams in contrelling and extinguishing LXE pool firves.
These experimental results show thar dry chemicals ¢an be used to exzinguish IXG £ires and
foans applied te the pool surfoce redoee the radiant heat £lux to surreusdiags shile veducing
vapar svsiuntion. Thua, fire conbrel and fire extinguishment wethods and equipsent are comosr=
eially avallable to combat NG fires,

Iy 45 antisipated that these sese fre-fighting procedures would be effective in contral-
ling liguid hydeogen fires but me such data exist. Inert gas~fineding and Luq extinguishers

hawe been suocessinlly vsed to extinguish gaseous bydrogen fireg,
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Thus, we may conclude thats 1) water deluge or water spray is wsefnl fn Fighting hydregern;
wethane or gaseline fires, 2} gasoline or methane {ING) flres may he centrolled oY sxringuished
using commercial dry chemizal or High-ospansion foam agents and 3 the affsctiveness af dry
chemisals o foamg lo contrpiling or extinguishing liguid hydrogen fires has wsot beed evglusted.

5.0 EXPLOSIVE HAZARD

The ignition of & cosbhustidlie mixture of fusl-air San result i 8 fire ov an explosion

& wxplosieon (s slweys secoupanted by o f1reball and 4 pressurs wave (overprsszure).  The
Fireball may dgnite surronnding vovbustibles or fuel relvased by the ssplosion so thet a
five way follew an explosion. If rhe fusl-alr miwtore {s paveially o otally: ennfined

the explosion may prepel fragbents of the enclosure materdal at high velecitfes aver great
dintances, By its nutdre an explosios hazard eonstitutes five, swearpressure, fapulss

snd shrapnel betards. The exsent of overpressure, ispulse {overprassute~forge meleiplied
by the time inverval of ezplosive overpressurs) and shrapnel bagaxds Is Jependent upon the
severity of the explosion, Detomations cause zorve damsge than deflagrations. b

Thie duse cobbustion parsmerers thay {nfluence fire hazards alse inflssace the explu-
aive hazards asgoelated with each $uel; therefore the discussion so fire havsrds, section
3.0, is egsally applicable to this section on explosive hasards., Two of the combustlon
properties veviewsd fo sevtiog 3.0, MESC and het afr-jer {gnities tempperature, are wltally
Taporeany bo the dostainventy of an explosien agd to pravent propagatien of the explosios
te explosive miztures of fuwl-alr surroundisg the enclosuve, The contalpment vessel must
be sufflsiently strosg te withstasd the esplesion pressure without esitbing jets of
coshustion products vhat are larger or hotier than those speciffed by the “hor alrejet
igniticn temsperature’ and sisultanecusly the MESE sust not be excesded.

The limits of detonabilizy are dmpdrtant in sn svaluation of the sxplosive hazerds of
fusl-sir mixturss. Yhe wider these limirs, the grester the probabilivy of o high-ovder
pxplosion witk artendant high overpressures asd severe shrapael hazards ~- detonsticn. The
flammable limdts define the fusl-air coacentrations that will burn and low-prder explosions
wmay ogeur within these limire. Buch explosions ave calied deflagrations and they vesulv in
Yower overpressures and lees shrspnel hassed than thuse associated with detonseiens, In
arder to have s fire oy an explosion there sust exist in conbinatlon an oxidant, s fael,
“and sn fgnition sourse. The fuel amd oxidizer sve supplied and mimed by the velease of .
fual fnte the alr, Hydrogen his by for the widest limies of Jevonability of the three fuels
considurad hereln; therefore, it presents the greatest hazard te explosion damage. The
syplosive potentisl of all three fuels fa discussed in the next sectden.

The {gndties seurey way b 4 mechanieal or electrostacie spark, flane, fzpants heat
by kinetie effects, friction, chemical resstinn, etc. The stremgth of the ignition sourse
{nflugnzes whether a detonable mixture deflagrates or detonstes. Weak {thersal) fgnivien
souroes initiate deflsgrations In open and closed systess; heweyver, s deflagraticn may
develop inte » detonation in a closed system dus to the influenze of the conflslag walls.
Streng {ahock-wive) ignitiom souress tend to dnltiste detonations in open or aiesed Fusli-alx
gystems. Matehes, spavks, hot suefaces and open flames are eonsideret to be thermal (weak)
ignition sourcea while shiockewsve (strong] igniticn seources are blasting caps, bursting
vesaels, THE, high weltage-cagenity shorts {exploding wiresd, Mghtaing, sad ether gxplosive
chargeg.

