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q'the U.S., authorities look tNPA |
hydrogen fueling stations

how to site

2-42 HYDROGEN TECHNOLOGIES CODE

Table 7.3.2.3.1.1(a) Minimum Distance (D) from Outdoor [GH ] Systerms to Exposures — Typical Maximum Pipe Size

e Different distances for different exposures e EF-

>103.4to >1724t0 20,684 to 51,711 to
e Some distances able to be reduced with M R o
Group 1 Exposures m ft m ft m ft m ft

1+ 1 H 1 H (a) Lot li 12 40 14 46 9 2% 10 A
mitigations (barrier wall, insulation, etc.) ) s comprers v
(c) Operable openingsin buildings and structures.
(d) Ignition sources such asopen flames and welding

Group 2 Exposures m ft m ft m ft m ft
24 a4 13 5 16

o
~N
S
~

(a) Exposad persons other than those servicing the system

e Gaseous separation distances related to
(b) Parked cars
diameter and pressure Groun 3 Exposures m t m f m ot m n

(a) Buildings of noncombustible non-firerated
construction 5 17 6 19 4 12 4 14
i ¢ iRy

e Liquid separation distances related to storage
volume

2-58 HYDROGEN TECHNOLOGIES CODE

e Justification for gaseous separation distances TR 3231600 i btca o Bl Li e o Lol Syt o
provided in annex T B W A Tt

Type of Exposure ft m ft m ft m

— Separation distance reductions in NFPA 2 2011 sie " s o omow 5 2

2. Air Intd«‘.slhe& g, ventilating, or aircondmo ning 75 23 75 23 75 23
equipment (HVAC, compressors, other]

(previously based on OSHA tables) and 2020 S iiieie 3 B ¥ @ E B

4. Ignition sourcessuch as open flames and welding 50 15 50 15 50 15
Group 2
5. Places of public asembl 75 23 75 23 75 23

(under review) enabled by Sandia-led scientific e eeareianve B 7o B 8 Ea

containes fill (aunecuon)

Group 3
7. Building or sructur

a n a Iys e S gﬁ'?:gggﬁmummu;nonwm:lueor

[$V) Sﬁ lnklcf(!i bulld gov !mcm eor 5 15 > 15 5 15
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Separation distances for liquid hydrogénkare onerous and lack

detailed scientific justification
gaseous H, storage

Ik 140 el

vs. liquid ‘I-‘IZ storage

B
o

-
b
L
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. e

‘Sandia H, Safety Codes and Standards research inclda es coordinated
activities that facilitate deployment of hydrogen technologies

. 155 Hoream,, (500 K, L0 e ccnmiiien
e Hydrogen Behavior i

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

@I
it
A

E

e (Quantitative Risk Assessment, tools R&D

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

e 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
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hydrogen separation distances

e 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

* Author’s opinion

e Risk informed

— Factor in leak frequency

— Potential methods:

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)

IEFCHydmgen and Fuel Cells Program

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

Size. The development of separatién 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. ' e T

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.

rw:

-

" Quantitative risk assessment (QRA) chw*dr es a basis for gaseous

4
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" Risk informed approach: acceptable r

Sandia National Laboratories

%FCHydmgen and Fuel Cells Program

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 /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

- ~ 1

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

ust be decided along witha

Tiotal Risk - 2007 MPa System
SI0E05 e I e
—
. ASE05 J“";,
= |...4% concentration distance ot Fires
E? ALREDS ~ for 0.1% leak arﬁa “ . we Flash Fires -
H f
| —— . 1£]
i, SLBE-0% 4% concentration distance
[ X 4 for 1% leak area )
p DD \ 4 4% concentration distance’
§7z ‘ ¥ = \(Er 10% leak area
) 25E0S oy
g 20E:05 '§ T ——
% 1605 - \
E |
 1.0E-05
BUIEB!
] Bi o W5 20 25 30 35

Fanm) Dilstance (mj)

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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QRA is leak frequency —

