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FOREWORD

This report documents a portion of the results of the project entitled "Direct-Hydrogen-Fueled
Proton-Exchange-Membrane Fuel Cell System for Transportation Applications” performed by
Ford Motor Company, under contract DE-AC02-94CE50389. The project objective was to
design, fabricate, and test a 50-kW direct hydrogen fueled proton exchange membrane (PEM) fuel
cell system including onboard hydrogen storage, efficient lightweight fuel cell, gas management
system, and complete system controls that can be economically mass produced and comply with
all safety, environmental, and consumer requirements for vehicle applications for the 21st century.
Specifically, this report presents results of a detailed review of the safety characteristics of
hydrogen as fuel for a fuel cell-powered vehicle, with emphasis on high-pressure storage of
gaseous hydrogen on-board the vehicle.

Dr. C. E. Thomas, Directed Technologies, Inc., prepared this report. Brian James, George
Baum, Frank Lomax, and Ira Kuhn, all of Directed Technologies, Inc., assisted in preparing and
editing the report. Ron Sims of the Ford Motor Company guided this effort and coordinated the
review of the report by W. J. Koeppel of the Ford Automotive Environmental and Safety
Engineering Office.

This work was funded by the U.S. Department of Energy (DOE), Energy Efficiency and
Renewable Energy, Office of Transportation Technologies, Office of Advanced Automotive
Technologies. Project and technical management was provided by Mr. Steven Chalk, and Ms.
Donna Lee of DOE's Office of Advanced Automotive Technologies with technical oversight and
advice provided by Dr. Walter Podolski and Dr. James Miller of Argonne National Laboratory. Mr.
Bradford Bates, Manager of the Alternative Power Source Technology Department at Ford Motor
Company was responsible for this program.

Donna Lee

Project Manager, Fuel Cell Systems R&D
Office of Advanced Automotive Technologies
Office of Transportation Technologies

U.S. Department of Energy
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Executive Summary

This report reviews the safety characteristics of hydrogen as an energy carrier for a fuel cell
vehicle (FCV), with emphasis on high pressure gaseous hydrogen onboard storage. We consider
normal operation of the vehicle in addition to refueling, collisions, operation in tunnels, and storage in
garages. We identify the most likely risks and failure modes leading to hazardous conditions, and
provide potential countermeasures in the vehicle design to prevent or substantially reduce the
consequences of each plausible failure mode. We then compare the risks of hydrogen with those of
more common motor vehicle fuels including gasoline, propane, and natural gas.

Based on an extensive literature review and an evaluation of a hydrogen-powered fuel cell
vehicle system, our preliminary conclusions are:

1. The automotive industry has successfully developed the equipment and procedures for the
safe use of gasoline by the general public in motor vehicles, such that the risks of death or injury
from a gasoline fire during a 4,800 kilometer cross-country trip are less than the risks of other
common human activities such as skiing for nine minutes, rock climbing for 41 seconds, working on
a farm for nine hours, or flying on a scheduled airline for 33 minutes. The public has accepted these
extremely small risks of gasoline, so hydrogen should be considered acceptably safe if it has equal or
less risk than gasoline — gasoline is a good reference point to judge hydrogen safety.

2. In normal operation, a hydrogen-powered fuel cell vehicle and dispensing system, with
proper engineering, should be as safe as a gasoline, natural gas, or propane vehicle system.

3. Inacollision in open spaces, a safety-engineered hydrogen FCV should have less potential
hazard than either a natural gas vehicle or a gasoline vehicle due to four factors. First, carbon fiber
wrapped composite storage tanks (the leading high pressure storage tank material due to its low
weight) are able to withstand greater impacts than the vehicle itself without rupture, thereby
minimizing the risks of a large release of hydrogen as a result of a collision. Second, hydrogen, if
released, disperses much faster than gasoline due to much greater buoyancy, reducing the risks of a
post-collision fire.* Third, the FCV will carry 60% less total energy than a gasoline or natural gas
vehicle, resulting in less potential hazard should it ignite. Finally, the design recommended here
includes an inertially activated switch in each FCV that, in the event of a collision, will
simultaneously shut off the flow of hydrogen via a solenoid valve or valves, and will cut electrical
power from the battery.

'Hydrogen also has a much higher diffusion rate than gasoline vapor, but diffusion rarely
affects vapor dispersal in practical circumstances, according to Michael Swain of the University of
Miami.
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4. In a tunnel collision, a hydrogen FCV should be nearly as safe as a natural gas vehicle, and
both should be potentially less hazardous than a gasoline or propane vehicle, based on computer
simulations comparing substantial post-collision leakage of gasoline and natural gas in a tunnel.
Natural gas presents a smaller potential hazard than gasoline in such a hypothetical scenario because
its buoyancy and diffusion coefficient are 6.7 and 3.2 times greater than those of gasoline, and its
lower limit of flammability is 5.3 times greater than that of gasoline. Hydrogen has 52 times greater
buoyancy and 12.2 times greater diffusion coefficient than gasoline. Thus hydrogen will disperse
much more quickly than gasoline or natural gas. Similarly, hydrogen's lower flammability limit is
four times greater than that of gasoline. Propane is intermediate between gasoline and natural gas.

