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" Authorities look to NFPA 2 for standar

fueling stations

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

Can follow prescribed separation distances: ETREE- TR TR

Pressure <3000 psig <7500 psig =15000 psig
z z « Internai Pipe Diameter (10) e sz?)l,g:%a :1?'7613141% Pyt R
e Different distances for different exposures | emne e Ere TLmgee anee
Group 1 Exposures m ft m ft m ft m ft
e Some distances able to be reduced with mitigations o o s (HVAC, compresers ther) 2 @ 8 ¥ B ¥ B
(barrier wall, insulation, etc.) @ o s s v e
’ ’ ° Group 2 Exposures m ft m ft m ft m ft
e Justification for some (gaseous) separation distances S
” @ Group 3 Exposures m ft m ft m ft m ft
provided in annex T e e
construction . o 5 17 6 19 4 12 a 14
v’ Separation distance reductions in NFPA 2 2011 and
again in 2020 enabled by Sandia-led scientific analyses
2-58 HYDROGEN TECHNOLOGIES CODE

O r a Itern ative mea ns a n d m ea s u res (AM & M ) : Table 8.3.2.3.1.6(A) Minimum Distance from Bulk Liquefied Hydrogen [LH ] Systerms to Exposures

Total Bulk Liquefiod Hydrogen [LH ) Storage

* Demonstrate acceptable protections and risk for non- Tee EL Wy L Smen wm
compliance to prescribed separation distance(s) to e R — —
authority having jurisdiction (AH)) e =5 28R 3

Operableopmlngsm buildings and structures ;5] ig ;g i; ;g ig

Or full performance-based design: e e BB R 2B
e Simulate all required design scenarios in NFPA 2 Chapter 5 " 3 st oo
(1) Sprinklered building or structure or » 15 » 15 L 4 A

AANAAGURGRIAGRAAIANAANAANANANAANAAAANAANANANANAANAAAAAA/
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- i%isk can be used to inform siting decisn"ons (AM&M) andIOr
separation distances

e (Quantitative risk assessment (QRA) requires
— Data on frequency and size of leaks . ——Sum

4% concentration distance —Jet Fires
A.0E05 far.lieleak area = Flash Fires

Total Risk - 20.7 MPa System

)
#
&

— Models for consequences of leaks
— Calculation of harm due to exposure

4% concentration distance
for 1% leak area

4% concentration distance
for 10% leak area

e QRA can inform decisions based on acceptable

Cumulative Frequency of Fatality (/yr
o
7
g

2.5E-05 -
risk for a specific or typical system —_—
~ 2% 107> /yr selected by NFPA separation 1.5E-05
distance working group (average frequency of 1.08-05
fatalities at US gasoline stations) 5.0E-06 | |
0 5 10 15 20 25 30 35
— Typical (gaseous H, storage) system modeled Harm Distance (m)

using HYRAM models Modified version of plot from SAND2009-0874
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q‘-lyRAM 2.0 can be installed as a windows executable-and as an open-

source software, users have access to the source code

[ Hydrogen Risk Assessment M

& c @ & /energy sandia.gov/transportation-energy/hyd B - @& | Qgthuw > nee = > C ® @ & GitHub, Inc. (US) | https/github.com/sandialabs/hyram v @ P githuo > meoe =
Hydrogen Risk Assessment Model (HyRAM) Home  Transportation Energy / Hydrogen / Quantitative Risk Assessment / Hydrogen Risk Assessment Model (HYRAM)
%' bdehrha Updated README.md with link to hyramsandia.gov Latest commit 22d6bb2 on Jun 28
v Transportation Energy = App First commit of HyRAM open source
‘ HYRAM 2019 DOE Vehidie Technologies Offce B middieware First commit of HyRAM open source
X EN RISK ASSESSMENT MODELS
Cyber-Security of On-Road B python_contributions First commit of HyRAM open source 4 s ago
The HyRAM toolkit is the first-ever software toolkit that integrates deterministic and probabilistic models for Transportation Meeting = . .
s e > i 5 it > [ gitignore First commit of HyRAM open source 4 months ago
quantifying accident scenarios, predicting physical effects, and characterizing hydrogen hazards' impact on people and
. s p o < Co-Evolution of Biofuels B £ HyR oun months:ago
structures. HyRAM incorporates generic for failures and models for heat-flux ) COPYINGAxt Ficst:commit of HiykAMiopervsource A monthsage
impact on humans and structures, with computationally and experimentally validated models of hydrogen release and E) READMEmd Updated README.md with link to hyram.sandia.gov 4 months ago

flame physics.