The gessetry of s enclosure hag g strong effest on the teansition from deflagration ta
detonarion. Experimentsl dara [111] fodicate that 4 U-shaped enclosuze plos the growmd eom
prige sufficlent confimsaent to support 'strong’ explosions fu detonable hydrogen~air mizturves
thet sre ignited by thermal igeinion sourges. Seometrizal changes in the qonfining walls
that induce turbulenge alse enhance transition to detopstion.. The distanze in-s tunged,
pipeline, heating duety or hallway that 1t vakes for & reactiom to progress fros a deflagra~
‘tion te & detonation fa related to the detenativn induction distader, Hydragen is a ropid
burndeg fuel and the flsme frome has & tendeney to sccelevate in long enclsures. Conse~
quently, detonation fnduction distances have been experimentally chawcved vsilng bydrogen-sic
sixturss but me such dets sxist for the slower burning gassline-air or methuwne-air siztures.
Transition to detonation cceurs hecauss cowpression of the unburmed fuel-ale misture by
deflagration increases the mixturs temperature and pressure, borh of which incremse the burning
velocity of the mizture. Recent sxperiments [87] dndicate that it fs difficult to desigs ’
Fisshback arrestors that successfally disvupr defiagrative op detopative combustion dn
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hvdrogen~-rich nmixtures of hydrogen, methane and air that are contained within or flowing in
eylindrical pipelines, Burgess [20], Zabetakis [68], and Carhart [30] agree that methane-air
and gasoline-air mixtures will transit from deflagration to detonation if the pipe is long
¢nough and fts diameter is large enough. Experimental apparatus used to determine detonation
induction distance is usually small and consequently these data are yet to be deternined

for methane and gasoline. The largest detonation experiments conducted to date were performed
by Mogarko [19] and Burgess et al, [71]. Kogarke used a 30.5 cm inside-diameter tube and
Burgess et al. used a 61 cm diameter pipe and earthen tunnels with cross sectional areas

ranging from 0.025 to 1.39 m2_ We have no assurance that gasoline-air or methanc-air mixtures
will not detonate from spark ipgnition in long tunnels or corridorsa; however, we can be quite
sure that hydrogen-air mixtures will detonate under the proper circumstances (L/D 2 100).

We are belaboring the fuel detonation characteristics as they are believed to be of
vital i{oportance in future fuel applications. The tendency of hydrogen to detonate from
spark ignition {s perhaps the most significant deterreat to its widespread use. The preasure
rise ratio of a detenation may easily be an order of magnitude higher than that of a deflagra-
tion -~ see detafled discussion in reference [66]. The statfc pressure risc ratio will not
exceed 8:1 in a confined deflagracion [65] of hydrogen-air or methane-air. These explosion
sressures are about 20 to 40 percent higher than those measured [31] for confined deflagra-
tions of gasoline-air. Overpressures due to deflagrations in open afir are usually considered
negligible; however, open-air deflagrations can cause structural damage Lf they are close to
the structure and are of sufficiently large volume, e.g. see reference [69].

Shrapnel hazards relate directly to explosion overpressures so that all of the foregoing
argupents concerning overpressure apply to the evaluation of shrapnel hazards for the different
fuels, Thus, we see that overpressure and shrapnel hazards associated with ordinary
enclosures (L/D £ 30) are about the same for hydrogen-air and methane-air and somewhat less
stringent for gasoline-alr. In long tunnels, etce. hydrogen is a greater explosion threat
than either of the other two fuels because it has a greater tendency to transit to detonation.
The wider flammable limits and detonable limits of hydrogen also tend to make hydrogen a
greater explosive threat than methane or gasoline,

A nucber of preventive peasures can be enacted to minimize the explosive threat of all
three fuels and are particularly helpful for the rapld-dispersion fuels, hydrogen and methane.
Roof wents and forced ventilation, where practical, are accepted methods of alnimizing accupu-
lations of gaseous fuel within enclosures. In some applicatfions the quantity of fuel permitted
within an enclosure can be reastricted. Ignition sources can be minimized but seldeom are they
elizminated. Frangible (weak) walls can be used to relieve deflagration overpressures within
enclosures -- rupture discs can be used to provide the same protection for pressure vessels.
Frangible walls and discs are of little value in relieving detonation overpressures, although
in seme instances they may prevent or lessen the effects of detonation [66]. It appears that
weak but pressure-wave reflecting walls will support transition from deflagration to detonation

-- the use of elastic membranes (plastic curtains) may inhibit or prevent transition to
detonation. Fuel storage tanks can be buried or storage areas can be diked (for fuel contain-
ment), barricaded and confining structures ninimized. Major spillage can be avoided by using

storage vessels constructed of ductile materials and by adherence to established safety
procedures.