However, hydrogen will escape faster than natural gas from a punctured high pressure tank
due to a nearly three times higher sonic velocity. This higher escape velocity will create a larger but
shorter lasting flammable hydrogen cloud, increasing the probability of ignition from nearby fans or
lights in the tunnel compared to a natural gas leak. In rank order, gasoline and propane would create
the largest and longest lasting flammable gas clouds, followed by hydrogen and natural gas. Thus
gasoline and propane would be most likely to be ignited by a fan or light fixture in the tunnel, and
natural gas would be the least likely. These conclusions are based on computer simulations of
natural gas and gasoline leaks, with hydrogen effects estimated based on known properties of
hydrogen. Further computer analysis would be required to more accurately determine the risk from a
major hydrogen leak in a tunnel.

5. The greatest potential risk to the public would appear to be a slow leak in an enclosed
home garage, where an accumulation of hydrogen could lead to fire or explosion absent hydrogen
detection or risk mitigation such as passive or active ventilation, or, possibly, catalytic combustion to
safely dispose of any leaking hydrogen. While we consider this the greatest potential risk, it should
be noted that a natural gas, propane, or gasoline-powered vehicle with a similar fuel leak also present
potential risks that the public accepts without the installation of leak detection or ventilation systems
in the home garage. On the other hand, the distinctive odor of gasoline and the odorants added to
natural gas and propane warn humans of those leaks, and, once gasoline and propane ignite, the
flames are visible whereas hydrogen is odorless and its flames are nearly invisible. One key issue is
whether the hydrogen community can develop an effective odorant and flame enhancer for hydrogen
that will not contaminate fuel cells.

6. If we consider the total fuel system, including hydrogen production, transportation,
storage and dispensing, the total public exposure to fuel risks could be less than those of the existing
gasoline fuel infrastructure. For example, a hydrogen infrastructure would reduce the public's
exposure to gasoline tanker truck fires on our nation's highways, and hydrogen use would cut down
the risks associated with large oil spills or leaks from underground storage tanks. The hydrogen
infrastructure would depend on some combination of natural gas pipeline distribution to local steam
reforming plants and electrical grid distribution to local electrolysis stations. If the steam reforming
plants were located at the local dispensing station, or if the hydrogen were shipped to the station by
local pipeline, then the public risk exposure equivalent to that caused by gasoline tanker trucks
would be eliminated. Large natural gas steam reforming plants might still rely on liquid hydrogen
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tanker trucks to transport the hydrogen to the refueling stations, but the hazards associated with a
liquid hydrogen tanker collision are considered less than those of a gasoline tanker truck collision,
due again to the rapid dispersal of hydrogen in an accident.

7. Overall, we judge the safety of a hydrogen FCV system to be potentially better than the
demonstrated safety record of gasoline or propane, and equal to or better than that of natural gas. In
effect, the positive safety attributes of hydrogen (high buoyancy, greater lower flammability limit and
much higher lower detonation limit) are important in realistic operational and collision scenarios,
while the negative safety aspects of hydrogen (low ignition energy, wide flammability range, high
flame velocity and resultant tendency to detonate) are not considered as important in likely vehicle
accident scenarios.

8. Despite our judgement that hydrogen is likely to be potentially less hazardous overall than
gasoline or propane, we must also deal with public perceptions. Strong education and public
awareness campaigns may be required before the public perceives hydrogen to be an acceptably safe
fuel.

Given these preliminary conclusions, we recommend two major actions to address what we
have identified as the two potential safety disadvantages of hydrogen compared to alternative fuels.
First, we should analyze the home garage hazards of hydrogen in more detail, since this is judged to
be the greatest potential practical risk to the public. This should ideally include computer
simulations, similar to the tunnel and home gas dispersal programs run previously, and could also
include experimental measurements. The objective of this analysis would be to determine if passive
garage ventilation is sufficient to disperse the worst likely slow leak from a FCV, or whether active
ventilation triggered by a hydrogen detector or catalytic combustion is required to increase the
margin of safety. The study should also analyze the corresponding existing risks to the home owner
from gasoline, propane, or natural gas leaks in the garage.

Second, to address what may be a greater public perception of hydrogen risk related to
collisions, we might consider a set of safety demonstrations designed to show that properly
engineered fuel cell vehicles pose no additional risk to the public due to onboard hydrogen tanks.
One possibility would be to drop old vehicles from a crane to simulate high speed, rear end
collisions, with each vehicle equipped with a fully charged high pressure hydrogen tank in the trunk
along with a mockup of the fuel cell system. The tank would include safety features such as an
internal solenoid shut off valve and inertial switch. Safety would be demonstrated by no loss of
pressure in the tanks even when the fuel lines are severed. These simple drop tests could be
augmented or replaced by the more thoroughly engineered moving barrier crash tests later in the
vehicle development program.
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Glossary
AGA = American Gas Association BLEVE =
boiling liquid expanding vapor explosion BTU =
British Thermal Units (1,055 joules) CGA =
Compressed Gas Association CH, = methane (main
constituent of natural gas) CNG= compressed
natural gas DOE = (U.S.) Department of Energy
DOT = (U.S.) Department of Transportation DTI =
Directed Technologies, Inc. EV = electric vehicle
FCV = fuel cell vehicle
GJ = gigajoules (10° joules or 0.9479 million BTUs) H,=
hydrogen gas HHV = higher heating value ICE =
internal combustion engine

