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1uantitative Risk Assessment is enaBIing infrastructure deployment
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“Hydrogen behavior studies are at the foundation of consequence
modeling capabilities
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Coordinated activities to enable consistent, rigorous,
and accepted safety analysis

4 Behavior R&D N
(SCS 010)
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Develop and validate
scientific models

to accurately predict
hazards and harm

from liquid releases,

flames, etc.

( Risk R&D (SCS 011)

Scenanio Ranking | Cut Sets | Importance Measure

- nd State Avg PLL
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i 1. Set analysis

ALARP
Region goals
(Risk
Tolerability)
Negligible
Risk
%
Dlspenser Fuel Cell
= “I" | ] ]”"f‘ I | N B
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Individual component leaks Accidents &
Shutdown Overpressure
failures

2. System & hazard
description

-Buildin a Scientific Platform-for Hydrogen QRA
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3. Cause analysis
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-Challenge: A quality QRA in‘co_rporates aTarge body
of information from different areas

QRA data

Relevant Exposure
hazards scenarios

| | 1
A Frequency Loss / harm
Warehouse Release Thermal
configuration occurrence effects

Population Component Overpressure
data (human) failures effects
Population Toxicity
data (fuel Human errors
=y =
It is necessary to... Accidents
* Find best-available models & data for all of
these pieces Ignition
. occurrence
* Validate those models
* And combine all into a single framework Mitigating
t
occeL\ulr?ane
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-HyRAM :T/Iaking hydrogen sa!ety sciengg;ccessible ’
through integrated tools

First-of-its-kind integration platform for state-of-the-art hydrogen
safety models & data - built to put the R&D into the hands of industry
safety experts

Core functionality:

e (Quantitative risk assessment (QRA)
methodology

* Frequency & probability data for hydrogen
component failures < QRA Mode e—QR Choose HyRAMMode

e Fast-running models of hydrogen gas and
flame behaviors

Key features:

e GUI & Mathematics Middleware [ Physics Mode

e Documented approach, models, algorithms

e Flexible and expandable framework;
supported by active R&D

Physics

Current release is version 1.1.1.1341
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‘Major Elements of HyRAM Software: C

QRA Methodology

e Risk metrics calculations: FAR, PLL, AIR
e Scenario models & frequency

e Release frequency
e Harm models

Generic Freq. & Prob. data

e Ignition probabilities

e Component leak frequencies (9 types)

Software Language
e C#for GUI and QRA (planned

conversion of QRA to Python)

e Python for Physics Modules
Documentation

e Algorithm report (SAND2017-2998)

e User guide (SAND2018-0749)

Ié JF(CHydrogen and Fuel Cells Program

Iﬂ Mode

System Description User Inputs: Number of |
components

)/ ility User Inputs:
leak size probabilities, failure mode
probabilities

( Scenario User Inputs: Gas Detection Credit ( ( Data/Probability User Inputs: [gnition (

v Probabilities
Coroesin i Fhas g Fove i P Vivs  Parts

e W oo Vouwcs
oo 1718 s e 15w
PO —— e —— et 130
AllFive Leak Sizes oo |sseons
2060101 o008
Anal led 3.04¢-005 5.11¢-009

Delayed
Ignition

Guanbaig olieus:

v

| Consequence Model User Inputs: Peak |

| overpressure and impulse for each release |

Plot on Occupant
Positions and Heat Flux s

v h 4
System Description Inputs: Number of

vehicles, number of fuelings per day,
number of vehicle operating days, facility

System Description Inputs: Pipe outer
diameter, H2 temperature and pressure,

size ambient temperature and pressure dimensions, number and placement of
occupants
* v omommuessie X *
2-
10-
. ’ System Description Inputs: Random
Consequence Model- Harm Inputs: 8 Consequence Model Inputs: Notional 1 p
y £ 4 number generator inputs (random seed,
Overpressure probit model £ nozzle model, radiative source model exdusion radius)
\
2 \
v “ v L
o
% 1 o
Calculate probability and consequence ot Moo Run Jet Fire Model to calculate heat flux at . .
(fatalities), given exposure to overpressure occupant postions Assign locations for each exposed person
Calculate annual frequency of each scenario
Tﬁ:m‘;m LT ::;';nge (jet fire, explosion) for each release size
Calculate probability and consequence
(fatality), given exposure to jet fire heat flux
Calculate probability and consequence (fatality) from all
scenarios
Risk Metric Value Unit *
Potential Loss of Life (PLL) 225805 | Fatalties/systemyear . X
< Calculate risk metrics (PLL, AIR, FAR)
Fatal Accidert Rate (FAR) 0.0258 | Fatalties in 10"8 person-hours \
IAverEgE individual risk (AIR) 6902507 | Fatalities/year
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Major Elements of HyRAM Software: Physics Mode

