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Presentation goals

 Provide an overview of the risk

tools developed for NFPA 2, 2011

Edition
* Discuss how these tools will

support future hydrogen risk
analysis

e Open discussion for questions and
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This the specific gas mixture formed in relation to both expected

and potential abnormal operating conditions and ventilation in the enclosure.

Scenario 1: Ruptured Pressure Vessel

l Scenanio 2 Hydrogen Deflagration

I Scenasio 3: Hydrogen Detonation
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Separation Distances Define Spatial Location
Requirements for a Facility

@  Basis for historical
H2 Storage > A distances was

undocumented

» Historical distances
did not reflect high
pressures (70 MPa)
being used 1n indoor
refueling stations

Goal: Establish that risk of fatalities in warehouse 1s
(ALARP) As Low as Reasonably Practicable
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How do we characterize risk of a hydrogen
system?

What is the chance of hydrogen getting out of the system?

If 1t gets out of the system, what does that release look like? How far
does it extend?

If that release finds an 1gnition source, what does the resulting fire look
like? How far does it extend? What 1s the heat flux and how far does it
extend? What is the chance of an explosion?

If a person were exposed to that heat for a certain amount of time, how
bad 1s the injury?

Risk o ¥, ; . P(Release;)P(Ignition; |Release; ) P(Hazard,|Ignition; N Release; )P(Harm|Hazard,)
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Component Lakage
Frequencies Determined
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« H2-specific leak frequencies were developed by combining limited H2 data
with data from other industries (using a Bayesian update)

« Leak frequencies developed for nine different types of components:

— Compressors, cylinders, filters, flanges, hoses, joints, pipes, valves, and
Instruments




Sandia Hydrogen Leak Model

Used to evaluate safety
distances for hydrogen
jets

Model predicted

(as function of system
volume, pressure, and
leak size):

— Radiant heat flux
from hydrogen jet flames

— Visible flame length for
ignited jets
— Hydrogen concentrations in
jets
Assumes circular orifice
for leak geometry and
constant pressure -

conservative

Flame Length (m)

6.0
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Model validated against Sandia/SRI experiments
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Deterministic-Based Separatlon Distances

Vary Significantly with Leak Diameter

Hazard Distances for a Jet Fire:
1.6 kW/m? Radiation Heat Flux

HammDistance (im)
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Consequence
Parameter

—a— 1.6 kW/m2
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—e— 25 kW/m2
—a— Flame Length
—a— 2% Hydrogen
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—— 8% Hydrogen

1] 20 40 60 80 100
System Pressure (MPa)

120

:{/ —o—0.40
L = = . —=—-0.18
o] 20 40

80 100 120

Pressure (MPa)

Hazard Distances for Different
Consequence Measures: 2.38 mm
Leak




Cumulative Probability of System Leakage
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Component Leak Frequencies Used to
Determine Cumulative System Leakage Probability
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Expert opinion used to select 3% of system flow area:
» captures >95% percent of the leaks
 the resulting separation distances protect up to the 3% leak size
* QRA performed to determine if associated risk from leaks greater than this
1s acceptable

N i
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Frequency calculations

‘Euwnuﬂunuﬂu

Look-up table
(based on release rate)

f(H2release)
= Z n; * E(f(Leak);) + E(Pr(accidents)) * Ngemanas

i=9 comps

eI e
1.0E02 \\ = 1
- x\ ~ . |Bydrogen  [Immediate [ Delayed

=y : Release Rate |Ignition | Ignition

<0.125 0.008 0.004

0.125-6.25 0.053 0.027

0.10% 1.00% 10.00% 10000%
Leak Area (% Flow Area) |




Consequence models

Release behavior
* First-order model for choked-
flow releases
*  (Ruggles & Ekoto 2012)
* Experimentally validated
* Inputs: Release diameter,
dispenser parameters

Jet Axial length (mm)
= el w
—_ [ay] 5% [iy] o (a3}

o
in
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Jet Radius (mm)

3 / -
Underexpanded Jet
+ Mach Disk

Heat flux
Multi-source models (Houf & Schefer 2007)
* Experimentally validated
Inputs: release behavior, axial and radial distance
from flame

Discharge

Point./zﬁ::--——T—-"

Peak overpressure
CFD models (FLACCS/FUEGO)
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Harm models
« Probit models used to predict probability of a fatality, given...