kPa = kilopascal [0.14504 pounds per square inch gauge (psig); one atmosphere = 101.325 kPa]
LFL = lower flammability limit LHV = lower heating value LNG = liquified natural gas LPG =
liquified petroleum gas (primarily propane) MBTU = million BTU (1.055 GJ) MESG =
maximum experimental safe gap MPa = megapascal [145.04 psig] mJ = millijoules mps =
meters per second NEC = National Electrical Code NFPA = National Fire Protection
Association NGV = natural gas vehicle PEM = proton exchange membrane PRD = pressure
release device psi = pounds per square inch (6.8947 kilopascal) SCF = standard cubic feet
(0.0283 cubic meters) SAE = Society of Automotive Engineers VOC = volatile organic

compounds
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1.0 Introduction

Hydrogen, like any fuel, poses risks if not properly controlled. By definition, any fuel or
energy carrier concentrates energy in a small volume in order to do useful work, thereby creating a
potential hazard. Overall the safety record for existing fuels is excellent. Society has accepted the
relatively rare risks associated with such energy concentrations in exchange for the conveniences and
increased standards of living created by fossil fuels and electricity.

We expect energy systems powered by hydrogen to have a similar net impact on society —
there will be risks, but overall the risks will be small, bordering on negligible, compared to the
benefits. The specific physical characteristics of hydrogen are quite different from gasoline and
propane, and more similar to, but still different than, natural gas. Some attributes of hydrogen make
it potentially less hazardous, while other hydrogen characteristics could theoretically make it more
dangerous than current fuels if not properly controlled.

In the following section, we discuss the various safety attributes of hydrogen, followed by a
brief description of the public's perception of hydrogen in Section 3.0, along with a discussion of the
positive safety record of hydrogen in Section 4.0. We present a discussion of safety issues in Section
5.0, including specific suggestions for reducing potential risks onboard the vehicle itself (Section 6.0)
and at the refueling station (Section 9.0).

We compare the risks of hydrogen with those of other fuels in Section 10.0, and we analyze
different accident scenarios in Section 11.0. Finally, Section 12.0 includes some preliminary
concepts for possible hydrogen safety demonstration tests.
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2.0 Hydrogen Safety Characteristics

Hydrogen has some attributes that make it potentially less hazardous than gasoline, propane
or natural gas, but it also has characteristics that make it more hazardous under some circumstances.
Based on a number count, the negative attributes (wider flammability range, lower ignition energy,
greater propensity to leak, higher flame velocity and greater propensity to detonate) might seem to
outweigh the positive safety aspects of hydrogen (greater diffusion coefficient and buoyancy, lower
explosive energy per unit volume or per unit energy.) But we need to assess the practical
significance of each of these characteristics in the actual fuel cell electric vehicle (FCV) as well as in
the hydrogen infrastructure that supplies the fuel.

2.1 Propensity to Leak

Since hydrogen is the smallest element, it has a greater tendency to escape through small
openings than liquid fuels or other gaseous fiels. Based on diffusion through a membrane, for
example, one would expect hydrogen to escape at a rate that is 3.8 times faster than natural gas,
since the diffusion coefficient for hydrogen is 3.8 times greater than that for natural gas. But proper
design of the fuel delivery system would eliminate any thin materials®. The more appropriate
question is how fast hydrogen would leak through actual openings caused by faulty fuel lines, valves,
or by a puncture of the compressed storage tank.

Swain and Swain have analyzed and measured the leak rates of hydrogen compared to
propane and natural gas for actual natural gas line leaks removed from service®. Analytically, leaks
through cracks or holes in pipelines can be modeled as either laminar or turbulent flow. For laminar

flow, the ratio of leak rates for two gases is theoretically inversely proportional to the ratio of
dynamic viscosities for two gases:

On, _ 8 ©
Qx uH

2

where Qy, = the hydrogen leak rate,
Q, = the leak rate of the other gas,
Ky = the dynamic viscosity of hydrogen, and
1, = the dynamic viscosity of the other gas.

*Except for intentionally designed thin components such as the membrane of the storage

tank, which is thin to reduce weight but metalized to retard hydrogen diffusion, or the thin fuel
cell membranes.

*M.R. Swain and M.N. Swain, "A Comparison of H,, CH, and C,H; Fuel Leakage in
Residential Settings," Int. J. Hydrogen Energy, Vol. 17, No. 10, pp. 807-815, 1992.
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For turbulent flow, the ratio of leak rates theoretically varies inversely as the square root of

the gas density:
QHz _ \/_p:

2, fon

2

@

where p, = the density of the other gas, and
P = the density of hydrogen.

The predicted flow rates for hydrogen, methane and propane are summarized in the bottom
three rows of Table 2-1, normalized to the leak rate for natural gas, which is predominantly methane.

