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ABSTRACT

Many types of vehicles using fuels that differ from typical hydrocarbons such as gasoline and
diesel are in use thrénayit the worldThese include vehicles running on the combustion of
natural gas and propane as well as electrical drive vehicles utilizing batteries or hydrogen as
energy storag€hese alternae fuels pose hazards that are different from traditional fuels

and the safety of these vehicles are being questioned in areas such as tunnels and other
enclosed spacéduch scientific research and analysis has been conducted on tunnel and
garage hazasgearioshowever, the data andnclusionsnight not seem to be immediately
applicableéo highwaytunnel owners and authorities having jurisdiction over tunimsls.

report provides a comprehensive, concise summary of the literature available characterizin
the various hazards presented by all alterhal vehicles, including ligthity, mediumand
heavyduty, as well as buses. Research characterizing bettasearsd moreplausike

scenarios and rifdased analysis is also summarizagos in theasearch are identified in

order to guide future research efforts to provide a complete analysis of the hazards and
recommendations for the use of altéve&tel vehicles in tunnels.
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EXECUTIVE SUMMARY

Vehicleof all sizesise internal combustion engines powered by hydrocarbons such as gasoline,
diesel, ethanand various blends. As alternative fuel vehicles and the infrastructure to support
them become moreidely availahlsafety concerns become a more importantidepause these
fuels are different from the typical safety hazards that have been accepteavaiespried
adoptionof the automobildRoadtunnels and other enclosuh@seadditional concerns due to
limitedaccess arefjress, ventilati@ystem capdyg, and emergency response limitations

Therefore, tunne&lwnersauthoritiesand other stakeholdérave raisedoncernabout alternative
fuelvehicledraveling througtunnels, particularly in urban and high commuter alsasal gas

and propane arused to replateditional fuelascleaner or more efficiealternative fuel in
combustion engineAlternativefuel vehiclealsoinclude those powered élgctricityusing lithium

ion batterie®r hydrogen fuel cells. The intent of tisumentsto helpillustrate the level of risk

for all types of fueprovide a full understanding of what codes & standards are applicable to these
alternative fuel vehicJemdto review relevant research that has been conttucise Risks to

life safety anohfrastructure damage always exiggrdless$ the fuel types traditional or
alternativeThe goal for acceptance of alternative fuel vefmaigre to maintain the same level of
risk that is generally accepted for traditional fuel vehicles.

For each fuel type, including traditional feath as gasoline and diesebverview wita

summary of fugdropertieandhazards, applicable codes and standadisinnekpecific

research in the literature is providettlitionally, information toompare the various classes of
vehicles such as passenger;digtyt heawguty, and cargo are reviewed where available. This
information helps characterthe severity of the hazard for each classification of VvEhele.

different codes and standaagplicable come from organizations such as National Fire Protection
Association, Society of Automotive Engineers, Underwriters Labqramori@®reWhile these
organizationprovidevarious codesnd standardg is up to state and local jurisdictmhelp

adopt regulate, and enforce thdihne literatureeviewprovides information organized by
experiments, modelirandtheoretical calculations/analygedormed regarding the specific fuel in
tunnels. Some of the fuel types are not as well sigdifuers, specifically in tunnels. In these
cases, research that is applicable to tunnels is reviewed. For example, battery electrie vehicles real
world incidentérom the last few yeaasepresentethecaus few fullscale experiments have been
conductd. Research gaps identified are provimieeachHuel type

Battery

There are two distinct hazahasn battery electric vehicles (BfEeflagration from the

flammable vent gas and a unique fire hazard due to thermal runaway propagation between cells.
Unlikeflammable gases with wealbwn properties, characteristitthe vent gases from a battery
cell failure are not as wadifined. Variatioria cell chemistry, capacity, thermal runaway
propagation between cells, state of charge, form &axtother variations affect hazards such as
vent gas species, volume producéiod production rateShese are further discussed in the
associated hazards for BEDge to these factorie hazards associated with BEVs are not as well
characterized as soofahe other alternative fuel vehic&sidies to understand the heat release
rate compared with traditional fuel vehicles has been reiBgestudiesharacterizinfire

spread within a BEV and tactics to slow or stop thermal propdgatsahusingater and other
methods has been studi€dsting and analysis to understand the failure scenarios and modes
pertaining to BEVs is limited but also includibd includes understanding thermal, mechanical,
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and electrical failuresyvarietyof researchaps are discussed for BEVs in tunnels and lHbium
batteries in general.

Natural Gas

Most ofthe studiesurveyedavolvecompressed natural gas (CNG) in gaseousdgbawing the

need to further understahguefied natural gdsNG) hazards and ttfferences for thiewer
pressurdiquid fuel.Harmfuland lethal distancdseto fire or overpressure froaCNG release
canexcee@domparable distances NG due to the higher storage pressof€NG. A variety of
tunnel studies have beamémmarized that characterized CNG releases of vapor clouds that are
considered equivalentamounts of CNG irity bus and passenger car configuratmesstudy

looks at different initiating events of a natural gas leak from a vehicle in a tunmetlad ho
flammable mass and overpressures change based on thogeneteatstudy shows the

difference in characteristics such as harmful distances from a vapor cloud explosion for CNG and
LNG. This helps understand the fundamental differences foredhia$ed on its stafes more
research is conducted, the focus specifically for tunnels should include experimental studies of
natural gadispersion and overpressure in actual or scaled down tunnels aargekeasdatural
gasflames heat transfenalysis

Propane

There were relatively few studies evaluating the failure modes and consequences associated with
liquefied propane gdsPG) vehicles in tunnel®ne study used a failure tree to inform the
experimental setup. The experimental datthemsised and compared with a CFD model for
validation. This model can be further used to understand the gaseous dispersion characteristics of
propane vehicles failing in tunnels and other confined spaces. Additionally, an experiment was also
conducted tainderstand smoke dispersion in a tunnel using a propane fire to understand the effect
of ventilation and tunnel slope. Modeling was done to help understand the dispersion and
evaporation ofraLPG spill.Future work shouldhwestigate thermal consequenééailures, which

have not been reported for many of the studies included in this literatur&d bigvesgiudethe

heat release ratemperature, and structural damage resulting from different failure modes

Hydrogen

There are a number of studiealeating the failure modes and consequences associated with
hydrogen fuel cell electric vehicles (FCEVs) in tunnels. Multiple studies have pdssiifled

release events that could occur. Other studies have begun to quantify probabilities ad&l likelihoo
for these various events. Modeling on the consequences of releases has also been performed;
multiple studies have investigated hydrogen accumulation followed by ignition, resulting in an
overpressure. One study looked at the thermal effects on tunmpeheats of a jet fire rather than

an overpressure. Multiple experimental studies have also investigated overpressures resulting from
delayed hydrogen ignition, though someihaestigatethermal effects of jet fires as watime
research gaps idemdifor FCEVs in tunnels are the need for an increased focused on thermal
effects of jet fires on tunnel structu&milarly, while some studies have investigated the extent of
overpressures in tunnels, more information is needed on what type dtiongtatfrastructure

might be affected by such hazawttsre information is needed on how likely hydrogen is to ignite

in different release configuratiovigch willgreatly inform risk analyses. Most current studies have
focused on lighduty vehiclespa so more modeling and experiments on largerdpatity
vehiclesvould be important to consid&ome of these gaps as well as others will be addressed in
the current HyTunne&l Sproject.
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ACRONYMS AND DEFINITIONS

