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In the U.S., authorities look to NFPA 2 for standards on how to site
hydrogen fueling stations

Different distances for different exposures

• Some distances able to be reduced with
mitigations (barrier wall, insulation, etc.)

• Gaseous separation distances related to
diameter and pressure

• Liquid separation distances related to storage
volume

• Justification for gaseous separation distances
provided in annex

Separation distance reductions in NFPA 2 2011
(previously based on OSHA tables) and 2020
(under review) enabled by Sandia-led scientific
analyses
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Table 7.3.2.3.11(a) MInImurnDidance(D)frornOutdoor [GH0] %sterns to Expomires—Typical Maximum PipeSize

Prfssure
15 tO >250t0 >300D tO >7500 tO

1250 psig S3OOOPsig s7500 pdg s15000 psig

I nternd Pipe Diameter (ID)
xo3.4to >1724to
4.7241cPa 40,684 kPa
d=52.5„„

020,684 Oa >51,711 to
41,n114'a 9.03,421 I:Pa
d=7.31,,,„ d=7.16,„,,

Group 1 Exposures m ft m ft rn ft m ft

(a) Lot lines
(b) Air Intskes ( VAC, compresmrs other)
(c) Operable openings in buildings and structurim
Id) Ignition asuroessich as open flames end nelding

12 40 14 46 9 29 10 34

Group 2 Expoares rn ft m ft rn ft rn ft

(a) Exposed perssns other than thom mnAdng the sysean 6 20 7 24 4 13 5 16
(b) Parked cars

GrOup 3 ExpOSteeS m ft m ft m ft m ft

(a) Buildingsof noncombustible non-fire-rated
construction 17 6 19 4 12 4 14
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Table 8.3.2.3.1.6(A) Minimum DislaNce from Sul k Liquefied Hy:frown I LH 0] System to Exposures

Type of Ey:pos.4e

Total Bulk Liquefied Hydrogen (LH03 garage

39.7 gal 
0
to

3500 

ft

150L to
13.250 L

rn

3503.931to
15,0120 ga

ft

13751 L to
567131 L

rn

15001 gai to
75,000 gal

ft

56.782 L to
283,9C6 L

Group 1
1. Lot Dam
2. Air intakes( Fleeting, sentliating or dr conditioning

equipment 1 HVAC. compreswrs Maw]

25
75

7.6
23

50
75

15
23

75
75

23
23

3. Wed openings
Operable openingsln buildings me structures 75 23 75 23 75 23

4. ignition ssurcessuch mopes Parrs/rod adding 50 15 50 15 50 15
Grotm 2

5. Pieces of public astently 75 23 75 23 75 23
6. Parked cars (ditrarce te matured from the

container fill connection)
25 7.6 25 7.6 25 7.6

Group 3
7. Building or structure

Buildircpron/ructed of noncontutMie or
limitisleornbusibiemateids
(1) spnnsierse building or structure or

- Nit7
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Separation distances for liquid hydrogen are onerous and lack
detailed scientific justification

gaseous H2 storage
~aaMMa 1,,
Orvl 1111

I MI

vs. Iiquid H storage



Sandia National Laboratories itFCHydrogen and Fuel Cells Program

Sandia H2 Safety Codes and Standards research includes coordinated
activities that facilitate deployment of hydrogen technologies

Hydrogen Behavior

Develop and validate scientific models to accurately
predict hazards and harm from liquid releases, flames,
etc.

Quantitative Risk Assessment, tools R&D

Develop integrated methods and algorithms enabling
consistent, traceable, and rigorous QRA (Quantitative
Risk Assessment) for H2 facilities and vehicles

• Enable Hydrogen Infrastructure through Science-
based Codes and Standards

— Apply QRA and behavior models to real problems in
hydrogen infrastructure and emerging technology

— Facilitate updates to NFPA 2 through deep technical
analyses

Vid HYRAM
HYDROGEN RISK ASSESSMENT MODELS

7.5 15 T2.5
new flux LkW/, • 21
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Quantitative risk assessment (QRA) provides a basis for gaseous
hydrogen separation distances

• Conservative: assess worst possible accident
scenario(s) (e.g., full line shear, tank rupture)
— Low frequency

— Prohibitive distance

— Separation distance does not (and should not*) protect

against this scenario

• Risk informed
— Factor in leak frequency

— Potential methods:

* Author's opinion

• Perform QRA on each system of interest

• Use QRA results from typical system to relate deterministic
distance(s) to acceptable risk

• Determine probable maximum leak size and assess accident
scenario(s) (cover 95%, 99%, etc. of probable leaks)

Selected text from annex (I - NFPA 2, H — NFPA 55)