Table 2-1. Slow Leak Rates of Hydrogen and Propane Relative to Natural Gas

Methane, CH, Hydrogen, H, Propane, C,H;

Fiow Parameters:

Diffusion Coefficient in air (cm¥/sec) 0.16 0.61 0.10
Viscosity at 0°C (Pa-sec x 107) 110 87.5 79.5
Density at 70°F, 1 atm. (kg/m®) 666 08342 1.858
Relative Leak Rates:

Diffusion 1.0 38 0.63
Laminar Flow 1.0 1.26 1.38
Turbulent Flow 1.0 2.83 0.6

The Swains' experiments indicate that most leaks from a residential natural gas line are
laminar flow. Hence hydrogen would only leak at a rate about 26% higher than natural gas from a
given opening. Furthermore, propane would leak even faster, roughly 38% faster than natural gas.

The much higher pressure of the FCV gas cylinders 34.5 MPa (5,000 psi) would undoubtedly
produce turbulent flow should a leak develop. We anticipate reducing the pressure to 6.7 MPa
(1,000 psi) with a pressure regulator very close to the hydrogen tanks, to minimize the safety hazard
assoctated with long 34.5 MPa fuel lines. The hydrogen pressure supplied to the fuel cell itself will
probably be in the 200 kPa (30 psi) range, similar to the home natural gas pressures investigated by
Swain. Therefore we may have a range of flow conditions depending on the size and location of any
leak on a FCV. For the worst case (turbulent flow), the hydrogen would leak at a rate about 2.8
times faster than natural gas, compared to only 1.26 times faster for laminar flow.

3
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We conclude from these data that the propensity for hydrogen to leak through holes or joints
of low pressure fuel lines may be only 1.26 to 2.8 times faster than a natural gas leak from the same
hole, not the 3.8 times faster frequently assumed based solely on diffusion coefficients. Furthermore,
since natural gas has over three times the energy density per unit volume, the natural gas leak would
be about 2.7 times more energetic than a hydrogen leak for laminar flow and 1.2 times more
energetic for turbulent flow. Therefore a natural gas fire resulting from a leak would have 1.2 t0 2.7
times more energy than a hydrogen leak from the same opening. Hydrogen leaks are still a major
concern, but not of the same magnitude as is sometimes depicted by quoting the 3.8 times higher
hydrogen diffusion coefficient.

For very large leaks from high pressure storage tanks, both hydrogen and natural gas will
reach sonic velocity in any puncture hole. However, the sonic velocity of hydrogen (1308 mps) is
almost three times that of natural gas (449 mps.) Therefore hydrogen will initially escape much
faster than natural gas from a punctured tank. Since natural gas has more than three times the energy
density than hydrogen, however, a natural gas leak will always contain more total energy. The mass
inside a high pressure tank of any gas, assuming isentropic expansion through a puncture hole is
given by:*

(-v) . ?E;
m(t)=\m, 2 +KOA3C,,1‘-(1-2:—) ®)

where-
£ = RTo
e b
2
Vo m,

Cfﬁ( 2 ]Tﬁ)

y+1

A, = the effective area of the leakage hole = C,, A,
A = the actual hole area (m?),

C,, = orifice factor,

m, = the initial mass of the gas inside the tank (kg),

*Equation derived by George Baum of Directed Technologies, Inc.
4
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y = the ratio of specific heats of the gas,

R = the universal gas constant,

T, = the initial absolute temperature of the gas (°K), and
V, = the volume of the tank (m®).

Figure 1 iHustrates the cumulative volume and energy flowing from a 6.35 mm hole in two
identical tanks filled to 34.5 MPa (5,000 psi), one with hydrogen, the other with natural gas. Due to
its high sonic velocity, the hydrogen tank empties faster, with 50% of the hydrogen expelled in 4
seconds. The 34.5 MPa natural gas tank empties to 50% of its initial contents in about 12 seconds.
The number of moles of gas contained in a pressurized tank can be more or less than the number of
moles calculated for an ideal gas. At 34.5 MPa, for example, an ideal gas is compressed by a factor
of 341.1 to one, while natural gas compresses by a factor of 356.9 (slightly more than an ideal gas),
and hydrogen compresses by only 279.6, much less than an ideal gas. As a result, the natural gas-
filled tank contains 28% more moles than the hydrogen tank at 34.5 MPa, resulting in a 28% greater
expanded volume when the two gases escape from the same size of tank.

Figure 1. Hydrogen and Natural Gas Leakage from 6.35 mm Holes in Equal Size Tanks
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Although more hydrogen flows from a tank puncture initially than natural gas (dashed lines in
Figure 1), the energy content per unit volume of the natural gas is 3.18 times higher than that of
hydrogen based on the higher heating value (HHV) of both fuels, and 3.4 times higher based on their
lower heating values (LHV). As shown by the solid lines in Figure 1, the energy content of the
escaping gas is always higher for natural gas, even though the volume of escaping hydrogen is larger
for the first 12 seconds.