6.0 EXPLOSIVE DAMACGE

The elements of explosive damage, fireball, ensuing fires, overpressure and shrapnel, have
already been discussed and only overpressure and shrapnel warrant additfonal attention.

Explosions that create overpressures and shrapnel may be rated In terms of the amount of
energy that is released, This energy release may be evaluated directly in energy units such as
kJ although it is commonly expressed as an equivalent quantity of TNT (symmetrical trinitro-
toluene), The explosive strength of TNT is well-known and reproducible and it is a good standard
for rating the explosive potential of various substances, Expressing explosive potential in
terms of an equivalent mass of TNT is a good technique for evaluating damage potential at
distances well=removed from the explosion; however, at distances inside or near the reaction
zone, this procedure is less accurate because of the differences in shape and peak magaitude
of the izpulse dlagrans for TNT and fuel-aflr wmixtures. A fuel-air explosion may deliver a
considerably lewer overpressure, relative to TNT, over a longer time interval and thus have
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less crushing effect on some structures, but a greater overturning moment. Although there is
general digsatisfaction [85] with the TNT concept, it will continue to be used until non-ideal
explosions can be characterized more definfitively. To provide conservative results the TNT
equivalent concept can be used [66] to evaluate Impulse and overpressure effectn at distances
far from the explosion source, and to evaluate impulse effects Iin the near-combustion zone.

The theoretical THT equivalent, of various fuels, can be determined [70] by using the
decrease in Helwholtz free energy to compute the maxipum encrgy availlable for explosive yield.
Following this procedurc we obtain the theoretical limiting values of explosive potential for
hydrogen, methane and gasoline as recorded in table 1. Note that hydropen is the most potent
on a mass basis and the least potent on a volumetric basis. The explosive poteantfal per kJ
of stored heating value (based on the high heat of combustiorn) is 0.17 (g TNT)/kJ for hydrogen,
0.19 (g INT)/kJ for methane and 0.21 (g TNT)/kJ for gasoline., Thus, for equivalent energy
storage, hydrogen has the least theoretical explosive potential of the three fuels.

It must be emphasized that only a fraction of this theoretical explosive yield can be
realized in an actual open-air wmishap because it {s virtually ippossible to spill or release
a large quantity of fuel and have all of it mixed in proper proportions with air prior to
ignition. Experimental data and computations indicate that the fraction [66, 85, 96) of fuel
within the combusatible range at any time follewing a massive or continuous fuel spillage will
be less than ten percent of the guantity spilled. Such explosive yield data are meager for
all three fueels; however, the vapor or gas phase oixing limiratfons are egually applicable
to all fuels. Hydrogen disperses much more rapidly than methane or gasoline, but it also has
ouch wider flacmable and detonable limits, ete. Thus, in the absence of more definitive
experimental data it i{s impossible to accurately assess the probable explosive yield ateri-
butable to accidental release and ignition of hydrogen, methane or pgasoline in air. The
'energy of explesion' values listed in table 1 should be considersd theoretical maxiouns and
yielé factors of ten percent are considered reasonable for fuel-alr explosions. Higher yield
factors are possible in liquid bipropellant explosions [74].

A recent document [119] provides a new approach to the prediction of hazards and damage
from explosions of lightweight bipropellant tanks and from burscing lightueight gas storage
vessels., This approach evaluates explosive yield, overpressure, lopulse and fragrent charac-
teristics directly and avoids the use of conventlonal TNT equivalency. This study also
ansesses the dacage effects of blast and fragzents on structures, facilities and humans, and
appears to be the first attempt to provide more realistie explosion-damage predictions than
can be obtained using TNT equivalents,

Overpressure damage is highly dependent upen the nature of the explosion, A confined
and unvented deflagraction [65] of hydrogen-air or methone-alr will produce a static pressure
rise ratio of less than 8:1. Explosion pressures [31) for confined deflagrations of pasoline-
air are about 70 to BO percent of those for hyvdrogen-air. Unconfined deflagration overpressures
are usually less than 7 kPa; however, 3 to &4 kPa {s sufficient side-on pressure to cause
structural damage [69] to buildings and unconfined large volume gas-phase explosions can be
destructive. Ordinary glass window panes fracture under pressures of 3 to 7 kPa, nop=
reinforced masonry walls fail at pressures bhelow 55 kPa, and human ecardrues rupture at
pressures of approximately 35 kPa, Thus, it fs apparent that confined deflagrations {even
if relieved) can be very devastating =-- up to 8 atmospheres {(8l1 kPa) of explosion pressure --
and unconfined deflagrations can cause slight to moderate structural damage and injure people
via fire, window-glass shrapnel, etc.