90 oA ——TNO-Lung /
80 - ol ———TNO-Head

——— TNO-Body
70 i = TNO-Collapse

60 -
50 -

40 —Eisenberg

30 =—Tsao and Perry

—| ees

20 - ——TNO
10 - & HSE Criteria
0 ,

0 1000 2000 3000 4000 5000 6000 7000 8000 100
Thermal Dose ((lemz)""3 s) Peak Overpressure (kPA)

* Summed over population of the warehouse (randomly positioned)
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Define Risk Values

Calculate 3 risk metrics:

* FAR (Fatal Accident Rate)
* Expected number of fatalities per 100million exposed hours

* AIR (Average Individual Risk)

* Expected number of fatalities per exposed individual
 PLL (Potential Loss of Life)
* Expected number of fatalities per dispenser-year.

US Gasoline Stations

Member of Public (Used in NFPA 2): PLL or AIR below 2 x 10 - fatalities/station-yr
Based on 2 fatalities/yr and 100,000 refueling stations in the US

Workers: One order of magnitude higher than public risk 1 x 10
Average Individual Risk (CDC actuarial data 2005)

=(9117,809 Deaths/Year)/296,748,000 Total U.S. Pop.

= 4 x 10 * Deaths/Person-Year (~ 1/2,500 Deaths/Person-Year)

In any given year, approximately 1 out of every 2,500 people in the entire U.S. population

will suffer an accidental death
Norwegian Petroleum Directorate guidelines use a total frequency of 5 x 10 “#/yr for all accidents for all safety
functions




Adequacy of Safety Distances
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Risk Approach for Establishing

Increasing leak
diameter

>

Cummulative frequency
of accidents requiring
this separation distance

/

|
Distance :

5.00 10.00

Separation Distance (m)

15.00
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Risk Results for Representative Systems

Total Risk 20.7 MPa (3000 psig) System Total Risk 103.4 MPa (15000 psig) System
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* Risk close to the “guideline” of 2E-5 fatalities/yr selected by NFPA Task
Group

« Risk from leaks greater than 3% of flow area were deemed acceptable
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This Effort Validated the Risk-Informed
Approach for Establishing Requirements

« NFPA 55 voted to accept the new
hydrogen bulk storage separation
distances table

— New table approved for NFPA 55 and 52
(available in 2011 Editions)

— New table included in NFPA 2 (2011 Edition)

— HIPOC supported inclusion in IFC by referencing back to the new table in
NFPA 55 (available in 2010 edition of IFC).

« ISO adopted a similar approach which provides similar results when same
data is utilized in the QRA models.

This work provided a model for additional codes and standards development

efforts:

— Requirements related to mitigation features (e.g., barriers)
— Requirements related to indoor refueling
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Presentation goals

R Eaion, 1. Set analysis goals ‘

* Provide an overview of the risk i

Neglgivie 2. System & hazard
tools developed for NFPA 2, 2011 = j S L dempin
.. e S P =
Edition s | oo s
 Discuss how these tools will e e BT —

support future hydrogen risk T eme . — [
analysis '~

e Open discussion for questions and
feedback

This the specific gas mixture formed in relation to both expected
and potential abnormal operating conditions and ventilation in the enclosure.

Scenano 1 Ruptued Pressure Vessel
[ Scenario 2 Hydiogen Dellagiation ]
I Scenasio 3: Hydrogen Detonation ]
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QRA Toolkit: Hydrogen Risk Assessment Models
(HYyRAM)

* Includes best-available models for: I IYI !AM

HYDROGEN RISK ASSESSMENT MODELS
All relevant hazards (thermal, S

. L NFPA Mode ||am Mode | Tests | (1! [Risk Metrics
mechanical, toxicity)
System D

— Probabilistic models & data o

[ )
[ )
( Data / Probabilti ] Risk Metric Value Unit
— H2 phenomena (gas release, e T —

Fatal Accident Rate (FAR)/100M exposed hours 1.682e-001 | Fatalities in 10”8 personto...