The storage tanks in a natural gas vehicle (NGV) will not be the same size as the hydrogen
tanks in a fuel cell vehicle (FCV). Tank sizes and pressures will be sized to give the necessary range
and performance for each vehicle. Directed Technologies has previously estimated that the FCV
will be 2.68 times more energy efficient (LHV) than a gasoline-powered internal combustion engine
(ICE).” If we assume that an NGV has similar efficiency to the gasoline-powered ICE, then the NGV
would carry 2.68 times more energy content than the hydrogen-powered FCV. In addition, NGV's
generally store natural gas at 20.7 to 24.8 MPa (3,000 to 3,600 psi), compared to the 34.5 MPa
(5,000 psi) assumed in the DTI design for hydrogen. Figure 2 shows the volume and energy leakage
rates from a 24.8 MPa (3,600 psi) natural gas tank and a 34.5 MPa hydrogen tank with 2.68 times
less total stored energy. We assume that each vehicle has three tanks, both to accommodate
packaging on the vehicle and to reduce the impact of any major tank leak. Figure 2 confirms that the
hydrogen volume leakage rate would be higher at all times, but energy content of the escaping
natural gas will always be larger than the hydrogen energy content from the same size of leak.

*Brian D. James, George N. Baum, and Ira F. Kuhn, Jr., Technology Development Goals
for Automotive Fuel Cell Power Systems. Argonne National Laboratory Report No. ANL-94/44,
August 1994.
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Figure 2 Hydrogen and Natural Gas Leakage from Likely Vehicle Tanks
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2.2 Hydrogen Embrittlement

Manganese, some nickel-base and other high strength steelsare prone to hydrogen
embrittlement. Prolonged exposure to hydrogen, particularly at high temperatures and pressures,
can cause these steels to lose strength, leading eventually to failure. Thus hydrogen leaks or fuel line
faitures could occur with improper choice of materials that come into contact with the hydrogen.

With proper choice of materials, however, hydrogen embrittlement should not contribute to
hydrogen safety risks. Alumimum and composite vessels, for example, are not affected by
embrittlement. A properly designed hydrogen fuel delivery system should be no more prone to leaks
or failures than any other fuel system.

2.3 Hydrogen Dispersion

If 2 leak should occur, hydrogen will quickly disperse, reducing the hazard levels in
unconfined spaces to tolerable levels in a much shorter time than with any other fuel. Hydrogen is
both more buoyant (rises rapidly) and more diffusive (moves laterally) than either gasoline, propane
or natural gas, although molecular diffusion rarely plays a significant role.
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Table 2-2. Buoyancy and Diffusion of Gases

Hydrogen Natural Gas Propane Gasoline
Vapor
Buoyancy 07 55 1.52 34-4.0
(Density w/r to Air)
Diffusion Coefficient 0.61 0.16 0.10 0.05
(cm?/sec)

As shown in Table 2-2, the density of hydrogen is only 7% that of air, while the density of
natural gas is 55% that of air, indicating that they will move upward even without any wind or
ventilation. Both gases will rise rapidly, but hydrogen much more so. Propane and gasoline vapors are
both heavier than air — propane has a density 1.52 times greater than air, while gasoline fumes are 3.4
to 4 times heavier than air. Hence propane and gasoline vapors will both tend to remain at ground level
as they disperse more slowly or are carried away by the wind.

Hydrogen has a diffusion coefficient that is 3.8 times greater than that of natural gas, 6.1 times
greater than propane, and 12 times greater than gasoline vapor. This high diffusion coefficient indicates
that hydrogen will diffuse rapidly in all directions in air,* quickly decreasing in concentration, while
gasoline tends to remain at ground level and diffuse outward at a slower rate from a spill or leak.

Hydrogen's rapid dispersion rate is probably its greatest safety asset in an outdoor
environment, although wind and the escape velocity from a high pressure tank may have more
influence on the size of a hydrogen flammability cloud. Indoors, high dispersion rates can be both an
asset, in the sense that a small leak will rapidly mix with air and stay below the lower flammability
limit, but also a potential liability with larger leaks if the expanding gas cloud is more likely to reach
ignition sources.

2.4 Flammability

Hydrogen is sometimes portrayed as a dangerous fuel because of its wide flammability range in
air, coupled with its very low ignition energy. A hydrogen/air mixture can burn at volume ratios
between 4% and 75%. The other fuels have much narrower flammability ranges, as summarized in
Table 2-3. A hydrogen/air mixture can be ignited with as little as 0.02 ml of energy, whereas the other
fuels require over tens times higher energy for ignition.

Based on these relative data, it would appear that any hydrogen leak would be much more
likely to burn than any of the other fuels. For a large release of fuel, hydrogen could potentially be
more dangerous, in the sense that a large natural gas release could exceed the 15% upper flammability
limit over a larger volume than a hydrogen cloud of more than 75% concentration or gasoline fumes
above 7.8% concentration. However, in many practical situations, this may not be
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valid. For example, the key parameter that determines if a slow fuel leak will ignite is the lower
flammability limit (LFL). The system designer will always seek to keep the fuel mixture well below the
lower limit in any accidental release scenario, either by restricting the maximum likely fuel flow and/or by
increasing air circulation to assure that the fuel/air mixture ratio stays well below the LFL.

