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Defensible	 safety standards	 for the built environment
 

Goal 
Facilitate the safe use of hydrogen	 
technologies by understanding and	 
mitigating risk 

Demonstrated Impact 
•	 Enabling the deployment of refueling stations 

by developing science-based,	 risk-informed	 
decision	 making processes for specification 
of safety distances. 

•	 Sandia's analysis has enabled	 the indoor use 
of fuel cell powered	 vehicles. 
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Fig. 4. Visible, IR and UV images of turbulent, hydrogen-jet flame.
djet = 7.94 mm.

in the visible and IR images is about 5.5 m in the ver-
tical direction, and about 3.5 m in the UV image. The
irregularities in the outer edges of the flame reflect the
unsteady turbulent mixing of the fuel with ambient air.
The UV camera exposure was gated for 160 s using the
intensifier. This exposure time is sufficiently short to
nearly freeze the flow motion and reveal many features
of the instantaneous flame structure. The chemilumi-
nescence intensity recorded within each flame image is
spatially irregular and also varies from image to image,
which reflects the temporal and spatial variations found
in the instantaneous structure of turbulent flames.

Flame lengths based on all three images were used to
determine the time-average flame length (Fig. 5). The
average flame length was then taken as the flame length
averaged over five successive frames around the indi-
cated time for each point. The flame length decreases
with time due to the decrease in mass flow rate as
tank pressure is reduced. It can be seen that the short-
est flame lengths are based on the UV flame emission,
while the longest flame lengths are based on IR emis-
sion. The average values for Lvis/LIR and Luv/LIR are
about 0.88 and 0.78, respectively. As discussed previ-
ously, it is expected that LUV should indicate the loca-
tion of the primary reaction zone where the fuel is be-
ing oxidized while LIR should be more indicative of the
high temperature combustion products. The measured
flame length ratios are consistent with this proposed
flame behavior.

Based on an analysis of the transition from
momentum-controlled to buoyancy-controlled turbu-
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Fig. 5. Flame length history using visible, infrared and ultraviolet
flame emission.

lent jet flame dynamics, Delichatsios [6] developed
a useful correlation for turbulent flame lengths. The
correlation is based on a non-dimensional Froude num-
ber that measures the ratio of buoyancy to momentum
forces in jet flames. Using the nomenclature of Turns
[5] the Froude number is defined as

Fr f = uef
3/2
s

(te/t∞)1/4[( Tf/T∞)gdj ]1/2 , (4)

where ue is the jet exit velocity, fs is the mass fraction
of fuel at stoichiometric conditions, (te/t∞) is the ra-
tio of jet gas density to ambient gas density, dj is the
jet exit diameter, and  Tf is the peak flame temper-
ature rise due to combustion heat release. Small val-
ues of Fr f correspond to buoyancy-dominated flames
while large values of Fr f correspond to momentum-
dominated flames. Note that the parameters known to
control turbulent flame length such as jet diameter and
flow rate, stoichiometry, and (te/t∞) are included in
Fr f . Further, a non-dimensional flame length, L∗, can
be defined as

L∗ = Lvisfs

dj (te/t∞)1/2 = Lvisfs

d∗ , (5)

where Lvis is the visible flame length and d∗ is the jet
momentum diameter (=dj (te/t∞)1/2). Fig. 6 shows
the resulting correlation of flame length data from
Ref. [3] for a range of fuels (H2, C3H8 and CH4) and

	 	 	
	 	 	

	
	

	 	 	 	 	
	

	
	 	

	

	 	

	
	

	 	
	 	

	 	

Experimental 	observations 	and 	mathematical 	models
 
Radiative properties 

of H2 flames	 Ignition	 of under-

quantified
 expanded H2 jets 

Buoyant jet flame model with 
multi-source radiation 

2005 2007 2009 2011 2013 2015 2017 

Advanced laser diagnostics 
applied to turbulent H2 

combustion 

Laboratory-scale 
characterization of LH2 

plumes and	 jets 

Barrier	 walls for	 risk 
reduction 

Experiment and 
simulation of	 indoor 

H2 releases 

Ignition	 limits of 
turbulent	H2 flows 



	 	 	 	 	 	

	
	 	 	 	 	

	 	 	

	 	
	 	 	
	 	

	 	 	 	
	

	 	 	
	

	 	 	 	
	 	

Risk framework incorporates science basis for safety
 

Hydrogen Behavior	 Models 
Validated mathematical models to accurately predict
 
hazards and	 harm from liquid	 releases,	 flames,	 etc.
 