Detonations, whether confined or uncenfined, can be expected to severely damage or
totally destroy ordinary buildings in the near vicinity of the explosion. TNT pressure-dis-
tance data [74) can be used {71, 74] to estimate overpressures resulting from fuel-air
detonations. The applicabiliey of TXT equivalence to vapor or gas-cloud explosions is fully
reviewed (n references [74, B5]. Determination of blast yield for llquid=-phase explosions
was recently reviewed by Baker et al. [86,119). The pressure accompanying deteonation of any
fuel is approximately double [72] that obtained by adiabatic combustion of a stoichiozetric
mixture of the fuel in alr at constant volume. Consequently, we could expect static pressure
rise ratios of ~ 15:1 for hydrogen-air or methane-air detonatiens and a ratfo of ~ 12:1 for a
gasoline-air detonation. Much higher reflected pressure rises can be attained 1f the explo-
sion transits from deflagraticn to detonation because the deflagration compresses the unburned
fuel=air mixture prior to transition to detonation, e.g., a reflected pressure rise ratlo of
120:1 (B:1 X 15:1}) could be achieved where a hydrogen or methane deflagration transits to

detonation. Such transitions are more easily accomplished with hydrogen than with methane or
gasoline.
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The impulse created by explosion overpressures i{s of concern in evaluating explosion
damage and in the design of barricades or structures to withstand explosions. Although the
overpressure created by a gas-phase explosion is of lower peak magnitude and longer duration
(73] than the overpressure due to an equivalent quantity of TNT, the extensive TNT data may
be used [71, 73, 74] for design purposes. The fundamentals of dynamic blast loads and
structural response to shock waves is treated elsewhere [28, 70, 71)] as s the applicability

(70, 71, 73, 74, 85, B6] of TNT explosive data to the design of structures to withstand
gas-phase explosionsa.

Unbarricaded distances required for the protection of personnel in fnhabited buildings
that are exposed to shrapnel from TNT explosions are indicated by curve 6 on fipure 1. These
data also predict the maxinum observed fragment distances for space vehicle explosions [74]
and are more restrictive than the unbarricaded distances required for shrapnel protection of
personnel on roadways == see curve 2 on figure 1. TFletcher [75] has suggested that TNT
shrapnel hazard data may be used to estimate propellant-explosion shrapnel hazards {f the
appropriate TNT equivalent is used. There is evidence [75] that large low-velocity fragments
emitted from such explosions may exceed the TNT shrapnel scatter limits. This situation
results because propellant explosions endure longer and can impart more impulse to the
projectile; however, the range of high population-density projectile scatter is normally
greatest [75] for an equivalent quantity of TNT. An an interim measure the Department of
Defense and HASA have adopted [74] the TNT shrapnel hazard data for propellant explosives
at range launch pads and rocket engine test stands. These TNT data adequately predict [74]
maximum fragment distances for known incideats involving propellant explosions. A thorough
compilation, analysis and correlation of available fragmentation data for liquid propellant
tank explosions was recently published by Baker et al. [86,119].

Design for shrapnel protection is difficult because it is necessary to estimate the
size, nass, and velocity of fragments emitted from explosions of varied type, strength, and
location. Some guidance on this subject may be found in references [75-86,119]. In brief,
shrapnel shields made of materials with large modulus of elasticity (Young'a) are the
most effective; for exacple, steel is wore shrapnel resistanc than copper and copper is
more resistant than aluminum, etc. The opposite ds true for shrapnel projectiles themselves.
A projectile having a given size and momentum will penetrate deeper if it has a lower
density -=- aluminum will penetrate deaper than copper and copper deeper than steel, etc.
Recall that momentum is masa X velocity and a constant momentum and size require a higher
velocity for the lower density projectiles — see reference [82],

Figures 1 and 2 summarize much of the fire and explosive hazard data presented herein.
These figures illustrate the variation in conservatism of various authorities that generate
safety criteria, Cbviously, when in doubt, the more conservative criteria should be used.
The overpressure band on figure 1 corresponds to breakage of ordinary window glass
(3.5 to 7 kPa) and the overpressure band on figure 2 relates to the estizmated external
pressure capabilicy of liquid hydrogen storage dewars. The derivation and use of data
shown on these figures (safe unbarricaded distances) are fully discussed in a susmary docu-
ment [66] treating the explosive hazards of hydrogen. Safe barricaded distances for TNT
and fuel-al. explosions may also be estimared from data made available in references
[66, 74, B4). A single series of documents [74] offer comprehensive treatment of over-
pressure, impulse, fireballs, shrapnel, barricades, structural response and physiological
effects, as they relate to propellant explosions. The author feels that these documents
are applicable to fuel=air explosions where the TNT equivalent is properly estimated.