Abbreviation Definition
AEGL acuteexposure guideline levels
AHJ authority having jurisdiction
AIT auto-ignition temperature
ASHRAE American Society of Heating, Refrigerating arddkiditioning Engineers
BEV battery electric vehicle
BLEVE boiling liquid expanding vapor explosion
CANA CentralArtery North Area
CFAST Consolidated Model of Fire and Smoke Transport
CFD computational fluid dynamics
CNG compressed natural gas
DDT deflagratiorto-detonation transition
DEC diethyl carbonate
DMC dimethyl carbonate
DOE Department oEnergy
DOT Department of Transportation
EC ethylene carbonate
EMC ethyl methyl carbonate
FCEV fuel cell electric vehicle
FDS Fire Dynamics Simulator
FHWA Federal Highway Administration
FL flammability limit
FLACS FLame ACceleration Simulator
FMEA failure mode and effect analysis
FMVSS Federal Motor Vehicle Safety Standards
GGE gasolingyallonrequivalent
GVWR gross vehicle weight rating
HF hydrogerfluoride
HGV heavy goods vehicle
HRR heat release rate
ICE internal combustion engine
IDLF immediate danger to life or health
ISO International Organization for Standardization
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Abbreviation Definition
LCO lithium cobalt oxide
LEL lower explosive limit
LFL lower flammability limit
LFP lithium iron phosphate
LMO lithium manganese oxide
LNG liquefied natural gas
LPG liquefied petroleum gas
NCA nickel cobalt aluminum
NCHRP National Cooperative Highway Research Program Guidelines
NFPA National Fire Protection Association
NGV natural gas vehicle
NHTSA National Highway Traffic Safety Administration
NIST Nationallnstitute of Standards and Technology
NMC nickel manganese cobalt
MIE minimum ignition energy
MPC methyl propyl carbonate
PC propylene carbonate
PHEV plugin hybrid electric vehicles
PIARC Permanent International Association of Road Congresses
PRA probabilistic risk assessment
PRD pressure relief device
PTC positive temperature coefficient
QRA guantitative risk analysis
RVP Reid vapor pressure
RWS Rijkswaterstaat, a tirrmmperature curve used in safety standards
SAE Society of Automotiviengineers
SuUvV sport utility vehicle
THC totalhydrocarbos
THR total heat released
TPRD thermally activated pressure relief device
UEL upper explosive limit
UFL upper flammability limit
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1. INTRODUCTION

The purpose of this report is to present tuawelers and other stakeholders with a summary of

the current body of scientific information about the use of alternative fuel vehicles iThisnels

will albw tunnel regulators to determine requirenfientdternative fuel vehicle transit through

tunnds on a national level. This objective is accomplished through performing a comprehensive
literature reviewf publicly available tunnel research experiments and modeling focused on the
hazards associated with alternative fuel vehicles. Gaps in the existing research are identified and
suggestions to address these gaps are presented. This includes a reviemanbthargtfailure

modes and the range of consequences associated with the failures. This work expands upon a
previously published hydroegecific white papgt] by including other alternative fuels.

The scope of this regas to summarize hazard research in tunnels for road vehicles powered by
traditional fuels, battery electric systems, compressed natural gas, liquefied natural gas, propane, and
hydrogen. The volume of fuel in each vehicle is an important consideratiertiass of vehicle is

noted where applicable to help further understand the potential consequenceésityf light

mediumduty, or heawgluty vehicle incidents.

Note that some of the research presented in this document assess theoretical atanarios th
implausible in the real world, such as large stoichiometric mixtures. These situations are included in
this paper to recognize the scientific principle, but also point out the improbapitibuatering

these conditionsutside a laboratory. Hoveg, consequence is only part of the overall risk. The
likelihood of these scenarios is extremely low or virtually impossible, which significantly lowers the
risk of the theoretical hazards.

1.1. Definitions for Hazard Metrics
The following section defines treious hazard metrics discussed in the literature:

1 Flammability Limits

Flammability limits are important for fire and explosion analysis because it defines the volume
fraction and conditions range of fuel required to create a flammable enviodesstandards,

and practices have specific requirements regarding the flammable gas concentration permitted in any
givenenvironmentThe lower flammability limit (LFL) is the lowest fuel concentration that will

allow flame or flash propagation from animmgource within the mixture. The upper flammability

limit (UFL) is the highest fuel concentration that will allow flame or flash propagation from an

ignition source within the mixtuf@utside of these limits, no flame can of@utandard units of
flammability limits are in volume percent (%) or volume fraction.

1 Explosion

Explosion is a general term for the elevated release ofteaigygyeratesightemperatures. This
causes expansionagasvolumeand leads to awverpressurg]. A broad class of pmixed
flamescan cause thiverpressurd.o further define an explosidahe speed dheflame front
determinesvhether it is a deflagration (subsonic speeds) or detonation (supeesaisic
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1 Explosion Limits

Explosion limits refer to the range of pressure and temperature for which an explosive reaction can
occur for a fixed composition mixture. The explosion limit is given as a minimum autoignition
temperature (AIT) which is aastg function of the fuel type, pressure, and overall fuel
concentratiod]. The explosion limits are within the same concentration range as the flammability
limits. Standard units @xplosiorimits are in volume percent (@t)volume fraction.

1 Auto-lgnition Temperature

The auteignition temperature (AIT) is the lowest recorded temperature in which ignition occurs
spontaneously or in the absence of piloted ignition source in a material. This applies to solids, liquids
and gase#.the rate at which heat evolves in aoga&sapor is greater than the rate of heat loss to

the surrounding area, ignition can r¢2]{b]. Standardinits for the autagnition temperature is

degrees Celsius (°C) or degrees Fahreibeit (°

1 DetonatioriDeflagration

Deflagration is defined aglame frontvhich propagates through a gas at subsonic .speeds
Typically, obstructions such as piping and conduit as well as confinemeflaoae d®atto
accelerate to speeds greater thaspéed of sound (343 m/s in ambient din)scauses the
deflagratiofio-detonation transition (DDTA detonation is defined as a flame front which
propagates through a gas at supersonic speeds. A deflagration will hepeefighatvary from
less tn 1 m/s up to 3 m/s wheredstonatiorflamespeeds are anywhere from 1.5 to 2.8 km/s

[6].

1 Detonation Limits

Detonation limits is the range at which a detonation caust@lin. These limits typically have a
narrower range within the flammability/explosion limits. This is due to the stronger dependence on
confinement, mixture composition, and initial temperahd pressure compared with the
flammability/explosion limi{g]. Standard units for detonation limits are in volume percent (%) or
volume fraction.

1 Laminar Flame Speed

The critical parameter controlling the rate of ptieation is the burning speed. The burning speed

is correlated to a fundamental flame propagation rate into the unburned premixed gas. This flame
speed generally increases with increasing temperature and decreases with incredSing peessure
laminar flame speed is dependent on the chemical kinetics along with the thermal and mass diffusion
[8]. Standardinits for the laminar flame speed are Apetesecond (m/s) or fegiterminute

(ft/min).

1 Overpressure

Overpressurdefines the pressure wave that a flammable mixture generates during combustion.
This pressure wave is caused by the energy released fralafiagration/detonatiohe

maximum theoretical overpressure (i’ the pressurbat is generated when the gas is combusted
in a perfectly adiabatic process in a closed chamber. This is a value generated theoretically or at
optimal conditions in a laboratory.Jdepends on the composition of gas produced as well as the
concentration and other factors such as confing@jestandardinits for overpressure can be
kilopascals (kPa), pourmks-squarench (psi), or bar.

18



1 Equivalenc®atio

The ratio of actual molar fuel/air ratio to the stoichiometric molar fuel/air ratio is the equivalence
ratio. If this ratio is below 1, this is a lean mixture with excafésrammbustion. If the ratio is

above 1, the mixture is fuel rich leatbrigcompleteonsumption of the fueCombustionvith an
equivalence ratio equal tledds to complete consumption of oxygen and fuel during a reaction.

1 StoichiometriRkatio

The stoichiometritio isthe mixture of fuel and air whichthere is exaly enough air to
completely burn all of the fu€lombustion in stoichiometric conditigméien the mixture is at the
stoichiometric ratideads to complete consumptiorboth oxygen and fuel

1 Adiabatic Flame Temperature

Adiabatic flame temperatusghe maximum temperature that can result from combustion of

reactants. Heat transfer away from the reaction, incomplete combustion, and other dissociations will
result in a lower temperature. The maximum adiabatic flame temperature occurs whers a mixture i
stoichiometri¢10] Standardinits for flame temperature are Kelvin (K), degrees Celsius (°C), or
degrees Fahrenheit (°F).

1 Flash Point

The flash point is the lowest temperature at which a liquid solvent can form aboweuiea

surface or within a container that is flammable or ignitable. Lower flash point temperatures indicate
that it is easier for the mixture to ignite. There are two types of tests to measure the flash point:
closed cup and open cup. These methodagsipoint in an open pool type configuration and a
closed container configurati@h Standardinits for the flash point temperature degrees are degrees
Celsius (°C) or degrees Fahrenheit (°F).

1 Heat of Combustion

Heat of ombustion is the amount of heat released when a substance is burned. The heat of
combustion can be further defined as the higher and lower heating values. The lower heating value
of a fuel is defined by combustion of a fuel at 25°C and returning thegresxture of

combustion products down to 150°C. This assumes the latent heat of vaporization of water in the
reaction products is not recovered. fiilgberheating value is similar, but the products have

returned to a temperature of 25°C, which considers the latent heat of vaporization of water in the
combustion produc{d 1] Standardinits for the heat of combustiareMegajote per Kilogram

(MJ/kg), British Thermal Units ppoundmass (Btu/lk), or kilojoulgpermole (kJ/mol).