Quantitative Risk Assessment 
Develop integrated methods	 and algorithms	 
enabling consistent,	 traceable,	 and	 rigorous
 
QRA	 (Quantitative Risk Assessment) for
 
hydrogen	 facilities and	 vehicles
 

Decision Support for	 Standards Development 
Provide 	physics 	models 	and 	risk 	calculations
 
to address real problems in	 hydrogen	
 
infrastructure and	 emerging technology
 



Current	separation	distances	for	bulk	liquefied	
hydrogen	are	based	on	consensus,	not	science
• Previous	work	by	this	group	led	to	science-based,	reduced,	gaseous	H2 separation	

distances
• Higher	energy	density	of	liquid	hydrogen	over	compressed	H2 makes	it	more	

economically	favorable	for	larger	fueling	stations		
• Even	with	credits	for	fire-rated	barrier	wall,	75	ft.	offset	to	building	intakes	and	

parking	make	footprint	large



Phenomena	from	large-scale	liquid	releases	are	
not	well	understood

6

Need	experiments	to	characterize:
• Pooling
• Evaporation	from	LH2	pools
Planning	underway	for	experiments	at	
Sandia	(Albuquerque)	facilities:
• Thermal	test	complex

– Flame	cell
• Up	to	3m	diameter	pool
• 18.3	m	dia.	x	12.2	m	high
• Well	characterized	conditions	for	model	validation

– Crosswind	test	facility
• Dispersion	in	controlled	crosswind
• Single-direction	flow
• Well-characterized	ambient	conditions

• Severe	Accident	Phenomena/Analysis	(Surtsey)
– 100	m3 pressure	vessel	with	6	levels	of	instrumentation	ports



Goals
• Develop	and	characterize	high-performance,	

hydrogen	containment	materials		and	structures	
to	lower	capital	cost	of	hydrogen	infrastructure,	
systems	and	components

• Understand	fundamentals	of	hydrogen	
interactions	with	metals	and	polymers	to	
enable	materials	selection	and	mitigation	
strategies	for	hydrogen-enhanced	degradation

Leadership	in	materials	and
components	for	hydrogen	service

Demonstrated	Impact
• Enabled	worldwide	deployment	of	

hydrogen	and	fuel	cell	systems	by	
developing	test	methodologies	for	
science-based	standards



Foundational	materials	science	for	hydrogen	systems	
engineering:	Atoms	to	Engineering	concept
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Figure 10. (colour online) The effect of hydrogen on the structure of a 48.53◦ inclined twin boundary is
shown at 0, 1,000 and 2,000 appm hydrogen. Hydrogen atoms are coloured blue and the meaning of
other colours is defined in the caption of Figure 4. A single periodic unit is shown between the black
bars.

hydrogen potential energy histogram is evidently related to the tendency of the structure,
of Figure 10, to separate the LTB facets that form in the absence of hydrogen (a) into
individual junctions, resulting in (c) a more planar structure. Inspecting the segregation
histogram of the low inclination boundary in Figure 9(a), consisting of well separated
junctions, a shoulder is observed in the histogram at approximately −0.6 eV, which
corresponds to segregation to the junctionswhile the peak centred on−0.2 eV corresponds
tohydrogen inbulkoctahedral sites (see thediscussionof adsorption to the coherent twin in
Section 3.3). Now it is conclusively demonstrated that the separated junctions provide the
lower energy sites (near−0.6 eV) that are more populated in grain boundaries with higher
hydrogen concentrations due to breakup of LTB facets and the resulting generation of
isolated junctions.

4. Conclusions

This work examined the case of a !3⟨1 1 0⟩ grain boundary at inclinations from 0◦ ≤
" ≤ 90◦. The zero-temperature structure was discussed in relation to closely related
past work and the applicability of structural unit models to higher temperature structures
was examined. Existing literature was reviewed to explain the differences in structure and
deviation of the calculated enthalpy predicted from a simplifiedmodel using superposition
of the excess enthalpies of facets.

MD models of inclined grain boundaries were coupled to a GCMC model and applied
to determine the degree of hydrogen segregation. In order to facilitate the application
of the findings of this work to mesoscale models of grain growth, cracking, and hydro-
gen segregation, the structural unit description of inclined twin grain boundaries was
compared to the calculated variation of excess hydrogen concentration with inclination
angle. However, the explanatory power of the structural unit model applied to segregation
is limited by how the enthalpy of segregation is affected by hydrogen concentration.
In order to develop a more complete mesoscale model of the interfacial behaviour, an
analytical model of boundary energy and hydrogen segregation which relies on modelling
the boundary as arrays of discrete 1

3 ⟨1 1 1⟩ disconnections was proposed. The proposed
model was found to underestimate the degree of segregation with increasing concentration
and with inclination.
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Normalization	with	tensile	strength	enables	
identification	of	a	generic	performance	criterion

18

Design space
Criterion:

Nf > 105

Smax = 1/3 Su

Su = tensile 
strength

Common design 
criterion:

S ≤ 1/3 Su or 
S ≤ 2/3 Sy

S = allowable 
stress (or 
design stress)

Notched fatigue 
Room temperature
103 MPa H2
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Technical	Reference
established