Care should be exercised when atteepting to assess the damage potential of large-volume
gas-phase explosions because line-of-sight from such explosions to wvulnerable targets may

pass over or around barricades that were erected to provide protection from concentrated
explosives.

Figure 3 provides a ready comparison of industrially accepted fuel storage standards for
hydrogen, LNG and gasoline. By comparing curves 1 and 4 on figure 3 with the data given on
figures 1 and 2, we find that the industrial quantity-distance standards (figure 3) for hydro-
gen are less demanding than those suggested for experimental areas (figures 1 and 2). Also,
by comparing curves 1, 2, 3 and curves 4, 5, 6 on figure 3 we observe that industrial storage
standards are more restrictive for hydrogen, methane and gasoline, respectively.
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Curve 3 on figure 3 represents the minimal distance for separation of two adjacent above=
ground gasoline storage tanks. The distance [117) between such tanks shall not be less than
three feet and not less than one-sixth the sum of the diameters of two adjacent tanks. When
the diameter of one tank s less than one-half the diameter of the adjacent tank, the distance
{117] between the two tanks shall not be less than one-half the diameter of the smaller tank.

Curves bA and 6B on figure 3 represent the variation in quantity-distance standards for
the protection of personmel 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 exergency venting equipment.

The distance [117] from any part of an underground tank (storing gasoline) to the
nearest wall of any basement or pit shall be not leas than one foot, and not less than three
feet from inhabited buildings.

It is apparent that industrial storage standards are least restrictive for gasoline;
however, the industrial storage standards for LNG and hydrogen fuels are not prohibitive
and should not limit thelir use.

7.0 COMPARISON OF FUEL STORAGE METHODS

Hydrogen may be stored in the compressed gas, liquid or hydride forma. The relative
costs [B8] of storage In these various forms are dependent upon the quantity of hydrogen
stored and upon desired storage pressure and storage duration.

Currently, the most promising alloys for metallic hydride storage contain titanfum and
magnesium. Storage data [89] for magnesium-nickel (Mg-Ni) and iron-titanium (Fe-T{) hydrides
are available and hydride storage systenm evaluations are in progress [90]. Safety standards
for the production, processing, handling and storage of titanium and magnesium are well
documented [91)]; however, the safety hazards are much less certain for the candidate Fe-Ti
and Mg-N{ ores in combination with stored hydrogen. A recent experimental evaluation [92]
indicates that Fe-Ti hydride can be considered a safe method of storing hydrogen. Hydride
storage appears attractive [90] for certain short-term storage applications but excessive

weight, volume or cost restraints could limit the use of hydrides in transportation appli-
cations.

Hydrogen is routinely stored as a compressed gas in Industry and this practice must be
considered safe. It {s usually stored in metal coatainers at pressures ranging from near-
anbient to more than 20 MPa, It may also be possible to store compressed hydrogen {n aban-
doned natural gas fields, caverns, aquifers, etc. Metal storage containers are normally
constructed of a hydrogen-compatible ductile steel and are not generally susceptible to
catastrophic failures. Such containers are normally equipped with pressure and thermally-
induced pressure relief devices. Vessel fracture would most likely be accompanied by
autoignition of the released hydrogen and air mixture with an ensuing conflagration lasting
until the contents of the ruptured vessel are consumed. Considerable experimental data
substantiate this statement == see references [66, 93]. Adjacent metal storage vessels are
relatively shrapnel and fire resistant and may be water-cooled or buried in sand for
additional fire and blast resistance.