1 Heat Release Rate

Heat release raldRR)is the rate of energy released from a fire. This rate is typically defined by a
plotted curve, with time dhe horizontal axis and energy released on the vertifE2]akise heat

release rate curve is used to characterize fires by understanding the peak heat release rate as well as
the duration of the fir&tandardinits for the heat release rate are kilowa&) Or British Thermal

Unit per hour Btu/hr).

1 Heat Flx

In addition to the HRR, the heat release rate flux or heat flux is the total energy flow over time per
unit of surface area. Standard units for the heat flutcavatk per square met&W\(/m?) or British
Thermal Unit per square fo@tg/hr-ft?).
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9 Total Heat Release

The total area under theat release ratarve defines the total heat rele@§eldR) [12] Total heat
releaseds usedo characterizine size of éire. Standard unit®r the total heat released are
megajoule (MJ) or British Thermal Unit (Btu).
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1.2. Tenability Criteria

To better understand the consequence andwedevalues from the literature review, the following
tables illustrate the effects of overpressure, heat flux, and temperature hazards. The severity of
injuries and damage with the increase in these matnowmsinTablel throughTable3. Tablel

liststhe human injury criteria due to overpressureNatonal Fire Protection Association

(NFPA) 921: Guide for Fire and Explosion Investigafitsis

Table L Human Injury Criteria from Overpressure(from [13])

Overpressure -

osi Pa oar Effects or Injuries
0.60 4.14 0.04 Threshold for injury from flying glass
12%% nggO 0.0760.140 Thresholdor skin laceration from flying glass
240 | 16.50 0.1700.19 | Threshold for eardrum rupture/10% probability of eardrum
2.80 19.30 rupture
é%% é%i% 0.1400.21 Threshold for serious wounds frélging glass
3.00 20.70 0.21 Overpressure whiurl a person to the ground
3.40 23.4 0.23 1% eardrum rupture
400 1 2760 | 58035 | . y
5.00 | 34.500 Serious wounds from flying glass near 50% probability
5.80 40.00 0.40 Threshold for bodyvall penetration from flying glass (bare
6.30 43.40 0.43 50%probability of eardrum rupture
g%% Lé%?é% 0.480.55 Serious wounds from flying glass near 100% probability
10.00 | 68.95 0.69 Threshold for lung hemorrhage
1450 | 99.97 1.00 Fatality threshold for direct blast effects
16.00 | 110.30 1.10 50%eardrum rupture
17.50 | 120.70 1.21 10% probability of fatality from direct blast effects
20.50 | 141.30 141 50%probability of fatality from direct blast effects
25.50 | 175.80 1.76 90%probability of fatality from direct blast effects
27.00| 186.20 1.86 1% mortality A high incidence of severe lung injuries

29 199.9 2.00 99%probability of fatality from direct blast effects
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Table2 illustrateshe levels and exposure durations at which blistering (degoed burn) injuries
occur due to heat flux expostrean NFPA 921: Guide for Fire and Explosion Investigafi®)s
Both the heat flux and exposure time help in understanding consequences.

Table 2: Effects from Heat Flux (from [13])

Radiant Heat Flux -
Effects or Injuries
kW/m2 Btuw hr-ft2
Common thermal radiation exposure while firefighting. This energyagV
o5 203 cause burn injuries with prolonged exposure.
' Human skin experiences pain with-a&8®nd exposure and blistergdn
seconds with secoiiggree burn injury.
5 1586 Human skin experiences pain with-ag®nd exposure and blister2dn
' seconds with secowggree burn injury.
Human skin experiences pain withsaéond exposure and blisters in
10 3172 . o
10 seconds with seceddgree burn injury.
Human skirexperiences pain with &&cond exposure and blisters in
15 4,758 : e
6 seconds with seceddgree burn injury.
20 6.344 Human skin experiences pain withse@nd exposure and blisters in
’ 4 seconds with secoddgree burn injury.
80 25,377 | Heat flux for protectivelothing Thermal Protective Performance (TReB).
100 31,720 | Steel structure collapse (>3@ miposurefffrom [14)
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Table3illustratewvarious effects and injuries from temperature exposure from National Institute of
Standards and Technology (NIBZ] Both the heat flux and expostinee help in understanding
consequences.

Table 3: Human Injury Criteria from Temperature (from [12])

Temperature
- - Effects or Injuries
Celsius°C) | Fahrenheit°f)
37.0 98.6 Average normal humanal/body temperature
38 101 Typical body core temperature for a working fire fighter
43 109 Human body core temperature that may cause death
44 111 Human skin temperature when pain is felt
48 118 Human skin temperature causing adiegiree burimjury
54 130 Hot water causes a scald burn injury witle&ihslexposure
55 121 Human skin temperature with blistering and second degree burt
62 140 Temperature when burned human tissue becomes numb
72 162 Human skin temperature at whiislsue is instantly destroyed
100 212 Temperature when water boils and produces steam
250 482 Temperature when charring of natural cotton begins
>300 >572 Modern synthetic protective clothing fabrics begin to char
0400 0752 Temperature of gases atlleginning of room flashover
a100¢( a 1 8 3 2 | Temperature inside a room undergoing flashover
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1.3.
Vehi

cle cl

assi fi
maximum operating weighttbé vehicle. The GVWR includes all vehicle fluids, passanders
the cargo capabilibpt does not include traileBefinitions from various administrations such as

Vehicle Classifications

catii

ons are defined

by

the US Department of Transportation Federal Highway Administration (FERNAA)S

Environmental Protection Agen@PA)are included along with examgledapplications of each

vehicle class.

Table 4: Vehicle Weight Classifications (from [15])

Vehicle | Examplek
Class | Applications PIOIFLAALYA Ea
HeavyDuty Engine Light LighbDuty Truck: <6,000 Ibs.
Class 1: <6,000 LightDuty Vehicle: <8,500 Ibs.
. Sedans Ibs.
Light ' ;
Dgty SUVs, LightDuty Trucks: <8,500 Ibs.
Vehicle B'tclif[Up\? LightDuty Truck 3 and 4 and
ity Van | class 2: 6,061 Heavy Engines Heavy Lightity Truck: 6,00 8,500 Ibs.
10,000 Ibs. _ _
MediumDuty Vehicle: 8,501.10,000 Ibs.
Class 3: 10,081 HeavyDuty Vehicle Heaviputy Engine: >8,500 Ibs.
_ 14,000 Ibs. HeavyDuty Vehicle 3: 10,0@114,000 Ibs.
Delivery
Medium | Truck, Class 4: 14,0@1 - :
Duty Bucket 16,000 Ibs. HeavyDuty Vehicle 4: 14,0@116,000 Ibs.
Vehicle | Truck
! Class 5: 16,0@1 . .
School Bus 19,500 Ibs. HeavyDuty Vehicle 5: 16,0@119,500 Ibs.
Class 6: 19,5@1 : _
26,000 Ibs. HeavyDuty Vehicle 6: 19,5@126,000 Ibs.
City Bus, | Class 7: 26,0@1 | Medium Heawputy Engine: 19,533,000 Ibs.
I\R/I?)f\?iriz, 33,000 Ibs. HeavyDuty Vehicle 7: 26,0@133,000bs.
Heav
Duty Yo | Truck, Heavy Heawputy Engine Urban Bus: >33,000 Ibs.
Vehicle | UK FUell o)aqs 8: 533,00 :
Vehicle, b : ' HeavyDuty Vehicle 8a: 33,00560,000 Ibs.
Heavy Semi S i _
Tractor HeavyDuty Vehicle 8b: >60,000 Ibs.

FromTable4, there aréhreedistinct vehicle classes: kdhty, mediunduty, and heawguty
vehicle. These classes are broken down intdemsies for each specific administration.
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Types of Vehicles by Weight Class
Class One: 6,000 Ibs. or less

iy muiy MR

Full Size Pickup Mini Pickup Minivan Urtility van

Class Two: 5,001 to 10,000 Ibs.

Crew Size Pickup  Full Size Pickup Mini Bus Minivan Step Van Utility Van

Class Three: 10,001 to 14,000 Ibs.

MR Aan R

City Delivery Mini Bus Walk In

Class Four: 14,001 to 16,000 Ibs.

s N s D

City Delivery Conventional Van Landscape Utility Large Walk In

Class Five: 16,001 to 19,500 Ibs.

nar NS MR

Bucket City Delivery Large Walk In

Class Six: 19,501 to 26,000 Ibs.

