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•  Hydrogen	
  Behavior	
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  Schefer,	
  Bill	
  Houf,	
  Bill	
  Winters,	
  Greg	
  Evans,	
  Mark	
  
Grothe,	
  Isaac	
  Ekoto,	
  Adam	
  Ruggles,	
  Ethan	
  Hecht	
  	
  

•  Quan>ta>ve	
  Risk	
  Assessment	
  
–  Jeff	
  LaChance,	
  Katrina	
  Groth,	
  Chris	
  LaFleur,	
  Alice	
  Muna	
  

•  Hydrogen	
  Compa>bility	
  of	
  Materials	
  
–  Brian	
  Somerday,	
  Chris	
  San	
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  Jeff	
  Campbell,	
  Ken	
  
Lee,	
  Joe	
  Ronevich	
  

•  Hydrogen	
  Fuel	
  Quality	
  
–  Rangachary	
  Mukundan,	
  Tommy	
  Rockward	
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Fuel	
  Cell	
  Technologies	
  Programs	
  
at	
  the	
  Na>onal	
  Laboratories	
  

Providing	
  the	
  science	
  and	
  engineering	
  to	
  accelerate	
  the	
  deployment	
  
of	
  clean	
  and	
  efficient	
  hydrogen	
  technologies	
  

	
  
Hydrogen	
  and	
  fuel	
  cell	
  

systems	
  enable	
  
drama>c	
  reduc>ons	
  in	
  
both	
  GHG	
  emissions	
  

and	
  foreign	
  oil	
  
dependence	
  

 

Science-­‐based	
  regula>ons,	
  codes	
  and	
  
standards	
  ensure	
  technology	
  requirements	
  

are	
  consistent,	
  logical	
  and	
  defensible	
  



Accelera>ng	
  deployments	
  with	
  fundamental	
  
understanding	
  of	
  hydrogen	
  behavior	
  and	
  
quan0ta0ve	
  risk	
  assessment	
  (QRA)	
  

Goal	
  
Facilitate	
  the	
  safe	
  use	
  of	
  hydrogen	
  technologies	
  
by	
  understanding	
  and	
  mi(ga(ng	
  risk	
  

Demonstrated	
  Impact	
  

•  Enabling	
  the	
  deployment	
  of	
  refueling	
  sta(ons	
  
by	
  developing	
  science-­‐based,	
  risk-­‐informed	
  
decision	
  making	
  processes	
  for	
  specifica(on	
  
of	
  safety	
  distances	
  in	
  exis(ng	
  code	
  

•  Sandia's	
  analysis	
  has	
  enabled	
  the	
  indoor	
  use	
  of	
  
fuel	
  cell	
  powered	
  vehicles	
  



Develop integrated 
methods and 
algorithms  
for enabling 

consistent, logical and 
defensible QRA 

Apply quantitative 
risk assessment 

techniques  
in real hydrogen 

infrastructure and 
emerging technology 

Develop and validate 
scientific models  

to accurately predict 
hazards and harm 

from liquid releases, 
flames, etc. 

Behavior	
  and	
  risk	
  models	
  can	
  be	
  integrated	
  to	
  enable	
  
consistent	
  (and	
  accepted)	
  risk	
  assessment	
  process	
  

risk behavior application 
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Advanced laser 
diagnostics applied to 

turbulent H2 combustion 

Ignition of under- 
expanded H2 jets 

Buoyant jet flame model 
with multi-source radiation 

Laboratory-scale 
characterization of 
LH2 plumes and jets 

Barrier walls for 
risk reduction 

Hydrogen	
  Behavior	
  studies	
  enable	
  predic>ve	
  capabili>es	
  
Radiative 

properties of H2 
flames quantified R.W. Schefer et al. / International Journal of Hydrogen Energy 31 (2006) 1332 –1340 1337

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

(!e/!∞)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, (!e/!∞) 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 (!e/!∞) are included in
Fr f . Further, a non-dimensional flame length, L∗, can
be defined as

L∗ = Lvisfs

dj (!e/!∞)1/2 = Lvisfs

d∗ , (5)

where Lvis is the visible flame length and d∗ is the jet
momentum diameter (=dj (!e/!∞)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

Experiment and 
simulation of 

indoor H2 
releases 

Ignition limits of 
turbulent H2 flows 
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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 R&D tool  

QRA-informed 
separation distances 

in NFPA 2 

Quan0ta0ve	
  Risk	
  Assessment	
  is	
  enabling	
  infrastructure	
  
deployment	
  

20% station penetration 
potential due to QRA 

ISO TC197 WG24 
incorporating QRA and 

behavior modeling 

Performance-based 
system layout 
demonstrated 
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Fire	
  protec>on	
  code	
  reduced	
  safety	
  distances	
  based	
  
on	
  risk-­‐informed,	
  science-­‐based	
  methodology	
  

Example	
  safety	
  distances	
  (m)	
  
NFPA	
  2	
  for	
  specific	
  boundaries	
   GH2 	
   LH2	
  

Lot lines	
   7.3 10.1 
Public Streets, Alleys	
   7.3 10.1 
Parking 	
   4.0 22.9 
Buildings (sprinkled, fire rated)	
   3.0 1.5 
Building Openings or air intakes	
   7.3 22.9 

GH2 storage 

Outcome: initial safety 
distances precluded 
GH2 at existing fueling 
stations, science-based 
distances enable the 
acceptance of GHS at 
up to 20% of sites 

Harris	
  et	
  al.	
  SAND2014-­‐3416	
  



Future	
  challenge:	
  
Safety	
  distances	
  for	
  liquid	
  H2	
  storage	
  are	
  too	
  large	
  
for	
  commercial	
  fueling	
  sta>ons	
  in	
  the	
  US	
  

Goal: use science-based 
approach to inform safety 
distances for LH2 
•  NFPA activity 