Hydrogen is also routinely stored as a liquid in industry and ia university and govern-
ment laboratories supporting the U.S. space exploration program. Again, catastrophic
failures are not technically plausible as dewars are constructed of ductile metals and are
diked to confine the liquid contents of the dewar in the event of spillage. The purpose of
the dike is to reduce the liquid evaporation rate and to confine the potential conflagration
to the vieinity of the defective dewar. The double wall construction of liguid 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 usually built with carbon steel vacuum jackets and aluminum or stainless steel
inner vessels. Liquid hydrogen has been safely stored in large metal dewars for nearly
20 years.
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Hydrogen has not been used extensively in cormercial applications although it has been
successfully piped cross-country as a compressed gas Iin a few locales. A demonstration project
[90] is currently in progress to evaluate the feasibility of using hydrogen in electrical
utility load-leveling operations. The electrical utility industry has also successfully used
hydrogen gas to cool the rotor and stator coils in large turbine-generators for more than
forty years. No significant hydrogen safety problems are forescen in the commercial sector.

Hydrogen i{s a potential replacement fuel in the voracious transportation market. Concep-
tually, and technfcally, hydrogen can be used to fuel aircraft (98], ships [99, 100]), trains
[101), trucks and buses [102, 103) and automobiles [104, 105]; however, the econoamics,
logistics and safety of supplying and distributing hydrogen to fuel these vehlcles are as yet
undetermined. Excluding a few demonstration projects with automobiles, trucks, buses and
airplanes, we find that hydrogen is a relatively untried fuel in the transportation market.
Hydrogen was tried briefly as an auto fuel in the mid-thirties [106, 107] and as an inflatant
for balloons and dirigibles prior to the ill-fated Hindenberg fire of 1937. Considerable
safety analysis is in order prior to the widespread use of hydrogen fuel in transportation --
particularly in highway vehicles where personnel exposure is maximuz and fuel handling pro-
cedures are most difficult or impossible to enforce. Hydrogen is already the accepted fuel
of the aerospace industry and is safely handled im large quantities. Preliminary safety
analyses of hydrogen=fueled aireraft for military [108] and eivilian [109] applications are
currently in progress. Bowen [112] recently completed a review of some of the hazards asso-
ciated with the use of hydrogen as a military fuel,

Hydrogen can also be used to supply residential fuel needs because appliances, furnaces,
etc. can be made to operate on hydrogen gas. From a technical viewpoint this application can
be readily satisfied, but from a safety viewpoint there are a number of significant concerns.
The major concerns relate to the problems of gas leakage, detection and the potential severity
of explosions of hydrogen-air mixtures in confined or partially-confined spaces. More experi-
mental data and safety analyses are needed to fully resolve these questions and to determine
the comparative risks of hydrogen and natural gas as residential fuels; however, hydrogen-
enriched gases (coal gas, town gas, producer gas, etc,) have been successfully used [106, 110]
in European countries to satisfy residential fuel needs during the last century. Thus, there

also appears to be ample precedent for acceptably safe use of hydrogen in the residential
BOCLOT.

9.0 SUMMARY

The safety aspects of any fuel are intimately related to the fuel application and to the
postulated accident criteria. Thus, specific conclusions await hard comparisons of competing
fuels in applications where credible accidents can be specified; however, generalized conclusions
and judgments may be drawn from the comparative technical data and discussions presented herein.

A comprehensive list of thermophysical and combustion properties of hydrogen, methane and
gasoline was compiled and presented in this paper. These data provide the bases for future
safety analysis and for direct safety comparisons of hydrogen, methane and gasoline,

Liquid hydrogen is more difficult to contain than either liguid methane or liquid gasoline
and NTP gasoline vapors are more difficult to contain than either NTP hydrogen or NTP methane.
Industry has proven that all three fuels can be safely and easily contained in both gaseous
and liquid phases.

In the event of a fuel spill, we can expect a fire hazard to develop =most rapidly with
hydrogen, methane and gasoline respectively, and the fire hazard should persist in the inverse
order. For a specified liquid spillage volume and ensuing fire we can expect gasoline fires
to last the longest and hydrogen fires to be the shortest lived, while all three fuels burn
at nearly the sarme flame temperature, The scene of a hydrogen fire may be hotter (1.3 X to
1.8 X) than that of a hydrocarbon fire, but the hydrocarbon fires will endure five to ten
times longer than hydrogen fires (for spillage of identical liquid fuel volumes).