R e S MR s

Beverage School Bus Single Axle Wan Stake Body

Class Seven: 26,001 to 33,000 |bs.

City Transit Bus Furniture Hgh Profila Semi Home Fuel

Class Eight: 32,001 lbs. & over

Caement Mixer Durnp Fire Truck Fuel
'O‘d'mo | = -dba S

Heavy Semi Tractor Refrigerated Van Semi Sleeper Tour Bus

Figure 1: Vehicle Types by Weight Classification (from [16])

Figurel above gives further examples of various vehideshat-HWA weight classification they
fall under.
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1.4. Report Organization

This report is organized into separate chapters based on the specific fuel tyjptheEawpters

has a section that provides an overview dlighéype, along with the gen@raperties such as

density, flammability limits, etc. Additionally, applicable regulations, codes, and standards are listed
for reference. The literature review is broken down into three main section: experiments, modeling,
and analysis. The experimenti@geceviews what work has been done that uses testing and
measurement techniques to simulate fuel properties and characteristics such as dispersion,
flammability limits, and overpressur@termediate to full scdlenels or confined areas. The

modelirg section showsomputationslone using various CFD software and other programs to
simulate the characteristics and effects of fuels dispersion, fires, overpressure, and more in a tunnel.
The analysis sectidascribes work that studies hazard and rtblesé# fuels in tunnelhis work

is done usingngineering calculaticarsd physics equations wattperimental data and fuel

properties as inputs to compare and further understand the effect of these fuels in tunnels. Each
section has a research gapaecthat goes into detail on what work has been completed and what
work would be useful to help understand the overall hazard and consequence of these fuels in
tunnels.
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2. TUNNEL RESEARCH HIGHLIGHTS FOR TRADITIONAL FUELS

2.1. Overview of Traditional Fuels

Internal combustion engines (ICE) are the most commonly used posvernprassenger, light
duty, heawguty and cargo vehicles. The magts argasoline, diesaind ethanol. Different
ethanolgasoline blends such as E15 (containing 15% ethanalrbg)vot E85 Flex Fuel
(containing 51% to 85% ethanol by voluthéare commonly found gas stations. Usage of
ethanol has increasaedhe US from 1.7 billion gallons in 2001 to about 14.4 billion in 28] 6
In 2018, the & consumed approximately 143 billion gallons of gad@iniesel fuel is more
common in larger commercial grade vehicles such as rdatliuheawguty, and cargo, but is
also becomingnore common at the passengerlamdduty markets. In 20148% ofmedium
dutyandheavydutytruckssold were diesel powered, while only 1.5% of passenger ahdylight
sold were diesel poweied]

2.2. Properties of Traditional Fuels

Various properties of these traditional fuels help undesstarrdmpare witthe properties of
alternative fuel€haracteristics such as the liquid density and higher/lower heating values can be
used to define the fuel loading. Thedgasity can be used to understand the flammability limits.
The adiabatic flame temperattae be used to estimate tineoreticapressure rise from a

confined explosion. The laminar flame speed or burning velocity determines how quickly the
unburned miture is consumed in a flame front. Mailsie is affected by obstructions, temperature,

fuel concentration andther factorsvhich can cause turbulent flame speeds leadirgg to
deflagratiofio-detonation transition.

Table 5: Properties of Traditional Fuels

Property Gasoline Diesel Ethanol
Chemical Formula Cs-Ci2[21] Cs-C5[21] C:HsOH [22]
MoleculaWeight 95120 gmol [23] 204 g/mol[23] 46.07g/mol [24]

GasDensity(25°C, 1 atm

1.227g/m3 [22]

1.46 kg/né[23]

1.214 kg/m [22]

Liquid Density

0.742 g/m[22]

0.870.959/m3[25]

0.79 g/n% [22]

Boiling Point 25215°C[22] 282338°C [25] 782°C[24]
Flash Point -45°C [21] 55°C [21] 13°C[24]
Auto-Ignition Temperature 258°C[23] 316°C[25] 420°C[22]

Flame Speedtoichiometric
Ga)1

0.33m/s [22]

0.40 m/s[26]

0.41m/s [22]

Adiabatic Flame Temperature

228K [23]

2327K [23]

2234K [22]

Flammability Limitévol % in air)

1.27.9%[27]

0.66.5%[25]

3.515%[27]
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Each fuehasvariation and uncertainty in the properasgslifferent sources report slightly different
values for each metrichis is because tobkemical formulas and content in the fuel changes based
on regional regulations, seasonal additives, refinery additives and detergents, water content, and
other factor$28][29] One familiaexample is winter gasoline blends verse summer gasoline blends
The winter blendhust have a highBeidvaporpressuréRVP)than summer blends to account for
lower temperaturekiring the engine startup @odun smoother in colder conditiombe RVP

varies from 9.0 psi down to 7.8 psi for summer months. Since ethanol has a lower vapor pressure,
there is a 1.0 psi allowance for gasoline containing 9% to 10%q&@haudditionally, blends

such as E85 have a range of 51%5% ethanol by voluniE/]contributing further to the

uncertaintyr variationgn thecombustiorpropertiesSince gasoline and ethanol have distinct
properties, these factors should be considered when performinduaionsa

2.3. Associated Hazards of Traditional Fuels

Among traditional fuelgasoline has the lowest flash pdairglso has a higher vapor pressure,
whichtypicallycauses the vapor mixture inside of a vehicles fuel tank to stay abig3ti¢ U

Since the vapor pressure of ethanol is lawaixtures such as E85, this vapor pressure must be
considered whdmoth designing aratldinghisfuelto tanks Based on thASTM standard
classificatigrthe vapor pressure of E@ixtures vary between 5.5 to 15.Q139which might

cause the vapor mixture to fall within the flammable &ingeraditionafuel tanks have a high

fuel concentration ange brealawayandstructurally weghlasticcomponents, it is necessary to
prevent high pressures from buildinglue to vapor pressuk&hile internal fire or deflagration
hazard in a fuel tank might be possible, a fire hazard due to a leak is more of dlusnseiue

to the volatility of gatne and the hot surfaces of an ICE vehicle, such as the exhausThgstem.
associateHRR for gasoline peaks within seconds. Studies that have characterized pool fires for
gasoline and ethanol have shown that as the amount of ethanol in eetfeeotibéend increases,
the heat flux and temperature of the pool fire decr@as@gure with a higher ethanol content
burns slower and has a lower flame hE@BghDiesel is much less volatile than gasoline and ethanol
with acorrespondingigher flash point. At normamnbientemperatures, diesel cannot be ignited
without a very strong ignition sourtieereforea diesel spithaynot present as great a risk as a
gasoline spitin the ground dute the lower chance of ignititnem a higher vapor pressure. Yet
leakage into the engine compartment after an impact or failutittedd to a fire. This due to

the hot surfaces such as the exhaust system or turboassegdslithat has #&argesurface area
Also,diesel and gasoline haeenparablautcignition temperatuse[31]

With the fire and explosion hazards knaaracterizing these hazards in turmagie addressed
from reviewin@nd analyzingariaus incidents. There have baamerousnajor reported fire
events in tunnels) which manwre caused wehicleaccidents anfires[33]
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Table 6: Major ICE Road Tunnel Fire Incidents (from [34])

Year | Tunnel Information Country Comments
Los Angeles Road Multiple bigrig trucks and passenger vehicle
2007 | Tunnel Interstate 5 USA involved. Fire caused concrete spaling
167m long Built in 1975 fatalities and li@jurieq33]

Vehicle collision due to shutdown lane and
merging. The impact led to a reported fireb
and one car bursting into flamgatalities

Melbourne Burnley Road Tunr|
2007 | 3,400m Built between 1996 an| Australia

2000 [35]
2001 Gleinalm Road Tunnel Austria Head on crash thhd to direin the middle of
8.3km Completed in 1978 the tunnel5 fatalities and 4 injuri@$]

Gotthard Motorwayrunnel Head on crash that led to a fire in the tunne

2001 Opened in 1980 Switzerland 11 fatalities and 19 injur[88]
Tauern Road Tunnel
1999 6 km First bore completed in Austria Vehicle crash that led to a fire in the turii|

1975 A second, parallel tube w
officially opened in 2011

fatalities and 49 injurigg¥]

Table6 shows more recent fire incidents in tunnels due to ICE vehicle collisions. The main cause of
vehicular fires in road tunnalgeengine fires, short circuignition offammable/combustible

materials, collisioysnd other defects. Collisions are mostly due to driverTérese major tunnel

fires can result inlBfRR above 20 MW. Fire temperatures can exceed@ @@ lead to quicker
developing and spreading fiz4
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2.4. Pertinent Regulations and Safety Standards