THIRD-PARTY-LICENSES.txt First commit of HyRAM open source 4 months ago
Fuel Cells g

The initial modules can be used to quantify the likelihood and thermal consequences associated with gaseous

README.md
hydrogen releases from user-defined hydrogen i ions. Future activities wil integrate additional Hptrgen Pabso
consequence models and detelop use nterfaces for addtional audiences When completed,the toolkt will enable o
industry-, SDOs (standards development organizations)-, and CDO (code ions)-led "
risk assessment and performance-based engineering with state-of-the-art, validated science and engineering models. « Materials & Components Comparibiliy The Hyd rogen Risk Assessment Model
The HyRAM software is available under an open source license. Hydrogen efiavior This document describes the Hydrogen Risk Assessment Model ("HyRAM") application d The
comprises a frontend GUI written in C# and a “PyHyRAM" backend module written in Python. Additional description and
Access the source code for HyRAM via GitHub: documentation, as well as a Windows installer, can be found at http://hyram.sandia.gov/.
- Step-by-step instructions are included for setting up a C# development environment using MS Visual Studio 2017 ("MSVS").
: Similar setup instructions are provided for backend python development. In addition, basic usage of the backend as a
Hydrogen Infrastructure standalone python module is is provided.
Download the most recent build of the Windows-only installer:
S Hydrogen Production

TABLE OF CONTENTS

< Predictive Simulation of Engines

Overview Documentation Contacts < Energy Storage Components and A. Repository Layout
Systems. B. C# GUI Development

s B.1 Solution Layout

Overview 4
B.2 Set Up Python
Developing hydrogen codes and standards is challenging because the relevant models and information span B.3 Set Up Solution in MSVS
multiple science and engineering disciplines. The HyRAM toolkit integrates state-of-the-art models and data for B4 Installer Project Setup
assessing hydmgen safety. HyRAM provides a common platform for stakeholders condumng quantl(alwe risk B.5 Misc. Notes
Th, ific b 3. v

h'vram sandia. gov github.com/sandialabs/hyram
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‘I-;RAM 2.0 enables consistent, traceable ai
specific systems

v’ User inputs system description

nnnnnnnnnnn

v Number of components fomhse] ey
v’ Pressure

v Nominal pipe size

Conducting analysis... (this may lake several minutes)

v Generic data for scenarios and .
probabilities an be updated if
data is available

v Consequence models can be
selected

» Risk metrics calculated
» Scenarios can be saved
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Viodel flexi ility enables QRA beyonc

Users able to edit the
parameters of the
existing fault tree (FT) or
substitute their user-
defined FT results from
external FT software
Updated HyRAM
methodology enables
users to alter the risk
analysis for different
applications

Data/Probabilities
Probability data quantifying the events contained in the scenario models (ESDs and FTs)

I-& F(CHydrogen and Fuel Cells Program

ling stations

Transfer Gate: See other FT

Legend:
OR Gate:A+B=C » Default value for H2 release
AND Gate: A -B=C @ n2 » Edit user-defined

- Release probability for H2 release

Default values

Edit component failure
mode probabllities

Edit user-defined
probability for H2 releases
beyond component leaks

100% HY'
Release fro
Accidents and
Shutdown
Failures far
Indoor Refueling

Individual
Component
Leaks

o Default values
* Edit number of
0.015% Leak FT .19 Leak FT 19 Leak FT 10% Leak FT 100% Leak FT components and
component probabilities
Data/Probabilities

Probability data quantifying the events contained in the scenario models (ESDs and FTs)