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

ignition’ heat ﬂuX, OVeIpre S Sure) Average individual risk (AIR) 3.3632-006 | Fataltiesyear

*

« GUIs and generic assumptions

* Flexible software architecture to
enable improvements as H2 [ s 1
science, data and models improve

* The risk metrics integrate both probability and consequences of hydrogen risk scenaric

o FAR (Fatal Accident Rate) is the expected number of fatalities in 200million exg
careers).

o AIR (Average Individual Risk) is the expected number of fatalities per exposed

o PLL(Potential Loss of Life) is the expected number of fatalities per system-yea




HyRAM toolkit modules

’( System Description

Target determination
Define tar gets for each type of
safety distance

v

Analysis Scope
Select risk metrics and

tolerability criteria

v

Document the system and ste in
detail, including mitigationsto be
credited in the anal=s

v

Release sizes

Define release sizesto be
analyzed

v

L] Ll ] ]

Release frequencies
Calkculatethefrequency of releases

for each release size, taking into
account system desizgn and relezsse

mitigaions

v

Belease characteristics
Cakulatethe parametersof the
release for each size

v

Scenario probability
Cakulatethe probability of jet fres,
deflzgrations, and detonations,
taking Nto account system design
and ignition mitigations.

Consequence

C

Deflagration/

Detonation

Flame radiation

Calculate heat flux or extent
of flammakileregion at each

target location

v

Elame contact
Calculate size of flameor

extent of flammableregion

v

Thermal harm

Calculate probability of los
from thermal effects

(radiative convective)

As ne::&ssaw toa achieve mlerahle nsk

Overpressure
Cakulatetheoverpresure

and duratixn for each target

!

Overpressure harm
Calculate probability of los
from overpressure effects

v

Harm total
Calculatetotal expected harmfloss for all scenarios and alltargets

v

Total risk
Calculatetotal risk usng total har m and scenario probabiity (iF
applicable)

'

Risk-inform mitigations

Compare total risk to analysis criteria

_¥ 'ﬁ"rﬂydrogen and Fuel Cells Program




Modules: Cause & harm models

Accident sequences
* Hazards considered: Thermal effects (jet fire),
overpressure (deflagration/detonation)

@
Ignition Jet fire

Risk~ > > (fuj  €n)) -~
n j

f (JetFire) = f(H2release) * (1-Pr(Detect)) * Pr(Ignlmmed)

Leak detected Leak isolated

Immediate

Ignition probability

* Extrapolated from o m;f'f gﬁ:ﬁyﬁ
methane ignition (kg's) Probability | Probability
probabilities <0.125 0008 | 0.004

* Flow rate calculated |o125-625 [ 0053 0.027
using Release — — —
Characteristics
module

Release frequency

- Expected annual leak freq. for each
component type -- Data developed from
limited H2 data combined w/ data from
other industries.

1.0E01

P \ éi?::}-“m N
H2release Soeos —a
f( ) gnEm \ \-..._
= Z n; « E(f(Leak);)  § e
i=9 comps gnw T
+ E(Pr(accidents)) p e
1.0E07
* Tldemands 0.10% 100% prreey e

Leak Area (% FlowArea)

Harm models
* Probability of fatality from exposure to heat flux
and overpressures — multiple options

100.0

90.0

80.0

Fatality %
3
*
Fatality %
8
o

0 1000 2000 3000 4000 5000 6000 7000 800 10 100 1000

Thermal Dose ((kW/m’)**s) Peak Overpressure (kPA)




Physics Modules: Behavior & Consequence

Release Characteristics

H, jet integral model
developed & validated

Source models developed for
LH2 & choked flow inputs

Flame Radiation
Flame integral model developed
Multi-source models significantly improve

Discharge

heat flux prediction

S3 ©

% |+ Usually not

Sy

Sy

Flow Esl tabl ishment

: A
£ | | Underexpanded Jet
* | = Mach Disk

Compressible
+ Oblique h ck
train downstream

treated

s,: stagnation conditions

Surface reflection can be a major potential

heat flux contributor

Point
z %

Ignition/Flame Light-up

(pendmg addition)
Flammability Factor verified
for ignition prediction

* Light-up boundaries identified

* Next: sustained flame
prediction

Deflagration within
Enclosures

Ventilated deflagration
overpressure explored
experimentally and
computationally
Current QRA module
requires CFD results.
Engineering model
framework pending




Physics Mode: Jet Fire Results

-V HYRAM _

HYDROGEN RISK ASSESSMENT MODELS hlch

et flames are ¢

ion Source hodol

[The Multi-Source model breaks up the flame into segments along its trajectory and sums the heat flux contributions at a point from

nnnnnn Wi Gl e bel] wserrmme Sbes =11 A fivm o Bt e fmren Sk s qrarmtins (mom © sk bt = Flrmn

includes buoyancy and wind corrections. Release conditions are specified below and radiative heat flux at various locations are ou(pu(.H