Traditional fuel vehiclésve robust safety standards and regulations with regard the vehicle itself
and the roadway structures on which they ogeratk ICE vehicle/pes

24.1. National Fire Protection Association Standard 502

NFPA 502 Standard for Road Tunnels, Bridges, and Other Limited Apcegsiésgheays

protection and life safety requirements as well as design criteria for authorities having jurisdiction
(AHJs) to use in ensuring tunnel sagxygtion 8.2 states that a tunnel shall be capable of
withstanding the temperature exposure represented by the Rijkwaterstaat (fRMvipEetiatere

curve or other recognized standard-tengperature curve that is acceptable to the AHJ, as shown
by an engineeriraalysisThe assumption is that every part of the tunnel should withstand these
temperature exposures, irrespective of the fire location, ventilatmmnveatglatiorntype[38]

2.4.2. ASHRAE HVAC Applications Ch. 16: Enclosed Vehicular Facilities (2019)

American Society of Heating, Refrigerant, ancbAditioning EngineerA$HRAE) 2019 HVAC
Applications Chapter 1Bnclosed Vehicular Fagpitiiddes guidance on vehicular facilities that
storevehiclesnd through whichehicles travel. These vehicles can be driven by an internal
combustion engine or electric motors. Ventilation requirements including mechanical systems and
natural ventilation, climate and temperature control, contaminant level control, and emergency
smokecontrol. Additionally, ventilation concepts including normal operations and emergency
operations are coverdthis chapte39]

2.43. NCHRP Guidelines for Emergency Ventilation Smoke Control in
Roadway Tunnels (2017)

National Cooperative Highway Research Prait@iRP)Guidelines for Emergency Ventilation
Smoke Control in Roadway Tunnels Chapio&d Tunnel Fpesvides guidance dine design
parameters for tunnels. This includes consideration of the gecanatnietprs of the tunnel, fire
protection featureand response times that leads to decision making using NFEAap@er 2
provides a framework on how to understand and determine fire and hazardous materials
management in tunn@]

2.4.4. NCHRP Synthesis 415: Design Fires in Road Tunnels (2011)

National Cooperative Highway Research Prdgyathesis 41®Design Fires in Road Tunnels
providegeview on current practices and knowledge for road tunnel fire designs. Additionally, a
survey was completed by numerous transportation agencies and tunnel owners to understand their
experiences and what practices they use for ventilation, fire protection, and[d&}ection
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2.5. Research Summary of Traditional Fuels in Tunnels
This section documents the results of the evaluediganslindCE vehicldailure in a tunnel.

2.5.1. Experiments

A large variety of tests in tunnels have been conducted in response to the various incidents listed in
Table6. The tests imable7 are used to understand both the charactemstactunnel fire (such as
temperature and HRR) and how different ventilation techniques affect these characteristics.
Whether the fire is oxygen rich or oxygen lean will affectkiaeaeteristicand these will drive

the fire time and total damagaeo

Table 7: List of Significant Full-Scale Tunnel Fire Tests (from [42])

Name Type | Year | Country | Fire Source Area HRR Ventilation
natural,
Ofenneg Rail 1965 Switzerland | Gasoline Pool 24 n? 1525 MW longitudinal,
semitransversal
natural,
Zwenberg Ralil 1976 Austria Gasoline Pool 24 n? 1525 MW longitudinal,
semitransversal

Train wagons,

Rapperfijord g"g}l'gfl 11%32 Norway cars, HGV, | 3040m | 15100 MW natural,
y calibrated fires transversal
. 1993 . . natural,
Memorial Road 105 USA Diesel Oil Pool 60 n? 10100 MW transversal
Petrol/diesel
Colli Berici Road 1999 Italy oil pools, car 60 n? 2-5 MW natural
mockup
Calibrated fires
Rosa Road | 2002 Italy 60 n? 2-20 MW natural,
cars, van longitudinal
Pellets, plastic,
Runehamar Road 2003 Norway tires HGV 325m 70200 MW longitudinal
mockup

2.5.1.1. The Rijkswaterstaat (RWS) and Other Time-Temperature Curves

While tunnel design requirements are not specified for metrics such as ovesjanedsid dire
curvesareused to design for road tunnel safety. This process typically involves selecting an expected
type and size of fire and determining the distribution of temperature exposure to the construction
materials. For example, the International Organization fda&tiaation (1ISO) 834 curve

represents a fully developed fire in a compartment, based on materials found in standard buildings.
The ISO curve is what the World Road Association (PIARC) and the International Tunneling
Association recommend for defining ®irgesign criteria for personal vehicles and4&jns

Because the ISO 834 curve does not represent all materials, especially chemicals which escalate fire
growth, a hydrocarbon curve was developed in the 1970s for upetrotieemical and eshore
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industries and began to be applied to tui@sThe hydrocarbon curve (HC curve) exhibits a

faster fire development and consequently is associated with faster temperature increase than the
standrd ISO 834 curv@&he modifiechydrocarbon curvédod. HC curvekxhibits an even faster

fire development andg more conservative than the ISO 834 or the standard HCTteWwéod.

HC Curve is used for stricter regulations and has a much more s@eretuisgradient over the

first few minute$45}]

The RWS curve was developed during extensive testing conducted by the Dutch Ministry of
Transport in cooperation with the Netherlands Organization for Applied ScientifchR&bdEay

in the late 1970s. The RWS curve simulates an accident involving a gasoline tanker loaded with
45,000 liters (45%of gasoline with a fire load of approximately 300 MW released over two hours.
The 1SO 834, hydrocarbon, and RWS fire curvekiateéd inFigure2. Also included iRigure

2are the ASTM E118tandard Test Method for Fire Test of Builditg @oddttattriaed the

UL 1709 Standard for Rapid Rise Fire Tests of Protection Materials fotirS&tetupal Steel fire
curvedor comparisof46][47]
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Figure 2: Standard time-temperature fire design curves at tunnel structure interfaces

2.5.1.2. The Runehamar Full Scale Tests
In September 2003, a European research program on tunnel safety conducted comprehensive large

scale fire tests in the abandoned Runehamar road tunnel in [M4}{#8}{49] These fire tests
were intended to analyze fiiresn thecargo of heavy goods vehicle (HGV) trailers, vt
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contain a large fuel source for.firee fuel load of HGV and traditional vehictastain
hydrocarbons and hydrocarbmsed materials.g.tires plastics, efcwhich form very sooty fires
where radiation is the ov@ting method of heat transfer to the surrounding materials.

The Runehamar tunnel is approximately 1,600 m long, 6 m high, and 9 m wide. The center of the
fire was locad 172 m from one entrance. Two mobile fan units were added to simulate ventilation,
providing a velocity of about 3 m/s (centerline) in the tunnel. Because of the exposure to high
temperatures, the tunnel was protected using PROMANHCA protection bards over 75 m

that were supported with a light steel structure. Fire sprinklers were not installed in the tunnel. Two
small ignition sources, consisting of fiberboard cubes soaked with heptane, were placed within the
lowest wood pallets. A total of foasts were performed with a fire in a 4eaiter seup. In the

trailer, four different commodities were tested, shoWabie8. All tests producetime

temperature developments in line with the RWS curve, as stated in NFPA 502.

Table 8: Commodities used as fuel in the HGV tests (from [49])
Test # Description of the fire load Target Peak HRR (MW)

0 200 L diesel pool fire with a 2.27 m diamet - 6

360 wood pallets (1,200 x 800 x 150 mm)
20 wood pallets (1,200 x 1000 x 150 mm) | 32 wood pallets and
74 polyethylene (PE) plastic pallets (12,20 6 PE pallets

800 x 150 mm)

216 wood pallets
2 240polyurethane (PUR) mattresses (1,200
800 x 150 mm)

Furniture and fixtures (tightly packed plast
3 and wood cabinet doors, household items
10 large rubber tires (800 kg)

600 corrugated paper cartons with interiors
(600 mm x 400 mm x 500 mm)

15% of total mass of unexpanded polystyr
(PS) cups (18,000 cups) and 40 wood pall

200

20 wood pallets and

20 PUR mattresses 160

Upholstered sofa an

135
arm rest

4 wood pallets and
40 cartons with PS 65
cups (1,800 cups)

TestOused a 200 L diesel pool fiigh a 2.27 m diameter. Four other tests included various
commodities such as wood pallets, mattresses, fuantiraore. Comparing the diesel pool fire

with the other commodities shows that diesel might not have a laigRRdalkt it does quickly

reach a peak and plateaus. While the intent of the diesel pool fire was for a baseline for calibration
and checking instruments, it does show how large commodities are more oiretéamardf the

peak HRREompared tohediesepool fire This also shas that since the HRR of diesel peaks

quicker than the commoditiasgiesel firenight lead to ignition of other fuel loads in a tunnel

during a leak or spillage.