Start

Physics models

Properties of Hydrogen
Unignited releases: Orifice
flow; Notional nozzles; Gas
jet/plume; Accumulation in
enclosures

Ilgnited releases: Jet flames;
overpressures in enclosures

Software Language

Python for Modules
C# for GUI

Documentation

Algorithm report
(SAND2017-2998)

User guide (SAND2018-
0749)

QRA Mode <

Overpressure

A4

User Input: Ambient temperature and pressure, H2
temperature and pressure, tank volume, leak
diameter, discharge coefficients (orifice, release,
blocking area), release distances, dimensions and
relative location, wind angle and speed, ceiling and
vent dimensions and distances

A

dissharge

- floor ceiling arca

N

N

jght
t helg

A 4

(

User Output Options: Output pressures at given times,
maximum time, and pressure lines on plots

Overpressure
Results

Choose

Gas Ppme

Choose HyRAM Mode

Physics Mode

Radiative Heat Flux

Flame Tenjperature/
Trajegtory

h 4
Flame
Temperature
[Trajectory

Radiative
Heat Flux

User input: Nozzle model,
ambient temperature and
pressure, H2 temperature and
pressure, leak diameter, leak
height fromfloor, and release
angle

4

Flame Temperature/
Trajectory Results

User Input: Ambient and

pressure, H2 temperature and pressure,

leak diameter and height from floor,

relative humidity, XY, Z radiative heat flux|
points, nozzle and radiative source models

and Distance

User Input: Ambient temperature and pressure, H2
temperature and pressure, orifice diameter, orifice

( discharge coefficients and angle of jet

(

( User Output Options: Plot X &Y limits and contour lin

{ ‘

Gas Plume Results

Mole Fraction of Leak
Mole Fraction and
Height of Flame 0.09
0.08
0.07
0.06
E
= 0.05
0.04
0.03
0.02
001
0 = 0.00
-4-3-2-101 2 3 4
x (m)

uoi}aely djow Y

length

- flame centerline
X

Heat Flux Results.
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" Summary P —

e HyRAM is an integration platform built to enable hydrogen safety for
state-of-the-art H, safety models — enables consistent industry-led
QRA and consequence analysis with documented, referenceable,
validated models

e Demonstrated Impact: Enabling the deployment of refueling stations
by developing science-based, risk-informed codes & standards
— Analyses for NFPA 2 and ISO TR-19880-1

— Benchmarked results (SAND2014-3416): Survey of proposed H2 stations
show that changes to NFPA 2 gaseous separation distance requirements
increased station siting options by 20%.

10
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Behavior R&D
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-

Risk R&D

7~
Application in SCS

~~N

N/ HYRAM

HYDROGEN RISK ASSESSMENT MODELS

Thank you!

Gabriela Bran Anleu

Sandia National Laboratories

gabrana@sandia.gov

https://hyram.sandia.gov

Research supported by DOE Fuel Cell Technologies Office

(DOE EERE/FCTO)

—
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Technical Back-Up Slides

12
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Benefits of Reduced-Order‘IVI-OdeIs P

e Short run-time
e Modeling expert not required
e Useful for quantification
— If a hydrogen leak occurs, how far away does the hazard get?

e Useful for comparisons

— What is the effect on safety is a system size is reduced?
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reater Fidelity and Flexibili QR

Expand HyRAM QRA beyond

fueling stations

e Customization of event and ‘
fault trees e <D

e Perform risk assessment and S—
calculate risk results in an ‘

Event Sequence Diagram

Leak detected Leak isolated
H2 release

efficient manner T

Fault Trees

e Applicable for new hydrogen
industries beyond fueling
stations

e Underlying physics-based
analysis would remain the same

14
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scale characterizatio

Validation of near-field model complete
including mole fraction, temperature and
velocity

Development of diagnostic to measure full-
scale cold vapor releases underway

Development of full-scale release experiments
underway
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"R&D provides science-based tools: 4
Examples of Scenario & Probability models

Accident sequences

» Hazards considered: Thermal effects (jet
fire), overpressure (explosion/deflagration)

H2 release

Leak detected Leak isclated

hutdown

Immediate
Ignition

Jet fire

RiSk’VZZ(fnj . an)
n j

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

Ignltlon probability
Extrapolated from
methane ignition
probabilities

* Flow rate calculated
using Release
Characteristics
module

16

)

<o ignition

Pr(lgnlmmed)

Hydrogen Immediate | Delayed
Release Rate | Ignition Ignition
(kg/s) Probability | Probability
0.125 0.008 0.004
0.125-6.25 0.053 0.027
6.25 023 0.12

Release frequency

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

11111

11111 el
f(H2release) ?E e \
= n+ E(f(Leak);) 5 —
i=9 comps guE —_
+ E(Pr(accidents)) Socos —_—————
* Ngemands % 0% 100% 10.00% 10000%

Harm models

100
90
80
70
60
50

Fatality %

40
30
20
10

0

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

e T 1
AT A // 1
HF ;z:z / /
50.0 / /
/ 1
/ I/II
/ / 7 o YA /]

™~
Fatality %

= 0 _ 1.