All three fuels are easily ignited by weak ignition sources such as matches. Even a weak
spark generated by the discharge of static electricity from a human body may be sufficient to
{ignite any of these fuels in air. Hydrogen is more readily ignitable than either of the hydro-
carbon fuels which appear to be equally susceptible to ignitioen.
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Hydrogen fires are more difficult to detect than methane or gasoline fires but cmodern
detection equipment makes it possible to quickly and reliably detect the flames of all three
fuels. In some applications hydrogen and methane fires should be allowed to burn until gas
flow is stopped or until liquid spills are consumed because of the potential explosive hazard
created by extinguishing such flames; however, the fire should be controlled fn all situations
and in many cases {t {s advisable to extinguish the fire. Water may be used to fight fires
of all three fuels and commercial dry cheamicals and high-exponsion foams can be used to
extinguish LNG and gasoline fireas,

The potential for smoke inhalation damage is judged to be most severe in gasoline, methane
and hydrogen fires respectively,

The wider flammable limits and detonable limits of hydrogen coupled with its rapid burn-
ing velocity tend to make hydrogen a greater explosive threat than methane or gasoline. Unp=
confined fuel-air explosions are not normally very destructive; however, confined fuel-air
explosions can be devastating and hydrogen presents the greatest confined-explosion threat of
the three fuels considered.

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 a mass basis.

Hydrogen is currently being safely stored and used in industry in both the cozpressed gas
and liquid forms and it is anticipated that metal hydride storage will be equally safe, Of the
three fuels examined, gasoline is the easiest and perhaps the safest fuel to store because of
its lower volatility and narrower flamnable and detonable limits.

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

Consideration of future hydrogen applications reveals no safety problems im the fndustrial
and commercial markets. Hydrogen safety problems may exist in the transportation and residen-
tial fuel markets and additicnal safety analyses are needed in these areas. Lower risk (or
lower cost) fuels will most likely be used to satisfy many of these markets over the next fow
decades; however, hydrogen cannot currently be considered unsafe and cannot be excluded from
consideration in any of these applications on the grounds of safety. It is the author's
belief that fuel avafilability and cost will outweigh fuel safety in the selection of fuels
in the future and hydrogen must be considered a contender in the chemical fuel market.

Finally, hydrogen safety guidelines and applicable regulatory codes are summarized and
tabulated in the Appendix of this paper.
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Appendix: Hydrogen Safety Guidelines
and Applicable Regulatory Codes

Various industrial, university and government organizations have published guidelines

for safe production and handling of hydrogen. Some of the more substantial decuments are
listed in table Al.

Table Al: Hydrogen Safety and Equipment Guidelines (nonmandatory)

SAFETY ITEM REFERENCES

Handling procedures (includes safety Al-A25
in production, transportation and
distribution, personnel training, etc.)

Storage Al, Al6, Al7, A21, A22, A23, Bl
Explosive Criteria Susmarfzed in Al and Cl
See also C2 and C3
Leak Detection & Fire Detection, D1-D6, Al, G4 & G5
Prevention, Control
Facilities Al and Cl
Mechanical Equipment F1-F18
Elcetrical Equipment G1l=G10

Some of these documents are accepted as national standards and become mandatory and enforceable
when specified by regulatory bodies such as the DoT, state and local authorites, ete. Insurance
companies usually adopt or specify existing standards, practices and procedures as a condition
of insurability for industrial organizations. Examples of nonmandatory standards that may be
adopted by regulatory bodies are those issued by the ASME, ANSI, ISA, NFPA, UL, ASTM, etc.
Current regulations that pertain to hydrogen are listed in table A2,

Equipment specifications and shipping and carrier regulations for gaseous and liquid
hydrogen are given in CFR, Title 49, Parts 170-179. Pipeline transmission of flammable
compressed gases (presumably including hydrogen) is regulated by CFR, Title 49, Parts
190-192. The DoT classifies and treats liquid hydrogen as a flacmable compressed gas
(Part 172.5 of CFR, Title 49). Alr transportation of compressed hydrogen gas is regulated
by CFR, Title 14, Part 103 and the commercial carrier IATA tariffs [H6]. Liquid hydrogen is
not currently accepted for air shipments. Transportation of compressed hydrogen gas by water
is regulated by CFR, Title 46, Part 146 and liquid hydrogen cannot currently be shipped by
water; however, the NASA has barged liquid hydrogen over distances of B4 km offshore
Louisiana-Mississippi under special permit of the U.S. Coast Guard.