Notions Nozze Mode!
Radiation Source Methodology: [Multple radiation sources, integr ¥

Value Unit

» 518 Fahrenheit | ~
1008313 |Atm -
20 Kelvin -
500 Bar -
0394 inch -
Relative Humidity 0388
Leak Height from Floor (. |1 Meter -

Z Radiative Heat Flux Points (m): 0.0.000.0000.0 10 elements

X Radiative Heat Flux Points (m): 10.20.30.40.50.60.70.80.90.100 10 elements. g
Y Radiative Heat Flux Points (m): 1.1.1.1.1.1.1.1.1.1

Iselect a Notional Nozzle Model and Radiation Source Methodology along with other input variables. Then click to generate a
heat flux plot.

Scenario — understand the
flame effects for a known
leak size, known
conditions

Heat Flux 30 1

24.6
x [m]

7.5

15.0
heat flux [kW/m "~ 2]

=Y

y (m)
N

Temperature '

2250

(M) a1mesadwal

22.5

| 90 1

5 10 15 20 25 30 35
x (m)

Flux
Xm) Y@m Z@m) (kW/m"2)

10 1
20 1

60.6425
14.9494
6.1824
3.1225
1.8102
1.1583
0.7962
0.5771
0.4357
0.3395

40 1
50 1
60 1
70 1
80 1

30.0

S O O o o o o o o <o
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2

Future Applications and Impacts on Codes

* Future Applications
 Short term — basis for performance-based designs where prescriptive
distances cannot be met
* Next code cycles: science-based revision of prescriptive bulk liquid
separation distances
e Harmonization of international codes

e Current status
 <HyRAM 1.0alpha> is ready for user (evaluation/verification) testing
* Additional models and features are being integrated into HyRAM

* Next steps (technical)
* Add consequence (physics) models: overpressures, cryogenic releases
* Add risk features: sensitivity analysis root cause models, additional data,
dynamic (simulation) elements for scenarios
* Add quantitative assessment of mitigation(s)
» Software testing & transition
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Presentation goals

R Eaion, 1. Set analysis goals ‘

* Provide an overview of the risk i

Neglgivie 2. System & hazard
tools developed for NFPA 2, 2011 = j i
o e S P =
Edition s | e s
 Discuss how these tools will e e BT —

support future hydrogen risk I A, — . '
analysis '

* Open discussion for questions
and feedback

This the specific gas mixture formed in relation to both expected
and potential abnormal operating conditions and ventilation in the enclosure.

Scenano 1 Ruptued Pressure Vessel
[ Scenario 2 Hydiogen Dellagiation ]
I Scenasio 3: Hydrogen Detonation ]




identifies the specific gas medure formed in relation to both ex
and potential abnormal operating conditions and ventilation in the enclos

- Oblique shock
train downstream

—
—— |

1.00%
Leak Area (% Flow Area)

Thank you!

Chris LaFleur

aclafle@sandia.gov

U.S. DEPARTMENT OF
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Hydrogen vs. hydrocarbon

* H2 systems : High pressures (>35MPa), low temperatures (<20K) , scale
(~100 components, 8mm pipe diameters),

« Hydrogen exhibits different physical behaviors than hydrocarbon fuels
— Diffusion characteristics (Diffuses 3x faster than hydrocarbons in air)
— Non-ideal gas behavior at high pressures or low temperatures
— Highly buoyant
— Very low 1gnition energy (an order of magnitude lower than
hydrocarbons)
— Broad flammability range (4% - 75% 1n air)
— H2 diffusion causes embrittlement in many metals
— Lower radiative heat flux (water-only flame products, no CO2)
— Higher heat of combustion

— More rapid generation of overpressures (and higher peak pressures) due to
fast flame speed




QRA Process Overview

F Before the \

Region 1. Set analysis goals

(Risk
Tolerabilir)

Toolkit

’_____

[ 2. System & hazard
description

I 3. Cause analysis

Toolkit

—&- 4. Consequence analysis I
Individual component leaks Accidents & aam IE S - s S e e e s
Ov .
gl @ P ] S— 5. Communicate
&= Ersewn | _;_"‘*\\‘
[ - g: — | Results
: F I — : -_ — ]
,’ = e e
-‘ O Ty T uw::u“m WOrKars

Industrial truck and tractor operators
stock. and material movers, hand