Hence the LFL is often a better indication of the propensity of a fuel/air mixture to ignite than the
total flammability range. The LFL for hydrogen is 4 times greater than gasoline and 1.9 times higher
than propane, and only slightly less than that for natural gas. Furthermore, the 4% LFL for hydrogen
applies only to upward propagating flames. For downward propagating flames, the concentration of
hydrogen must be at least 9% to sustain a flame, according to Herman.® This agrees with estimates by
Michael Swain of the University of Miami, who reported that about 10% hydrogen is required before a
downward propagating flame will continue to burn. That is, if the ignition source is above a 10% or less
flammable mixture of hydrogen, then the hydrogen below the source will not be ignited. For methane,
the downward propagating LFL is only slightly larger than the upward propagating limit, on the order of
5.6% downward vs. 5.3% upward, although the lower limit for natural gas can be as low as 3.8%."

Table 2-3. Flammability Characteristics of Fuels

Hydrogen Methane / Propane Gasoline
Natural Gas
Flammability Limits (% in air)
Lower Limit (LFL) 4 53/38 2.1 1
[Downward Propagating [9-10] [5.6] - -
L¥L]
Upper Limit 75 15 10 7.8
Minimum Ignition Energy 0.02 0.29 0.3 0.24
(millijoules -mJ)
Autoignition Temperatures (°C)
Minimum 520 630 450 228-470
Heated Air Jet 640 1040 885
Nichrome Wire 750 1220 1050

®Marshall Herman, "A Critical Review of Recent Large-Scale Experiments on
Hydrogen/Air Detonations,” Nuclear Science and Engineering, VVol. 93, pp. 321-347, 1986.

"Private communication with Michael Swain, June 12, 1995 and February 23, 1997.
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Hydrogen's factor often lower minimum ignition energy may also have less of a practical impact
than the number would indicate. First, the minimum ignition energy for hydrogen applies only at a fuel
concentration of about 25 to 30% in air. At lower or higher fuel air ratios, the ignition energy required
for hydrogen to start burning increases sharply, as shown by Fischer (Figure 3).2 In fact, the energy
required to ignite a hydrogen/air mixture is almost equal to the energy necessary to ignite a natural
gas/air mixture in the region of the lower flammability limit or 4 to 5% fuel concentration, as shown in

Figure 3.
Figure 3. Ignition Energy for Hydrogen and Methane as a Function of the Fuel/Air Ratio
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*M. Fischer, "Safety Aspects of Hydrogen Combustion in Hydrogen Energy Systems," Int.
J. Hydrogen Energy, Vol. 11, No. 9, pp. §93-601.
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Fischer also points out that the most common ignition source -- weak static electricity from
the human body -- will produce a spark with 10 mJ of energy, or 40 times more energy than is
needed to ignite any of these fuels. The much lower ignition energy level for hydrogen at 30%fuel
concentration is therefore of little practical significance in the most feared circumstance: the
accumulation of hydrogen from a slow leak ignited by static electricity from an approaching human.

The higher flammability limit of hydrogen could be detrimental in some circumstances. For
example, if hydrogen leaks into a garage and exceeds the lower limit of flammability without
ignition, then the volume of air falling within the flammability range could become very large,
thereby increasing the likelihood of reaching an ignition source somewhere in the garage. But a
similar natural gas leak that was not initially ignited would reach a fuel/air ratio above 20% in much of
the room, above the higher flammability limit and hence not prone to ignition. If an ignition source
were subsequently introduced into these two rooms, the hydrogen mixture would be more likely to
burn since more of the room would be within its wide flammability range.

The autoignition temperature might be important in some circumstances, if a hot surface such
as a tailpipe or engine block is the only potential ignition source. As shown in Table 2-3, hydrogen
has a slight advantage over gasoline, since hydrogen generally requires a hotter surface to ignite. The
practical significance may be slight, however, since the autoignition temperature depends on many
variables including the size, shape, and material of the hot source. The last two rows of Table 2-3
illustrate that even the relative ranking of autoignition temperature between the fuels shifts if the hot
source is a heated air jet or a nichrome wire instead of a heated glass vessel, the usual method for
measuring minimum autoignition temperature.

The practical flammability characteristics for a small leak (diffusion, buoyancy and lower
flammability limit) are illustrated in Figure 4 for hydrogen, methane, propane and gasoline . This
three-dimensional plot shows that hydrogen (diamond data points) is the safest fuel, since it has the
highest diffusion and buoyancy and the second lowest LFL — being away from the xyz origin of this
plot is safe and fuels near the origin are generally more dangerous in terms of flammability
characteristics.

11
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Figure 4. Flammability Characteristics of Fuel Vapors
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To summarize the flammability issue, both hydrogen and natural gas would be less likely than
gasoline or propane to ignite in the case of a small leak discharging into a closed area with a nearby
ignition source, due to their higher minimum limits of flammability. Since most ignition sources
generate more than 10 mJ, all four fuels would be ignited if the fuel/air mixture reaches the lower limit,
so the extraordinarily low ignition level at one hydrogen/air ratio may have little practical significance.
If hydrogen does accumulate above the lower limit of flammability without ignition, then it would be
more likely to ignite than the other fuels by reaching a distant ignition source within hydrogen's wide
flammability range. Hydrogen and natural gas might be slightly less likely than gasoline or propane to
ignite due to contact with a hot surface.