Size. The development of separation distances for hydrogen
facilities can be determined in several ways. A conservative ap-
proach is to use the worst possible accidents in terms of conse-
quences. Such accidents can be of very low frequency such
that they likely would never occur. Although this approach
bounds separation distances, the resulting distances are gen-
erally prohibitive. The current separation distances do not re-
flect this approach. • , •

Component leak frequencies as a function of leak size were
generated for several hydrogen components. The hydrogen-
specific leakage rates were used to estimate the leakage fre-
quency for four example systems used as the basis for the risk
evaluation used in the study. The cumulative probability for
different leak sizes was then calculated to determine what
range of leaks represents the most likely leak sizes. The results
of this analysis indicated that leaks less than 0.1 percent of the
component flow areas represent 95 percent of the leakage fre-
quency for the example systems. Leak areas less than 10 per-
cent of the flow area are estimated to result in 99 percent of
the leaks that could occur based on the results of the analysis.
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Risk informed approach: acceptable risk must be decided along with a
typical system

Selected text from annex (I - NFPA 2, H — NFPA 55)

The risks resulting from different size leaks were also evalu-
ated for four standard gas storage configurations. The risk
evaluations indicate that the use of 0.1 percent of the compo-
nent flow area as the basis for determining separation dis-
tances results in risk estimates that significantly exceed the
2 x 10-5/yr risk guideline selected by the NFPA separation dis-
tance working group, particularly for the 7500 psig and
15,000 psig systems. On the other hand, use of a leak size equal
to between 1 percent and 10 percent of the component flow
area results in risk estimates that are reasonably close to the
risk guideline. The fact that the risk estimates are a factor of

Based on the results of both the system leakage frequency
evaluation and the associated risk assessment, a diameter of
3 percent of the flow area corresponding to the largest inter-
nal pipe downstream of the highest pressure source in the

system is used in the model. The use of a 3 percent leak area
results in capturing an estimated 98 percent of the leaks that
have been determined to be probable based on detailed analy-
sis of the typical systems employed. Typical systems to include

3% leak area reduced to 1% in proposed
NFPA 2 update — gaseous hydrogen setback
distances further reduced

il 71 MP* 11116.01m

4% co centration distance
.for 0.1% leak area

-Sum

-Jet Fires

4% concentration distance
for 1% leak area

4% concentration distance
for 10% leak area

Si 10

Mum allitiance (01

25i

Gaseous distance reduction method:
QRA performed on typical system

— Overall risk compared to deterministic hazard distances
(jet flame radiation, unignited flammable
concentration)
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P.

Key component of QRA is leak frequency — lacking for LH2
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• More 'leaky' components -> more risk

• Hazard/harm distance related to pressure
(and temperature for LH2) and flow area

Separation distances for gas also related to pressure
and flow area

Separation distance for liquid related to capacity —
analysis may show this to be poor criteria

- More specificity could improve accuracy —
compression joint not going to have the
same leak frequency as threaded as weld,
etc.

Lack of leak frequency data for liquid
hydrogen components

• SNL currently gathering leak frequency data



Sandia National Laboratories itFCHydrogen and Fuel Cells Program

The NFPA 2 liquid hydrogen setback distance task group has a path
for separation distance reduction, but there are gaps for LH2

Gaseous

✓ Determine list of exposures
✓ Conduct hazard analysis
✓ Create representative system
✓ Acquire leak data
✓ Calculate leak frequency (using representative

system and leak data)
✓ Calculate consequence distances using physics

models and representative leak parameters
• Unignited concentration of 8%
• Heat flux of 4.7 kW/m2

✓ Determine separation distance using frequency
calculations and consequence calculations
— Function of size and pressure

Liquid

✓ Determine list of exposures
✓ Conduct hazard analysis
✓ Create representative system — additional

parameters for LH2
• Temperature
• Phase (liquid or gas)

CI Acquire leak/vent data
O Unanticipated leaks
O Vent rates

CI Calculate leak/vent frequency
CI Calculate consequence distances using physics

models and representative leak/vent parameters
CI Determine separation distance using frequency

calculations and consequence calculations
— Function of LH2 volume or something else?
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Sandia developed software HyRAM enables QRA of gaseous
hydrogen systems

File Tools Help

Physics  PBDMode I

input

System Description

Scenados

/ 

Consequence Models

HyRAM

Risk Metrics

:alculate the risk in terms of FAR, PLL, and AIR

Output
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• Documented, repeatable QRA
methodology

• Frequency & probability data for
compressed hydrogen component
failures

Fast-running models of hydrogen
gas and flame behaviors

• Model for cryogenic hydrogen
dispersion available in next release

• Moving to open source

Free download at
http://hyram.sandia.gov
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A variety of validated physical models are used in HyRAM valid
models for LH2 are needed
• Unignited dispersion

— Distance to certain concentration

• Flame model

— Temperature field

— Heat flux field

• Overpressure for delayed
ianitinn nf inrinnr rplpacpc
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We are working to validate and develop new models (as needed)