Leaks silures  Ig Distributions eaks [ Component Failures | Ignition Distributions.
Compressors Cylinders _Fiters_Flanges Hoses Joints Pipes Valves 1 Exira Accident and shutdown failure parameters included in 100% leak release calculation
Leak Size Mu Sigma Mean Variance F——
- E— T — r ET——— ; ;
% 51394 07898 801E-003 5555005 > TR oo beta a|0.5 i
10% 88408 08381 206E-004 431E-008 Nozdle Folirety cioes e > {0002
100% 113365 13689 304E-005 5.11E-009 S v oD Bxpociacalin »{0.001
Solenoid valve Failure to close - 0002
Solenoid vaive Common-cause failure | ExpectedValue ~ ~|0.00012766
Accidents
Component Failure Mode Distri Type A B
» d Accident Beta MED) |310289.5
Pressure relief valve | Failure to open LoaNormal - |-11.7350368859313 | 0.667849415603714
Driveoff Accident Beta - 1315 6103845
coupling _ Failure to close Beta -los |5031
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common calculations

Clotte. Trpues i 9 | |
S e o 9 | |
® Derty Densty | KiogramCubicMeter v
[MJ
e Equation of state — — j} J'
Vokme CubicMeter o J
e Tank mass ot
Mass | Kiogram v| Nan
* Mass flow rate e
e TNT mass equivalence ool — =
. . Vokume Lter v | |
e Valid for high pressures (soon S S —
to be updated for cryogenic bl N |
temperatures) A———l |
Explosive Energy Yield (2.0-100: ||
Net Heat of Combustion: Jouiekg v]

Equivalent TNT Mass: | Kiogram v |
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A variety of validated physical models are used in HyRAM, which can
be used independently from QRA

e Unignited dispersion i Q Q
— Distance to certain concentration H% “ =5 NI

e Flame model § -
— Temperature field ? - e .
— Heat flux field i e

e QOverpressure for delayed

(C6GRY O OGS (IGAN KIS (OFED OSE SIS DE0N DEE
e e B ion
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,. : — : .
:I'he underlying Python modules can be inspected, upgted, and/or
used independently

N

In [1]: from altRAM import phys

e Physics modules based on intuitive In 120: | 42 - phys.Gas(T = 40, P = 565);
ObJeCt Or|ented structure air = phys.Gas(T = 295, P = 101325, species =
['air']);
e |Implemented as a python package orifice = phys.Orifice(d = 0.001);

release = phys.Jet(H2, orifice, air);

e Additional details of simulations can Pl (e . SRl
release.plot_moleFrac_Contour();
be explored

solving for the plume... done.

e First access to upcoming module

releases (e.g. ColdPLUME - before 2

implementation in Windows GUI) : 8
e Incorporation of user-preferred ) oo ;

physics models possible ;

0000

1on

y (m)

4

» Code organization, ease of use and documentation critical for outside development and use
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i) Sandia National Laboratories

The ColdPLUME model has been validated with laboratory data

self-similar
established flow

* Experimental results shown by
shading and thick, dashed lines

* ColdPLUME model results are
thin, solid lines

» Model accurately simulates mole fraction, temperature, and velocity -- can be used as a predictive tool
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Incorporate validated physics models for hydrogen behaviors
e liquid/cryogenic release behavior
e deflagration (unconfined) and detonation models
e flow/flame surface interactions
e pooling and vaporization
e barrier walls
e ignition

Include additional data/probabilities
e liquid hydrogen system component failures and leak frequencies
o effectiveness of detection

Quantify risk reduction from hydrogen system mitigation features
Extension to other fuels (e.g., CNG, LNG)
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‘Summary

N - -

HyRAM 2.0 is an open-source toolkit for QRA or physics simulations of hydrogen systems
QRA and physics simulations can be used to inform siting decisions or separation distances
Underlying source code can be used to explore the details of the calculations

The team at SNL is working to expand and enhance the toolkit

External use, feedback and development is welcomed and encouraged
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N/ HYRAM

HYDROGEN RISK ASSESSMENT MODELS

hyram.sandia.gov

Thank you!

Ethan Hecht
Sandia National Laboratories
ehecht@sandia.gov

Research supported by DOE Fuel Cell Technologies Office
(EERE/FCTO)