Test 1 with wood pallets and plastic pallets had the higtieswith a peak of 200 MWhe HRR

is the most important variable in characterizing the flammability of products and their consequent
fire hazard because it captures the driving force for the fipe\{iex) Mostother variables
(temperature, smoke, toxic gases) are correl&tBdRwwhich can also be linked to the severity of

the fire[50] Figure3 illustrates thelRRs for the four largsecale test&igured illustrates gas
temperatures in the fitgtst, which had the highest temperatures out of the four tests, compared
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with four different standard fire curvEse maximum gas temperatures beneath the ceiling were
approximately 1350°C.
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Figure 3: Heat release rates from the four large-scale fire tests (from [49])
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Figure 4: Test 1 temperature compared with standard fire curves (from [49])

Figured4 shows the gas temperatincen the wood and plastic pallets test showagire3 (labeled
Tgas,T) along with the HC (—I-vdrocarboa, RWS (Iv\/g, RABT ZTV (TRABT/ZTV) and ISO 834 @;ndar)

fire curvesThe results from the Runehamar tunnel tests show thhtimardous, solid
commodities can give a fast increase in temperatures to significantgnimpgnatures than had
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been measured in connection with solid material in tunnel fire tests piéviplibly

temperatures measured in theflaste gases downstream of the fire were high and the
measurements indicate ttet laming zone could expand up to a length-20@0n. The high

surface temperatures affected the entire tunnel ceiling downstream of the fire causing considerable
spalling of the unprotected tunnel ceiling after the first test, which resulted irabben soobd

debris completely covering the road. The long flames and high temperatures could also cause the
fire to spread to other vehicles.

2.5.1.3. Large Scale Fire Tests in the Second Benelux Tunnel

Testing was conducted in 2@001 in the Second Benelux Tumméhe Netherland$1] A total

of fourteen fuliscale tests were conducitéte intent of these tests was to determine conditions for
escaping motorists along with how well ventilation, defectébsuppression systemsrafee A

multitude of measurememtsre collected such as temperature, radiant heat, smoke velocity, smoke
densityandHRRSs. The first four tests were pan fires usmgre of 60%theptane and 40%

toluene by mas$he next six tests consisted of cars and covered truck loads, with the loads
consisting of 800 kg of wooden pallets and four\fieasilation through the tunnel varied stepwise
from O m/s to 6 m/s. The final set of tests determined the effect of a si@iundéer system and
examinedhe effect of delayed activation, effectiveness of the sprinkler ayditthe sprinkler

system would prevent fire spread to other vehicles.

Test 1, 2a, 2b, 3a, 3b, 4 air velocity

Test5,6,7 air velocity

container
== vﬁ

Pan fire 5 MW and 20 MW

Test 8,9, 10

Truck load: canvas cover

:o'nane'\J
+ stacked paliets

(ca. 20 MW) Van + stacked paliets

ir velocity
vy Test 11 air velocity

Test 12,13 air velocity

container

Truck load: aluminium cover + stacked paliets Open stacked paliets
Figure 5: Test Overview for Second Benelux Tunnel (from [51])
Figure5 shows the test configurations in the SeBamalux TunneThereportdoesnot specify if

any fuel wam the vehicles during the testing. Since the wmgst compare ventilation and
obstructions of ventilation, the total commodity fuel load stayed nominally the same between tests.
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Figure 6: Fire development for small truck fires (from [51])

Figure6 shows theffect of ventilation on tHéRR of a small truck fire. As the ventilation
increases, the peak HRRreases, but the total time from ignition to extinction decreases. This type
of testing helps provide data d@termininggmergency ventilation controls.

2.5.2. Modeling

Different models for tunnel fires have been created using both computational fluid(@yEimic
programs and using other tools sudh@goning modeling toGlonsolidated Model of Fire and
Smoke Transpo(CFAST), an opersource software packaggtional Institute of Standards and
TechnologyNIST). CFASTIs a zoning model that is used tduata the evolvingjstribution of
smoke, fire, gases, and gas tempergidies

2.5.2.1. Simulation of Tunnel Fires Using a Zone Model

Modeling by Chow et §h3]Jusel CFASTto understand how zoning the tunnel into multiple
sections compares with other similar CFD studies and experimentalrmats.modeling has
been conducted to understand the effect of smoke movement and temperaty&Seffects
Different zoning methods were used with CFASTF®@ different fire simulations were used for
each zoned model: wood fire, passenger train fire, subway coach fire, &ndlafsehool bus
fire. Smoke layer and temperature predictions werszlamgth the different zoned sectiosiagle
compartmenalong with multiple compartmenfigurations designated?zasom and 3oom.
Figure7 below gives a visual for each of these configurations agheeiial relationship
between them.
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Figure 7: Compartment Configurations (from [53])

Figure8 andFigure9 below show the smoke temperature ayer lheight for the various zoned
configurations for the truck firehe colored and numbered circles are to help identify the smoke
temperature and layer heights based on which configuration was used (single compartment, two
room, or thregoom). The avages for the two and thremm configurations are very close to the
single compartment configuration for both the truck and bus fire characteristics.
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Figure 8: Smoke Characteristics Prediction of a Truck Fire (from [53])
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Figure 9: Smoke Characteristics Prediction of a School Bus Fire (from [53])

The CFASTmodels were validated with a tunnel fire experiment in Namdi@pmpared with

other modeldt was determined the CFAST model gives simildisresather knowifire models

such a£onsolidated Compartment Fire MA@ FM.VENTSpn predicting the smoke
temperature and layer interface heifhess CFAST zonmodel is a good baseline prior to using a
morecomputationally hea@GFD programBy usng a zoning technique as described by Chow et al.
[53] the fire environment can be predictduls can be used to design tunnel ventilation systems
and suppression systems and where to add heat and smoke detecting dkuicésdasmke
temperature and spreading characteristics.

2.5.3.  Analysis

Different studies have analyzed the various parameters of tunnels and how they affect the fire and
smoke characteristiésstudy by Haghighat et [@4]goes over the effect of ventilation and tunnel
crosssectional area on fluid properties dstwveam of a fire using CFD daastudy by Shafee et
al.[55]determines how tunnel inclination, blockage ventilation effects thlRR of a fire.

2.5.3.1. Determination of critical parameters in the analysis of road tunnel fires

The intent of this study was to @&¥€D model data to determine fluid characteristics downstream
from a fire in a tunnel. The selected characteristics to studwniralysssvere the average
temperature, the average density, the average viscosity, and the averageweldfatrgnt
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parameters interact with thesgponse variablssietermined54} The HRR was selectedsed

on NFPA 502 recommended peak HRR for a bus orMaHRR variebdetweerl0 MWand up

to 30 MW.It was determined the overall physical firergigardless of the HRR and fire intensity,

did not influence the response variables downstream of thieditaenrel dimensions do affect the
average temperature and density up to 220 m downstream and are insignificant at 400 m
downstream. The inlet velocity does influence the average temperature and the average density

drastically at 20 m and 400 m downstream @ifélgource. Thaverage velocity downstream of a
fire is dependent on both the inlet velocity and the HRR.

Temp {'C) 100
96.6

Average lemperature
b

Average lemperature

288

43

10 19 29 36 10 22
- A Air velocity

36
Ar Air velocity

(a) Two lane tunnel (73.7 m°) (b) Three lane tunnel (119.8 m‘\)

Figure 10: Tunnel Dimension Effect on Average Temperature (from [54])

This study by Haghighat et[&#i]proves to be useful for understanding what parameters effect the

overall characteristics downstream of a tunn&fid&ferent burning vehicles. This helps analyze
tunnel design, ventilan sequenceandfirefightingtechniques.