A unique experimental platform has been developed at Sandia to
release cryogenic hydrogen through approximately 1 mm orifices

at up to 10 bar

• Research and validation for models of ignition, flames
and dispersion

P = 1 bar, T = 37 K, ignition distance = 325 mm

compressed
hydrogen

vacuum
insulated enclosure

stage 1:
liquid N2

stage 2:
gaseous He

stage 3:
liquid He

•
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We have measured and can calculate the maximum ignition distance
for cryogenic hydrogen   300

350 P0 (barabs)
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>. for a given mass flow, ignition of cold H2
occurs much further from the release point

➢ a larger ignition distance is observed at a
lower mass flow rate of hydrogen for the
colder jets

➢ Ignition distance linearly varies as a
function of effective diameter (same as
literature reported room temperature
releases)
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We have measured and can calculate the flame length and radiant
heat flux for cryogenic hydrogen jet flames

RD5

RD2

RD1

➢ Hydrogen flames have lower radiant heat flux compared to methane or syngas flames

➢ An increase in radiant fraction is observed for colder H2 jets (for a given nozzle size and
pressure) due to longer flame residence time (more mass flux)

➢ Aspect ratio does not significantly affect flar-- 11.11-71-6
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A model for internal, phase-changing flow is necessary to calculate 1W
plume/flame boundary conditions
• Flow out a vent stack is no longer at LH2 temperature

• Valves, piping, and other components represented as an electrical network in Sandia's MassTran
model

• Need details (heat transfer rate, component orifice sizes, etc.) to accurately calculate

conditions at release point

Q12

P •1  
inflow

P2 Q23 P Q34 P4
•
vessel
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H2-N2 Raman imaging and particle imaging velocimetry are used to
measure concentration, temperature, and velocity of cryogenic H2

MI:VAG (karma).
laser (532 nm)

PIV laser-

sheet forming and
beam combining optics

release point
laser sheet

beam dump

-P1V cm

(10 nm FWHM)
& 532nm notch

Independent model parameters:
✓ T - temperature
✓ x - mole fraction
✓ v - velocity
✓ B - halfwidth (both velocity and

concentration)

-20
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ColdPLUME model shows good agreement with the data

un erexpande
jet

iMtial emiduillie flow
and heatin establishment

• Experimental results shown by
shading and thick, dashed lines

• CoIdPLUME model results are
thin, solid lines

100

90

so

40
-20 -10

og

➢ Model accurately simulates mole fraction, temperature, and velocity -- can be used as a predictive tool
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The diagnostic will be modified to study LH2 vents and large-scale
experiments
• Uniquely fast optics enable

collection of small Raman signal
from distance with wide field of
view

• High-power laser scanning in
space

• Concentrations measured along a
series of lines

• Effective background light
suppression is key (both sunlight
and illumination source that
reflects off of condensed water
vapor)

— Time gating

— Spectral gating
17

Raman signal overlaid on
laboratory scene

44:10

I 0
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Summary of the QRA process for LH2 systems, focusing on data and
model needs

• Selection of a typical system

• LCdK UdLd tor Lh2

• Calculation of leak frequency (function of size)

• Models for physical behaviors and consequences:

— Unignited dispersion

• cooling, vaporization

• Interaction with the environment (e.g. wind)

— Ignited behavior

• Flame radiation

• Overpressure

• Harm models (from consequence models)

• Determination of acceptable risk

lest Cell

TCR. THSSIMAL TEST COMPLEX

• Planning experiments at well-controlled

Sandia facilities

• Collaborations welcome (take

diagnostics to other locations)
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QUESTIONS?

Thanks for funding support from:
• United States Department of Energy, Energy Efficiency &Renewable Energy, Fuel Cell Technologies Office, Safety, Codes,

and Standards subprogram managed by Laura Hill

• Industry support including the OEM Group at the California Fuel Cell Partnership, Linde, and Shell

And thanks to the hydrogen research team at Sandia including:
• Jon Zimmerman (H2 program manager), Bikram Roy Chowdhury (experiments), Chris LaFleur (Risk, Codes & Standards), Alice Muna

(Risk), Brian Ehrhart (H2FIRST), Gaby Bran-Anleu (H2FIRST), Scott Bisson (optics), Tony McDaniel (experiments), Rad Bozinoski

(modeling), Myra Blaylock (CFD), Chris San Marchi (materials/metal interactions with H2), Joe Ronevich(materials/metal interactions

with H2), John Reynolds (HyRAM), Nalini Menon (polymer interactions with H2)

• Previous researchers: Pratikash Panda, Joe Pratt, Katrina Groth, Isaac Ekoto, Adam Ruggles, Bob Schefer, Bill Houf, Greg Evans, Bill

Winters