2.5 Detonability

After ignition, a burning fuel/air mixture can proceed along several paths. In the open
atmosphere, the burning velocity remains low, and little physical damage from large overpressure is
possible. Thus it is very unlikely that hydrogen would ever explode in an outdoor accident with
normal ignition sources. Very high energy such as a lightning strike or a chemical explosive would be
necessary to detonate a hydrogen gas cloud.
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In confined spaces, however, substantially increased burning velocities are possible. The
physical damage from an expanding flame front varies depending on the burning velocity. Transition
from laminar to turbulent flow can create a deflagration at subsonic velocities, with overpressures up
to8to 1. Ifthe expanding wavefront becomes supersonic due in part to shock waves and turbulence
generated by the enclosure surfaces, a detonation with much larger overpressures (20 to 1 or larger),
and hence much greater physical damage, is possible.

Hydrogen has a burning velocity 7 times faster than that of natural gas or gasoline as shown
in Table 2-4. All else being equal, a hydrogen flame would be much more likely to progress to a
deflagration or even a detonation than the other fuels. However, the likelihood of a detonation
depends in a complex manner on the exact fuel/air ratio, the temperature, and particularly the
geometry of the confined space. One source indicates that it is rather difficult to initiate a
detonation even with hydrogen in the laboratory, unless the gas is confined in a long, narrow tube
with a length to diameter ratio over 100 to one.” Another source points out, however, that previous
measurements in long narrow pipes may have actually impeded the transition to detonation. In fact,
the Iowermdetonability limit in larger enclosures may be closer to 13% than the 18% reported in the
literature.

The lower detonability fuel/air ratio for hydrogen is two times higher than that of natural gas,
and 12 times higher than that of gasoline. The likelihood of a hydrogen detonation is small if the fuel
leak is discharged into a space with a nearby ignition source, such that the fuel burns before it can
reach the lower detonability limit. In order for an explosion to occur, the hydrogen would first have
to accumulate and reach at least a 13% concentration in a closed space without ignition. An ignition
source would then have to be triggered, setting off the detonation. Since any hydrogen system will
either be engineered to stay below the lower flammability limit of 4% or have detectors to sound
alarms or turn on exhaust fans should that threshold be approached, any accumulation to 13 to 18%
would represent a major failure of the safety protection system.

Should an explosion occur, hydrogen has the lowest explosive energy per unit stored energy
in the fuel, and a given volume of hydrogen would have 22 times less explosive energy than the same
volume filled with gasoline vapor. As with detonation, these explosive values are difficult to achieve
in reality, but they do give another perspective on the relative dangers of hydrogen versus the other
fuels.

%J. Hord, "'Is Hydrogen a Safe Fuel?", Int. J. of Hydrogen Energy. \Vol. 3, p. 168.

Ylbid., Berman.
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Table 2-4. Detonation Characteristics of Fuels

Hydrogen Natural Gas Propane Gasoline

Detonability Limits

Lower (% volume in air) 1310 183 6.3 3.1 1.1

Upper 59 13.5 7 33
Burning Velocity (cm/sec) 270 37 47 30
Explosive Energy:"

Per Unit Energy (gTNT/KJ) 0.17 0.19 0.21

Per Unit Volume (gTNT/m?) 2.02 7.03 | 4422
Mazximum Experimental 008 12 .074

Safe Gap (cm) '

The last row of Table 2-4 lists the "maximum experimental safe gap,"” which is the maximum
size of openings in an enclosure that will prevent a flame from spreading from the enclosure to an
unburned flammable mixture outside the enclosure. This concept grew out of the "Davy lamp," a
lamp that allowed miners to safely carry a flame into mines containing flammable mixtures of
methane and air'2. The flame of the lamp was surrounded by a fine metal gauze that prevented the
ignition of the methane outside the lamp, even though the flammable mixture permeated the metal
gauze. In fact, the lamp also served to indicate the presence of flammable methane mixtures; since
the flame expanded inside the metal gauze when methane was present above the lower flammability
limit (5.3% for methane.) As shown in Table 2-4, hydrogen is the most difficult gas to contain by
this technique, since any openings must be less than 80 microns (0.003 inches or 3 mils) to prevent
the spread of a flame in a hydrogen/air mixture.

The detonation characteristics of hydrogen are compared with the other three fuels in Figure
5, which is a four dimensional plot of diffusion, buoyancy, lower detonation limit, and the reciprocal
of burning velocity. We plotted the reciprocal of burning velocity since high velocity is detrimental,
and this visual plot, like Figure 4, has the most dangerous attributes close to the origin of the plot.
Figure 5 illustrates that hydrogen is far superior to the other fuels (farther away from the origin)
with respect to diffusion, buoyancy and lower detonation limit, but is clearly the worst fuel in terms
of burning velocity. Figure 5 graphically illustrates the merits of hydrogen with respect to
detonation:

“One gram of TNT (symmetrical trinitrotoluene) is equivalent to 4,602 joules of energy.

“Peter J. Schram and Mark W. Earley, Electrical Installations in Hazardous Locations,
National Fire Protection Association, Quincy Massachusetts, 1993, pg.18.
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it is the least likely fuel to form a detonable vapor cloud, but once if it reaches the lower detonation
limit, it is the most likely fuel to proceed from deflagration to detonation.