0 1000 2000 3000 4000 5000 6000 7000  80Q 10 100 1000
Thermal Dose ((kW/m?)*?s) Peak Overpressure (kPA)
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""R&D provides science-based tools:

Examples of Behavior & Consequence models
Release N

Characteristics

Prediction of hydrogen jet
plumes (concentration
boundaries)

Prediction of hydrogen jet
flames s |
Simplified models of hydrogen
sources (choked flow, notional s
nozzles, etc)

so: stagnation conditions

Flame Radiation

Discharge

17

Flame integral model, effects of buoyancy
Multi-source models significantly improve heat
flux prediction

Surface reflection can be a major potential heat
flux contributor

l g ,Lvis

Point

IgnltlonIFIame Light-up
Prediction of ignition
(flammability factor concept)

» Identification of light-up
boundaries

* Prediction of sustained flame

Deflagration within

Enclosures

Overpressure associated
with deflagration
Quantitative role of
ventilation




ll'l Sandia National Laboratories l-& FCHydrogen and Fuel Cells Program

Input: Release conditions and enclosure configuration

floor ceiling area

Variable Value Unit
Ambient Pressure 101325 Pa v Vent 1
Ambient Temperature 288.15 Kelvin v area
H2 Tank Pressure 70 MPa v |discharge coefficient
H2 Tank Temperature 2878 Kelvin v
H2 Tank Volume 0.00363 CubicMeter v )
Loak Diameter o1 e v enclosure height
Discharge Coefficient-Orifice 061
Discharge Coefficient-Release 1 Vent 1 he . .
Release Area 001716 SqMeters v distance.from release t¢ wall
Release Height 0.2495 Meter v : Vent 2 ;
Enclosure Height 272 Meter S : — cross-sectional area
———f———— S\l Fecc o “ discharge coefficient
Floor/Ceiling Area 1672216 SqVeters | v 8
Distance from Release to Wall 21255 Meter v
Vent 1 Cross-Sectional Area 0.090792027688... | SqMeters v ) L Vent 2 height
Vent 1 Vent Height from Floor 242 Meter v Release height
Vent 2 Cross-Sectional Area 0.00762 SqMeters v Release angle = .
; elease
Vent 2 Hi from Floor 0.044 Meter v . .
Vot Ve e.gn. Fow R o - Discharge coefficient-release _/ Tank
ent Volumeic © Cubichoters 5% Release area H, Pressure
Angle of Release (0=Horz.) 0 Degrees v Orifice HZ Temperature
Leak diameter Volume
Discharge coefficient-orifice|

Output: Overpressure (ignited) &  Height of accumulated layer (unignited)

100 ‘ | [ — layer — comP|ned] Macimum pressure (P 94418 2835711473 — XH2| [ —eight offlammabie IayerJ
Time this occurred (seconds): 30 0.07 T ‘ ‘ ‘
Time Pressure 26 o
80| 1 2.089E=004 0.39711803 26226002 z
2 2.670E+004 0.47903418 3.974E-002 203
- 3 4.446E+004 054935446 4791E-002 g
€ sl IRIan 4.957E004 061057559 5.331E-002 z
v 5 5409004 066450595 5707E-002 223
2 6 5.841E+004 0.71242342 5.979E-002 =
g " 7 6.210E+004 0.75545507 6.181E-002 20 3
2 8 6.528E+004 0.79417555 6.332E-002 &
9 6.849E004 0.82938139 6.447E-002 185
10 7.105E+004 0.86156604 6.535E-002 2
20 \J 1 1 7.365E+004 0.89098494 6.601E-002 16 3
12 7.595E+004 0.91810608 6.651E-002
13 7.788E+004 0.94312791 6.638E-002
0 ‘ . . . ‘ 14 7.982E+004 0.96641626 6.714E-002 30
0 5 10 15 20 2 30 || fis 8.155E+004 0.98800216 6.733E-002 Time [s]
18 Ignition Delay Time [s] - P - mnonceia P
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-Building a scientific pIatfomTi‘or hydroge!r'i QRA

Adding more flexibility for users

ALARP 1. Set analysis goals
Region . . .
Risk User-specific — Elicit from
Th;gl"':) range of stakeholders.
= 2. System & hazard

description

Fuel Cel lUser-neutraI Establish !

uel Ce . -

s 3. Cause analysis €-==e—__[__ * science & engmeermg :
/" Ibasis (with user input) :

Individual component leaks Accidents &

Shutdow"eTPrESTe 4. Consequence analysis

failures

5./M.Communicate
Results

Y.
v -al-cma»cmopaoe

Farming, fishing. and forestry occupations

19