2.5.3.2. An analysis of tunnel fire characteristics under the effects of blockage

Ethanol pools were usedastudyby Shafee et ah understand how blockage, slpped

ventilation rates effect the overRR, buming rateand smoke badkyering55] The downhill

and uphill slopes effect the fineluced buoyancy effects. This study helps understand the downhill
inclination effect on critical ventilation velocity and comparestuhe oéthis inclination with a

horizontal study. Using a snsalhle oreduceescale testhese different parameters could be
changed for each test.
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Figure 11: Mean Effect on HRR Flux (from [55])

The plot aboves fromShafee et §b5]andshows the overall effects of the inclination, blockage
ratio and ventilation velocity on the HRR. This study shows blockage and inclinafioarde

the overall HRR, but thentdation velocity is a more important fa¢d&% overall mean effeirt)
controlling the overalRR The higher the mean effect, the more sensitive the HRR is to a smaller
increase in that specific variable tunnel blockage effect accounted for @5#te mean effect

and the inclination accounted for 19¥e other factors that contribute to 11% mean effect include
the blockage distance from the fire. The HRRi#tareasess that blockage distance increases

from 5 cm to 30 cnBut there is less tha 0.2 MW/m change with a 25 cm increase in the

blockage distancgn increase in the ventilation velocity from 0.0 to 1.5 m/s multiples overall HRR
flux by four from 0.4 MW/rhto 1.6 MW/nt.
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2.6. Traditional Fuels Research Gaps

Traditional fueled Ycles have been thoroughly studied for many warstudies on the various
timetemperature curves and how they are applied. Additionally, different studies have supported
model development as well as understanding ventilation requirements.ofihgesettirougha

variety of studies, but there are many more available for traditional fuels. As different fuel blends
become available, such as ethanol and biodiesel, more work should be completed to further
understand the consequence of these fuelgiofdtly,as engine technology advanoasbustion
processes may require future wothkelp determine how higher temperatures and leaner mixtures
might be a scenario that leads to a fire. This is discussed further in the research gaps below.

The followingcriterawere evaluated to determine where research gaps niagaxistg
TraditionaFuel ICE powered vehiclestunnels.

1. Scenariddentification
2. FailureModes

3. Consequences

4. Validation

Scenarios that lead to failure mdde® beedetermined asnginebayfiresinitiated by collisions

or various vehicle defe¢ssich ashort circuitsas well aBammableor combustible materials

igniting on the vehiclé variety of incidents involving ICE vehicles in tunnels has led to a greater
understanding of what the failure mode<Canéisions are mostly due to driver ewhite other
initiating events are either due to collision or defeqtsriments such as those listeTable7

show the failure modesvarious fuel spillages along with commodities that have been
characterized in tunnels.

The consequence of these failures has led to major tunnel fires that cam iR above 20

MW. Fire temperatures can exceed 1000 °C and lead to quicker developing and spi@ddiing fires
Using real scenarios such as vehicle crashes or malfunctions has driven studies and experiments on
tunnel fie characteristics of ICE vehicles. Some tunnel studies just involve fuels such as diesel and
gasoling49][55]while other studies include other commodities or whole véhigl@gpically,

experiments are compared with the standard modelddrmiperature curves in order to validate

the models. This comparison also helps understand how the model characteristics are different than
that of the experimerRreliminary fidings from traditional fuel fires are shown in the study by

Shafee et gb5]in which a variety of parametsush as ventilatiomereincreased to understand

how the heat release rate chafglealvn inFigurell). Additionallyl.emaireand Kenyorj51]

showthat as the ventilation increases, the HRR also increases but the total time of the fire decreases.

Various sizes or classifications of vehicles have been involved in both real scenarios as well as testing
to further understand how a passenger vehicle compacasgetygpe vehicleegardingunnel

fires. Theproperties of gasoline, diesel, ethamdlblends of these fuels are known and well

regulated-or example, vapor pressure is closely regulated to ensure emissigisatattup

are controlled. This is important when designing fuel tanks systems to ensure a flammable mixture is
not developedbove the liquid fuélypically, theoncentration above the liquid fuel exceéds U

Most of the failures and consequences from ICE vehicle fires in anenvelsknown through

actual scenarios and further understood through testing and mydetihegfollowing research

gaps have been identified:
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1 As ICE emission technology evojsgh assing technologies such as particulate filter
regeneration, recirculating exhaust gases, and running vehicles with a leaner fuel mixture
further study of thefiect on exhaust system component temperatures may be needed. Fuel
spillage might accumulate directly under the vehicle and it is important to understand how
higher exhaust temperatures might lead to potential ignition sources.

1 Future technologies, suctcampressioignition gasoline engines or advanced forced air
induction, might also lead to increased exhaust component temperature.

1 As engine components advance, the ability to run hotter from leaner mixtures and higher
pressures could lead to an increesiegine bay temperatures, which might increase
potential ignition sources.
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3. BATTERY ELECTRIC VEHICLES

3.1. Overview of Technology

Battery electric vehicles (BEVs) offer consumexiéeginativéransportation option to

conventional internal combustion engines (Il@Ehese vehicles, the internal combustion engine

and powertrain system is replaced by an electrical poweligamhybridelectricvehicles

(PHEVs) offer an electric motor povesl by batteries with an onboard combustion engine that can
charge the battery systeimen it gets depletetihe battery is charged througialale connection

whenthe vehicle is parked amok operating. Generally, BEVs offer many benefits such as high
efficiency, no harmfaidilpipee mi ssi ons, good performance, and
through charging®6]

BEVsultilize an electrochemical storage system in which energy is converted between electrical and
chemickenergy through a reversible process. This is done with a battery system consisting of
lithium-ion or lithium secondary cells. The battery cells generally consist of a case, an anode and a
cathode which are electrodes, a separator, and an electrdlydetHeadifferent battery types

consist of different materials for the casing, electrodes, and electrolyte, which result in varying
performance and cost.

There are several different battery technologies in BEVs that offer a range of energy density, power
density, cycle life, and calendar lifelifthem-ion or lithium secondatyattery technology is

regarded as the most promising because of its high energyhdginesiticiency, and long lifespan.

Unlike lithium otithium primarycellsthat are dispsable, lithiuaon or lithiumsecondargellsare
rechargeahlenaking thersuited for BEVs.

Table 9: Comparison of Lithium and Lithium-lon Cells
Lithium (Primary) Lithium-lon (Secondary)

Onetime use Rechargeable

Smaller lightveight applications Custom, larger scale application

Metallic lithium as the Anode Porous carbon asode

In addition to lithiurrion batteries, there are also lead acid, nickel metal (iydktd), nickel
cadmium (NICd),and sodium nickel chlorida-NiCl,) battery technologies that have been
used/considered for use in BEVs. However, there are limitations associated with each of these
battery types that make them less desirable for future designs than therlithatterydue to

lower specific eamgy or specific power capabilittd] There are several different types of BEVs
currently in operation, including buses, trucks, vans, and cars

3.2. Properties of Lithium-ion Batteries

As discussed previously, lithilom batteies are considered the most promising battery technology
due to the high energy density and light wedghpared with other battery technologies mentioned
aboveThis is further illustrated Fagurel2below:
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Figure 12: Battery Technology Energy Densities (from [57])

There are several different types of electrodes and electrolyiteithaedion batteries.
HoweverFigurel3shows the general chemistry of the basrghown, during recharging
operations, the positively charged lithium traagtsthe cathode to the anode through the
electrolyte then combines with the charging electrons, which forms a lithium atom that gets
deposited between carbon layers. This process is reversed during dischargifggactivities

Charge
Lit g

4
©
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o
]
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) Li*

Ca(h?»de Electrolvte Anode

Figure 13: Lithium-ion Battery Chemistry (from [59])

Technology improvements for lithiiom battery typesrethe most promising. A battery system is
broken down into various saigstems and silomponents as follows:
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1 Lithium-lon (Lithium Secondar®ell

0 Varies capacities, chemistfasn factors manufacturers, etc.
1 Module

0 Housegells in variousonfigurations

1 System Casing/Housing

0 Houses completmattery systerwomprising of modules
1 Battery Management System

o Thermal management

o Determines charging/discharging routines

0 Monitors system health

o Controls State of Charge (SOC)

Different cathode chemigtvarieties of the lithivion battery offer different battery characteristics:
lithium cobalt oxide (LCO), nickel cobalt and aluminum (NCA), nickel manganese cobalt (NMC),
lithium iron phosphate (LFP), lithium manganese oxide (LMO), lithium polynititanddn

phosphate offer different advantages and disadvantages in terms of power, energy density (Wh/kg),
specific volumenf/kg), safetyand calendar and cycle life. Additionally, the various electrolytes

such as ethylene carbonate (EC), dimethginzaeb(DMC), ethyl methyl carbonate (EMC), diethyl
carbonate (DEC), propylene carbonate (PC), and methyl propyl carbonate (MPC) offer different
performance characteristics and have varying safety metrics. These arendieciss®d3.2

3.3. Associated Hazards

A catastrophic failud the battery systecan occur due to manufacturing defects, thermal abuse,
electrical abuser mechanical damage.