Figure 5. Detonation Charsacteristics of Fuel Vapors
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Hydrogen flames are nearly invisible, since burning hydrogen does not emit significant energy in
the visible portion of the electromagnetic spectrum. In general, the more chemical species in a fuel, the
more likely there will be radiation in the visible region. (The Space Shuttle graphically demonstrates the
low luminosity of hydrogen during lift-off: the hydrogen flames from the three main shuttle engines are
difficult to see, while the two solid rocket booster engines flames are very bright even in daytime
launches, due to the complex chemical composition of the solid fuel.) People in the vicinity of a
hydrogen flame may not even know there is a fire, thereby increasing the risks to unsuspecting
bystanders or rescue workers as they approach an accident.

To reduce the risks accidental contact with nearly invisible flames, an impurity could be added to the
hydrogen to create emission bands in the visible spectrum. The challenge is to find a chemical that will
provide the necessary luminosity without degrading the performance of hydrogen end-use devices such
as fuel cells.
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On the positive side, the low emissivity of hydrogen flames means that near-by materials (and
people) will be much less likely to ignite by radiant heat transfer. By contrast, a gasoline fire spreads
both by the flow of liquid gasoline, and by the radiation from the gasoline fire that heats all adjacent
materials. Therefore secondary fires are much more likely with a gasoline fire than with a hydrogen
fire. Finally, the fumes and soot from a gasoline fire pose a risk to anyone inhaling the smoke, while
hydrogen fires produce only water vapor (unless secondary materials begin to burn.)

2.7 Special Properties of Liquid Hydrogen

While this program is focussed on the storage of gaseous hydrogen onboard the vehicle, the
hydrogen might be liquified at a large natural gas steam reforming plant to minimize the costs of
transportation to distant refueling stations. Liquid hydrogen presents another set of safety issues that
must be addressed in the context of the hydrogen infrastructure tasks. Praxair did conduct a
preliminary hazard review of a gaseous hydrogen refueling station supplied by liquid hydrogen. This
hazard review is reproduced as Appendix D in this report, beginning with Table D-3.

Liquid hydrogen creates additional hazards, including the risk of cold burns, and the increased
duration of leaked cryogenic fuel in the event of a collision. Liquid hydrogen will initially condense
air in the vicinity, and must warm up before the rapid dispersal characteristics of gaseous hydrogen
come into play. In this regard, a large spill of liquid hydrogen has some of the characteristics of a
gasoline spill. However, a liquid hydrogen spill will dissipate much faster than a gasoline spill. Like
gasoline, liquid hydrogen could create a "BLEVE" - a boiling liquid expanding vapor explosion — a
violent explosion should the pressure relief valves fail.

16
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3.0 The Public Perception of Hydrogen Safety

Conveying the reality of hydrogen safety to the general public may be a major challenge. The
average person will not sit still for a lecture on lower flammability limits, burning velocities and
diffusion coefficients. Mention hydrogen, and most people think of the hydrogen bomb or the
Hindenburg "disaster.” We may have to overcome these long lasting stereotypes with the more
positive aspects of the hydrogen record, possibly supplemented with new safety tests and analytical
calculations.

3.1 The Hindenburg

The Hindenburg, after completing 35 previous transatlantic flights, was destroyed by fire
while docking at Lakehurst, New Jersey on May 19, 1937. The spectacular fire that eventually
consumed the entire structure was captured on film, widely publicizing hydrogen as a dangerous
substance. The predecessor to the Hindenburg, the Graf Zeppelin, had flown over 1.5 million
kilometers in 9 years, crossing the Atlantic 139 times without incident, including one around-the-
world trip, stopping only in Lakehurst, Los Angeles, and Tokyo.

The Hindenburg carried 96 passengers and crew on that fateful day in 1937. It approached
the docking arm at Lakehurst with a lightning storm in the region, which was against normal
procedures. Remarkably, only 36 people were killed (including one on the ground). Pictures of the
disaster are still etched in the minds of many, reminding them that hydrogen is a dangerous fuel. A
live radio broadcast from the scene by a horrified announcer added to the publicity of the event.

Addison Bain, a retired NASA safety expert, has conducted a comprehensive investigation of
the Hindenburg incident, searching through archives in both the U.S. and in Germany, interviewing
the few remaining witnesses including surviving crew members, and even securing the services of
NASA scientists to analyze fragments of the Hindenburg saved as souvenirs.* Bain identifies
numerous myths regarding the Hindenburg, including the widely stated claim that many victims died
from the fall, and not from burns (most did succumb from the flames), that the landing at Lakehurst
at high altitude was normal (the Hindenburg came in at 200 feet that day, compared to the normal 50
foot altitude for docking), etc.

But Bain's most startling hypothesis is that hydrogen may not have played a major role in the
fire. He sites several witnesses that saw what could have been "St. EImos fire," -- lightning bolts
attracted to the surface of the giant airship. His thorough analysis of the mechanical structure of the
dirigible shows that any hydrogen leaking from the inner bags would have been vented to the outside.
He shows from historical records and actual analysis of remaining fragments of the ship's gas bags
that the construction was either cellulose acetate or cellulose nitrate. Both are flammable. Cellulose

"Addison Bain, "The Hindenburg Incident: Cause and Effect,” Keynote Address at the 8th
Annual U.S. Hydrogen Meeting, Alexandria, Virginia, March 12, 1997.
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