; —$— Hoses 4- { 4 . H
13 : : HE e | More ‘leaky’ components -> more risk
s 2l [ ' w
%::;J‘ _'%'_ roer e Hazard/harm distance related to pressure
) i
/ g ‘ C || =9 Instruments
%"m—m; = o (and temperature for LH,) and flow area
) 1075 —$- Filters — Separation distances for gas also related to pressure
B 1077 -2 and flow area
107 L ~4— Valves
— — Separation distance for liquid related to capacity —
o e T e me analysis may show this to be poor criteria
lenk size (% of pipe anea) e s
J— B e More specificity could improve accuracy —
7 wEtSs S50 compression joint not going to have the
"a,i_ Z -
P === same leak frequency as threaded as weld,
5 700 =
.% ﬁm' —e— Hoses —e— Flanges | etc'
) i —o— Cylinders —o— Filters = o
2 5o —e— Compressors —e— Joints | e Lack of leak frequency data for liquid
ﬁ | —e— Pipes —&— Valves
2 Wi 5= s - hydrogen components
& . s
i, e, 1., L L] PY

oGP . SNL currently gathering leak frequency data
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qﬁe NFPA 2 liquid hydrogen setback distan
for separation distance reduction, but there are gaps for LH,

Sandia National Laboratories

Gaseous

N

<\

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/m?2

Determine separation distance using frequency

calculations and consequence calculations
— Function of size and pressure

I-é F(CHydrogen and Fuel Cells Program

oL p_has a paw

Liquid
v Determine list of exposures
v Conduct hazard analysis

v’ Create representative system — additional

parameters for LH,
* Temperature
* Phase (liquid or gas)
O Acquire leak/vent data

U Unanticipated leaks
U Vent rates

O Calculate leak/vent frequency

O Calculate consequence distances using physics
models and representative leak/vent parameters

J Determine separation distance using frequency

calculations and consequence calculations
— Function of LH, volume or something else?
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‘Sandia developed software — HyRAM — enables QRA o# gaseous

Sandia National Laboratories

hydrogen systems

File Tools Help
QRAMode | Physics | PBD Mode
Input
System Description
Scenarios
Data / Probabilties

Consequence Models

Scenario Stats

Risk Metrics

Calculate the risk in terms of FAR, PLL, and AIR

Risk Metric

Fatlk: ident Rate (FAR)
Aefag individual risk (AIR)

Value

> Potential Loss of Life (PLL)

Unit
1.078-04 | Fatalties /system-year |

0.0246 Fat iities in 10”8 person-ho
4 923e-07 Fatalties /year

V HYRAM

HYDROGEN RISK ASSESSMENT MODELS

Risk Metrics

¥ imb

IEFCHydrogen and Fuel Cells Program

. e

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



"“l Sandia National Laboratories I-& F(CHydrogen and Fuel Cells Program

N X . . h. . W 3 4 X -
A variety of validated physical models are used in HyRAM - valid
models for LH, are needed

e Unignited dispersion

— Distance to certain concentration : —Q e 5& ;

Perpendicular Distance (2) [m{

3

it

Height {y} Im]

& N
=

oo
o

Berpendicular Distance (2} [m]
| .
EEEE

e Flame model
— Temperature field
— Heat flux field

158 473 2524
Hlesa Fluox [Kitim~2]

e

e QOverpressure for delayed

ionitinn nf indnnr releacec

¥im

(C6GRY O OGS (IGAN KIS (OFED OSE SIS DE0N DEE
e e B ion
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)

We are working to validate and develop new models (55 needed)

A unique experimental platform has been developed at Sandia to R ExOmE
release cryogenic hydrogen through approximately 1 mm orifices g
at up to 10 bar C?‘?dprges:ﬁd
. . . e ressure
e Research and validation for models of ignition, flames '.E. o

and dispersion
P=1bar, T=37 K |gn|t|on distance = 325 mm

'* " | | ment
. :

““““

e nozzle [\
lvacuum — F i &)
linsulated enclosure 2 { temperature gpressure
sensor litransduce
stage 1: i |
liquid N, |

stage 2:
gaseous He

stage 3:
liquid He

vacuum jacketed ling " TR ammm——
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" We have measured and can calculate th