ASME	article	KD-10
input	on	test	
methodology

CSA	CHMC1
test	methods	and	

material	qualification

Platform	for	material	
testing	in	GH2
at	high	pressure

Platform	for	high-
pressure	GH2 over	
temperature	range	
(-40˚C	to	+85˚C)

Full-scale	tank	
testing

CSA	HPIT1
SAE	J2579

First	qualification	data	
for	high-pressure	
ASME	vessels

Critical	assessment	of	
statically	loaded	cracks

Schematic representation of  

Safety Factor Multiplier Method 
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Number of pressure cycles, N 
1 100 104 106 

SF3=SR/SH SF4=SR/SH 

SF5=SR/SH 

SF0=NTSR/NTSH 

In this example: SFH = SF0 > SF3 > SF4 > SF5 

Evaluation	of	Materials	Compatibility	enables	
hydrogen	technology	innovation
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Flexibility from … 

Gas-to-Power/Heat 

Coal-to-Power/Heat 

Generation Grids 

Demand 
Residential  |  Mobility  |  SME  |  Industry 

Heat Gas 

Power 

Wind/Solar-to-Power 

Power-to-Gas 

Power-to-Heat 

Storage 

Power-to-Power 

Safety,	Codes	and	Standards	needs	for	H2@Scale

• Protocols	for	distributed	production	
and	power	systems	integration	

• Oxygen	management	in	distributed	systems
• Metrology	at	scale	(metering		for	geologic	

storage	and	pipelines)	
• Purity	requirements	and	purification
• Gas	segregation	in	mixed	gas	systems
• Leakage	in	geologic	storage	and	pipeline	systems
• Materials	compatibility	in	existing	infrastructure	

(PVC,	cast	iron,	etc.)
• Combustion	requirements	(e.g.,	burners)
• Safety	requirements	for	underground	storage	at	

point	of	use
• Maritime	standards	for	international	shipping	

and	transport	over	waterways
• Safety	standards	for	conveyance	of	LH2



BACKUP	SLIDES
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3.0$m$wide$HP$storage$

GH2$
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Risk	assessment	
proposed	for	

hydrogen	systems	at	
ICHS

QRA	applied	to	indoor	
refueling	to	inform	code	

revision

Established	risk-informed	
processes	for	separation	

distances

Public	release	of	HyRAM

QRA-informed	
separation	distances	in	

NFPA	2

Evolution	of	quantitative	risk	assessment	in	standards

20%	station	penetration	
potential	due	to	QRA

ISO	TC197	WG24	
incorporating	QRA	and	
behavior	modeling

Performance-based	
system	layout	
demonstrated



Gasoline)Dispensers)

LH2)

Lot)Line)(10.1)m))

Building)Openings)&)
HVAC)Intakes)

(22.9)m))

Classified)Electrical)(4.6)m))

Gasoline)Tanks))
(Fill)and)Vent))

Flammable)Liquid)
Storage,)Vents)&)Fills)

(22.9)m))

Equipment)Dimensions:)
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13,250Q56,780)liters)

Service)StaUon)AVendant)
Building)

(9.1)x)15.2)m))

Developing	risk	models	for	liquid	hydrogen	storage

LH2 storage

Laboratory	experiments	and	
validated	models	of	cryogenic	
hydrogen	releases	inform	safety	
requirements	for	LH2 storage	

Temperature	of	LH2 =	20K	(-253˚C)



• Developing	shared	experience	on	capability	deployment	in	Europe,	Asia	and	
North	America	for	fatigue	testing	in	high-pressure	hydrogen	(>700	bar)	and	
low	temperature	(≤233K)

• Goals:	(1)	international	consensus	within	SAE	Fuel	Cell	Safety	Task	Force	on	
materials	test	methods	and	performance	metrics	for	FCEV	fuel	systems;	
and	(2)	proposal	for	Phase	II	of	UN	GTR	no.	13a

International	testing	collaboration	to	develop	
common	material	qualification	protocols

Develop	international	
coordination

Harmonize	
preliminary	test	
requirements

Identify	consensus-based	
criteria

Normalization	with	tensile	strength	enables	
identification	of	a	generic	performance	criterion
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Design space
Criterion:

Nf > 105

Smax = 1/3 Su

Su = tensile 
strength

Common design 
criterion:

S ≤ 1/3 Su or 
S ≤ 2/3 Sy

S = allowable 
stress (or 
design stress)

Notched fatigue 
Room temperature
103 MPa H2

Stress

time

Sa

Smax

Smin

Smean

Definition	of	fatigue	method

Specimen geometry and test condition 
for round-robin test

Feb 1, 2017

Junichiro Yamabe, Hisao Matsunaga, Saburo Matsuoka
HYDROGENIUS, Kyushu University

Specimen geometry and test condition 
for round-robin test

Feb 1, 2017

Junichiro Yamabe, Hisao Matsunaga, Saburo Matsuoka
HYDROGENIUS, Kyushu University
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This presentation is based on 
Stefan’s presentation reported 
previously.