Example	
  safety	
  distances	
  (m)	
  
NFPA	
  2	
  for	
  specific	
  boundaries	
   GH2 	
   LH2	
  

Lot lines	
   7.3 10.1 
Public Streets, Alleys	
   7.3 10.1 
Parking 	
   4.0 22.9 
Buildings (sprinkled, fire rated)	
   3.0 1.5 
Building Openings or air intakes	
   7.3 22.9 
Harris	
  et	
  al.	
  SAND2014-­‐3416	
  

Validated models of LH2 
releases integrated into the  
QRA framework will inform 
quantification of risk and aid the 
definition of safety distances 



Goal	
  
Develop	
  and	
  characterize	
  high-­‐performance,	
  hydrogen	
  
containment	
  materials	
  to	
  lower	
  capital	
  cost	
  of	
  
hydrogen	
  infrastructure,	
  systems	
  and	
  components	
  

Leadership	
  in	
  materials	
  and	
  
components	
  for	
  hydrogen	
  service	
  

Demonstrated	
  Impact	
  
•  Enabled	
  worldwide	
  deployment	
  

of	
  hydrogen	
  and	
  fuel	
  cell	
  systems	
  
by	
  developing	
  science-­‐based	
  
standards	
   •  Technology roadmaps 

•  Databases 
•  Leveraged research 
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Technical Reference 
 established 

ASME article KD-10 
 input on test  
methodology 

CSA CHMC1 
test methods and 
matls qualification 

Platform for matls 
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 

S
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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 

Evalua>on	
  of	
  Materials	
  Compa0bility	
  enables	
  innova>ve	
  
technologies	
  



•  Enhanced	
  safety	
  and	
  market	
  
growth	
  enabled	
  through	
  
standards	
  development	
  

•  Today,	
  there	
  are	
  >5000	
  clean	
  
and	
  efficient	
  fuel	
  cell	
  forklibs	
  
in	
  service	
  (and	
  growing!)	
  

Full-­‐scale	
  tes>ng	
  of	
  pressure	
  vessels	
  enabled	
  deployment	
  of	
  
safe,	
  low-­‐cost	
  fuel	
  cell	
  forkliU	
  fuel	
  systems	
  

We	
  quan>fied	
  
uncertain>es	
  in	
  the	
  
cycle	
  life	
  of	
  hydrogen	
  
storage	
  tanks	
  for	
  the	
  
liU-­‐truck	
  applica>on.	
  

example	
  of	
  embriYlement	
  
failure	
  from	
  the	
  1970’s	
  



Goal	
  
Characterize	
  effects	
  of	
  hydrogen	
  fuel	
  impuri(es	
  on	
  
fuel	
  cell	
  performance,	
  with	
  the	
  goal	
  of	
  harmonizing	
  
and	
  standardizing	
  fuel	
  quality	
  requirements	
  to	
  meet	
  
fuel	
  cell	
  performance	
  targets	
  

Enabling	
  the	
  development	
  and	
  harmoniza>on	
  of	
  
hydrogen	
  fuel	
  quality	
  standards	
  

Demonstrated	
  Impact	
  
•  Enabled	
  standardiza(on	
  of	
  fuel	
  quality	
  

requirements	
  for	
  fuel	
  cell	
  vehicles	
  
through	
  quan(ta(ve	
  assessment	
  of	
  
PEMFC	
  performance	
  

Partners:	
  
•  VTT-­‐Finland	
  
•  JRC	
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Hydrogen	
  fuel	
  quality	
  assessment	
  enables	
  vehicle	
  
deployment	
  

2005 2007 2009 2011 2013 2015 2017 

Collaboration with JARI, and 
CEA to establish common 

protocols/test articles 

Effect of low Pt loading 

Round Robin testing 

Analytical method 
for H2S 

determination 

Data on H2 fuel quality effects 
on PEMFC provided to set 
initial SAE J2719 standards 
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Chair ASTM sub-committee D03.14  

In-line Fuel Quality Analyzer 
(proof of concept) 
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Hydrogen	
  contamina>on	
  detector	
  concept	
  provides	
  poten>al	
  	
  
pathway	
  for	
  real-­‐>me	
  monitoring	
  of	
  fuel	
  quality	
  	
  

Concept:  
Real-time monitoring enabled by 
•  Sputtered Electrodes 
•  Low surface area 
•  Low loading 

Results:  
High sensitivity of low loaded sputtered electrode 
•  Operated in H2 pump mode at RT and 100%RH 
•  Responds to SAE J2719 levels of CO and H2S in  

< 1 minute 
•  Development of analyzer based on proof of concept 

is underway (Humidification, packaging, electronics) 0
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Summary	
  

•  Hydrogen	
  behavior	
  models	
  enable	
  safety	
  analysis	
  
–  Validated,	
  defensible,	
  referenceable	
  models	
  

•  QRA	
  framework	
  enables	
  science	
  basis	
  for	
  revision	
  
of	
  code	
  requirements	
  	
  
–  Consistent,	
  logical	
  framework	
  for	
  quan(fying	
  risk	
  	
  

•  Understanding	
  of	
  materials	
  performance	
  enables	
  
deployment	
  of	
  innova(ve	
  technologies	
  
–  Accommodate	
  hydrogen	
  effects	
  by	
  quan(fica(on	
  of	
  
materials	
  behavior	
  in	
  relevant	
  hydrogen	
  environments	
  	
  

•  Harmonized	
  test	
  methods	
  on	
  the	
  performance	
  of	
  
PEMFCs	
  enables	
  revision	
  of	
  fuel	
  quality	
  standards	
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