for cryogenic hydrogen 350 o L0
3004135+ 100 .
g
WiEE ===
» for a given mass flow, ignition of cold H, 2200 My S E=
s ool B O =u
occurs much further from the release point 1501 | _ ol 5gf7 *7°
¢ i
100 He 7 — ——
oY .‘P
. ey . . . 1 1
» alarger ignition distance is observed at a 0.2 0.4
lower mass flow rate of hydrogen for the Hz mass flow rate {g/s) 200
: IR T ¥ i i
colder jets 400% 202 40560 Elctwrdataint - z
v 3.0 #50 + 10.0 Friedrich IHE 2012 | | 5, N
3001% |>¥W5~72 ;gi';::‘ém' E h 'w,' ?TI
o, . . . . 1 C| i W vt B
» Ignition distance linearly varies as a T ‘%%%yt —;ﬁ': S :"'!h;enu 180 §
. . . 5 ser it ~turrent |\ £
function of effective diameter (same as i 200 / * fitr 1208
literature reported room temperature 100 ¥ g %
releases) AT "i{%’;at'su som | W60 Z
| T Ruggles IHE 2012 |
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We have measured and can calculate the flame length and radiant
heat flux for cryogenic hydrogen jet flames

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

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

Aspect ratio does not significantly affect flame lenath

o
N
o

o
[
(9]

o
o
v

Calculated Radiant Fraction
o
(=
o

o
(=}
=}

] H, Large [Molina

CHg4 [Turns

C&F 1991]

CH4 [Molina

PCl 2007]

H, Lab [Molina
PC1 2007] ..4-"

PCl 2007];@‘*
G

[Molina
‘A PCl 2007]

5 ' \ current fit
(power law)

' 1013

1014 1015
TeapT? (Mms m~1 K?4)

1016

300

() 24njesadwa] 9|zzoN

kil

1 {cm)

2001
@ round >
r & -,
* BB =X
< ARS8 - » o
» AR16 & » s ® N
4 )
* AR32 > — m‘\
- ARG4 - @
49 = %
" s ® = ®
‘; * el ‘m::\
= * o £
< s ge e 300 gl
> 7
‘»59:-
o1 oz o3 o o
miass; flow ratie (g/s)

radiant heat flux « (radiant fraction)(mass flow)(heat of combustion)(transmissivity)
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. . U - Y -
A model for internal, phase-changing flow is necessary to calculate
plume/flame boundary conditions
e Flow out a vent stack is no longer at LH, temperature

e 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 / -

Pie
finflow

>
Q> P2 Q3
° tubing

&

7y B3 (B
LAAHA v AAzA%\A V3 AA3A4AA Vyl
- VVVVY VVVVY LAAA A
R12 Ra3 R34
-S> i
S¥=Rys R36= &y
- -
> >
A
Vs VWV 6 é\
|56 >
Re7 }
Vy ; g Liquid hydrogen storage tank
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H,N, Raman imaging and particle imagi

Nd:YAG (Raman) ¥
laser (532 nm) |

1g velocimetry are used to

o e

measure concentration, temperature, and velocity of cryogenic H,

610mm bandpass
o {Omm FWHM)
& 532am notch
intensified camera
| (nitrogen)

Independent model parameters:

T - temperature

x - mole fraction

v - velocity

B - halfwidth (both velocity and
concentration)

AN

velocity vectors

19

90
80
70
40
30 ' :
-20 0 20
r(mm)

Z (mm)

z (mm)

%Bar. K,U mm oraﬁ-:;es

5
=
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‘CoIdPLUME model shows good agreement with the data

self-similar
established flow

* Experimental results shown by
shading and thick, dashed lines

* ColdPLUME model results are
thin, solid lines

z {mm)

» Model accurately simulates mole fraction, temperature, and velocity -- can be used as a predictive tool
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o

he diagnostic will be modified to study LH, vents and large-scale

experiments
e Uniquely fast optics enable

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

i v B
Y relea?e paint
Y

T 7
T/
| i/

laser scanner

e High-power laser scanning in
space

laser

e Concentrations measured along a
series of lines

Raman signal overlaid on
e Effective background light laboratory scene

suppression is key (both sunlight e e St 1000
and illumination source that oo 2
3
reflects off of condensed water o 2
vapor) :
. . 400§
— Time gating 5
w0 3

— Spectral gating
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T

: -!u‘mmaryw "'the QRA proc'ess for LH, sys
model needs

Selection of a typical system

e (Calculation of leak frequency (function of size)
e Models for physical behaviors and consequences:
— Unignited dispersion

— lIgnited behavior

e Planning experiments at well-controlled
Sandia facilities

¢ Flame radiation

e Collaborations welcome (take
e Harm models (from consequence models) diagnostics to other locations)

e Determination of acceptable risk
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