Federal regulations apply to the Interstate transportation of hydrogen and are
administered by the various branches of the Department of Transportation: the Federal
Highway Administration for tranmsport by highway; the Federal Railroad Administration for
transport by railway; the Federal Aviation Administration for air transport; and the U.S.
Coast Guard for water transport. In addition to the regulacions and standards set forth in
table A2, municipal and stare regulations may be imposed for the storage and intrastate

transportation of hydrogen. 29



Table A2,

Regulations (mandatory) for Distribution of Hydrogen

Distribution of
Hydrogen by

Equipment
Specifications

Transportation
Regulations

Cylinders filled with liquid
(< 1000 pounds water capacity)--
by highway enly

Railway tank cars filled
with liquid

Highway truck trailers filled
with liquid

Container filled with liquid--
by air or waterwvay

Liquid pipeline

Cylinders filled with
compressed gas-=by highway
or rail

Railway tank cars filled
with compressed gas

Highway truck trailers filled
with compressed gas

Container filled with
compressed gas--by air

Container filled with
compressed gas--by waterway

Gas pipeline

CFR, Title 49, Part 178.57
Ref. [H2]

CFR, Title 49, Pares 179.400,
179.401, Ref. [H2]

CGA*=341 and DoT Approval
prior to fabrication
Ref. [F17])

ANSI B31.8, B3l.3*,
B31.10*, Ref's. [H1,F5,F6]

CFR, Title 49, Parts
173.34, 178.36, 178.37
Ref. [H2)

CFR, Title 49, Parts
173.31, 179.500
Ref. [H2]

CFR, Title 49, Partsa
173,34, 178,36, 178.37,
Ref. [H2]

CFR, Title 49, Parts
173.34, 178.36, 178.37
Ref. [H2)

CFR, Title 49, Parts
173.31, 173.34, 178.36,
178.37, 179.500 and
CFR, Title 46, Part
146.24, Ref's. (H2,H3]

ANSI B31.8, B31.3%,
Ref's. [H1,F5)

CFR, Title 49, Pares 173.316,
177.823, 177.840 Ref. [H2]

CFR, Title 49, Part 173,316,
Ref. [H2]

Special permit from Hazard-
ous Materials Regulation
Board of DoT (see CFR, Title
49, Parts 173.33, 177.823)
Ref, [H2]

Not allowed under current
regulations (see CFR, Title

14, Parts 103.7, 103.9 and

CFR, Title 46, Part 146,24),
Ref's. [H3,H4]. Shipment by tank
barge has been allowed under
special permit of the U.S.

Coast Guard Commandant.

CFR, Title 49, Parts 190-192,
Ref. [H2]

CFR, Title 49, Parts 173,301,
173.302, 176.703, 177.823,
Ref. [H2)

CFR, Title 49, Part 173.314,
Ref. [H2)

CFR, Title 49, Parts 173.301,
173.302, 177.823, Ref. [H2]

CFR, Title 14, Part 103.9,

Ref. [H4). DoT approved cylinders
on cargo aircrafer only, with

a maximum charge of 300 pounds
(136 kg) of H; per cylinder,

See also CAB No. 82

Ref's. [H2,H6])

CFR, Title 46, Part 146.24.
DoT approved cylinders on
cargo vessels only and DoT
approved rallway tank cars
on trainships only, Ref. [H3]

CFR, Title 49, Parts 190-192
Ref, [HZI

Storage of Hydrogen @
Consuzer Sites as

Equipment Specifications

Industrial Standards

Compressed gas

Liquid

ASME*, Section VIII,
Divisions 1 & 2,
Ref's. [F1,F2]

ASME*, Section VIII,
Divisions 1 & 2,
Ref's. [F1,F2]

NFPA* 50A, Ref. [A21]

NFPA* 508, Ref. [A22]

CGeneral industrial safety matters, Inecluding the production and handling of
compressed and liquefied gases, are regulated by OSHA PL 91-596, Ref.

flamzable

[H5].

* Not mandatory but Industrially accepted standards.
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Note:

(A1]

[A2]

[A3]

[A4]

[A5]

[A6]

[a7]

[AB])

(A9)

{Al0]

(A11)

[A12])

[A13]

[Al14]

Appendix References

In the references that follow,

CGA = Compressed Gas Association, Inc., 500 Fifth Ave., New York, NY 10036.
ANSI = American National Standards Institute, 1430 Broadway, New York, NY 10018.
NFPA = National Fire Protection Association, Publication Sales Department,
470 Atlantic Ave., Boston, MA 02210,
ASME = American Society of Mechanical Engineers, United Engincering Center,
345 East 47th Street, Hew York, NY 10017.
UL = Underwrfters' Laboratories, Publication Stock, 333 Pfingsten Road,
Northbrook, IL 60062.

ISA = Instrument Society of America, 400 Stanwix Street, Pittsburgh, PA 15222.

General Safety Engineering Design Criteria, Vol. 1, CPIA public. 194, (Dct. 1971):
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