Positive terminal

Deflected anode

Non-uniform cathog

L ‘\L“

Deflected anode

Figurel4shows defects in an 18650 cell in both the cathode and thedant8&50 cell ia
designation for eylindricatell thattompares ta AA battery in terms of the form factor.
Manufacturing defects could cause cells to have shorter overall life cycles, and when used in a
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battery module, this could caasenbalancef chargeamongstellsandpremature cell failure.

Thermal abuse can be caused by failimglfunctioning cooling or thermal management systems.
Electrical abuse might occur if the battery management system incorrectly charges/discharges/cycles
the cdk. Mechanical damage could occur during an impact. Other mechanical abusaguch as
termvibrations might cause cells to have excess wear and create an internal or external short circuit.

TablelObelow gives an overview of the types of abuse testing that each standard provides guidance
on byRuizetal.[61] These are general practices and examples of standards that should be used to
better understand the safety implications of these battery systems at varidbe letels.

designations are the followingC€&ll level testing,Module level testing;fRxck level testing and

V-Vehicle level testing.

Table 10: Overview of Test Standards for Lithium-ion Battery Abuse (from [61])

SAE SAE UL 2580 | FreedomCAR
Test J246462] J292963] [64] [65]
Mechanical Shock | C M P/IC M P V|C M P| - M P
Drop - - P|l- - P -|C - P| - - P
Penetration cC™M®©®P|- - - -|- - -/C M P
Mechanical Immersion - M P|- - P -|- M P| - M P
Crush/crash cC ™M P|- - PV|IC M P|C M P
Rollover - M P|l- - P -|- - Pl - M P
Vibration - - -|CMP -|C M P|C ™M P
External Short
_ Circuit CMUP|- - P -|C M P|C M P
Electrical
Over
Charge/Dscharge |C M P|- - P -|C M P| - M P
Thermal Stability c - -/-- - -]c - -1 C M P
Thermal
Overheat - M P|- - P -|- - - - - -
Fire - M P|- - P -|C M P|C M P
, Emissions CM™MP|- - P -ICMP|C M P
Chemical
Flammability c™MP|{- - P -]CMPIC M P

Certain failure modes within lithiom cells can lead to an exothermic reaction within the sealed
cell.Examples of these failure modes include mechanical damage, manufacturing defect,
overcharging/dischargirand/or over cyclingfhese reactions can lead the cell into thermal
runawayThis is due t@ series of exothermic reactithrad increastne cell temperature, resulting

in internal generation of gaddss builds pressure in the cell and can ultimately lead to rupture and
arelease ofent gasPropagation of failure from the geHcell chain reactiomsayoccur due to
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the thermal energy release from the failed cell. This can cause the entire mpaiutesystekn to

go into thermal runaway. Studies such as the onectamhtly Lopez et #6]in 2015 studied

18650 cells and prismatic cells in order to determine separation distances that would-fmrevent cell
cell thermal runaway propagation. Based on various cell and tab configusatsores;atmmended

to maintain at least 2 mm of spacleetween celt® minimize the chance of thermal runaway
propagation.

There are examples of safety devices to help preverd ttagulead to thermal runaway. One such
example is thiaternal posive temperature coefficient (PTC) current limiting device used in the
18650 cells in a Tesla Road$t&r The onlydownsidesthatonce the PTC activatdbe state of
charge can no longer be measured when disposing of thAistoely. byBalakrishnast al.[68]in

2006 goes over other safety mechanisms associated withdittbatteriesSafety vestrelieve
internal presure build up in a cell that has faBedlt-in internal thermal fuses will melt when
excess current flows through the é=divinghe cell permanently disabled. Cell charge balancing
can also be controlled by measuring and terminating chargingjaigdioaa specific cell in a
module. This helps protect cells in a module from being overchaegtid¢hargedihese are

some examples of ways to help mitigate or slow thermal runaway between cells.

BEV DeSIgn Specifications: Failure Mode: .
. Capacity Exothermic

’ Overcha'rge/dlscharge reaction within Vents gas into
—> * Mechanical Damage > | .
cell causes confined space

Manufacturing Defect
thermal runaway
*  Over-cycled

*  Chemistry
Cell Form Factor
Battery Configuration
and Management System

Delayed Gas No Immediate
Ignition Accumulation Ignition

Deflagration |

Secondary | | Additional Oxygen Limited,

Ignition 1 Vent Gas "1 Extinction of Fire \
Fully .‘ ,

Well Ventilated ‘ : Immediate §
DEVEIOPEd Condition Fite | 1o Ignition
BEV Fire

Figure 15: BEV Failure Event

Figurel5showshow system design can lead to the generation of a flammable mixture and an
eventuafire or deflagration from a BEV failuliethe event a failure occurs iBERV and based on
the confnement, the vent gas can accumased on factors such asspasiegjas

concentration, release rates, and total vent gas \eflanmemable mixture can occur. With
immediategnition, a fire may occur that consumes surrounding oxygen and caurided t
ventilated fire extinction. More vent gais bgroduced from other cells that have faBaged on
confinement, this will determine if a fire scenario or deflagration/explosion scenario Mithexist.
vehicle is in a welkntilated area, thiimmediate ignition, a fully developed fire may occur. If vent
gascancontinue accumulatimga confined spacgecondary ignition may cause a deflagration.
There might be both a fire and deflagration that occurs or just one of them.
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3.3.1. Vent Gas Hazards

It is already well known that battery systems such-asitebdtteries can producegds or vent
gas such as hydrogen. What makes lHbiutmatteries unique is the large variation in not only the
species of gases produced when venting, but alsoifitie in volume production and rate.

Literature Chemistry | SOC (%) |

Ohsaki (2005) LCO OCH | e e I . H2
Somandepalli (2014) LCO 150 | R T s CO
Somandepalli (2014) LCO 100 | e N R

FAA Study (2016) LCO ., ———— THC
FAA Study (2016) LCO 90 | e I e e  CO2
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FAA Study (2016) LCO 70 | N
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Figure 16: Battery Vent Gas Species Compositions SOC (from [69])

Figurel6by Baird et a[69]shows the vent gas composition for various cell chemistries and states

of charge (SOCIn some cases, the state of charge is greater than 100%, indicating that the battery
has been overcharg&dhere current is applied and there is an increase in voltage over the nominal
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capacity This could simulate an instance wterdattery managemaystem failed and allowed

the charging system to continue even after charging is cohygleént gas released from these
failedlithium-ion cells contaiaflammable gamixture that contains various spesieh as
hydroger(blue) carbon monoxidérange) which is also toxarious hydrocarbons such as

methane angropanggreen)and carbon dioxideed)which is an asphyxiamtespecies

composition anglent gasolume production vary for other tests based on SOC, cathode
chemistries, cell forfactor, capacity, eto. addition.Somandepalli et §f0]reportedan estimated

vent gas production rate@B2 L/Wh froma7.7 Wh cellThis is at the cell level, so further
experiments would need to be studied to determine if this estimated vent gas production holds on a
larger scale. Current BEVs have a capacity of 30 kWh to 1p0LkWne rate at whichetbattery

cells failn a module is also important to understand. This will ultimately lead to the gas production
ratewhichwill vary based on the system parameters and the failure mode.

A deflagratiomazarccanexist due to lithiuron cell failureOne example of this occurring was in
asubstation explosion Surprise, AZyhere a lithiuaon battery energy storage system failed,
releasing this flammable vent Gas flammable vent gas ignited after a delay, and the resulting
shock wavéhrew multige firefighters badik2] Explosion hazards are basediwos& parameters

that must be preseitxidizr, ignition source, fuebnfinementanddispersion of the gakhe
confinement of the gas and the amount of gas prodye@eBEV battery failure will determine the
severity of the deflagratierplosion These parameters will affect key deflagration nseticas
flame speed and maximum overpressure.

3.3.2. Fire Hazards

In addition to the deflagratimietonationhazard, BEVs psent a unique fire hazard as well due to
the potential for cascading failWkéen a lithiumon cell fails, flammable gases avally ejected
due to the liquid electrolyte reacting during the combustion process. Thesergasais can
unburned or mighte ignited and burned as dlgghe. This jelame from one calh the battery
system can heat other celtg)verting the potemdichemical energy rapidly ititermal energif.
there is enough oxygeresentfuelfrom the flammable gases along héht provided by the

failed ells (as well as the potentially flammable packemiid)ead ta fire hazard.

LCO/NMC NMC LFP  cathode a1

separator cathode Al
3%

separator separator  foil

3% foll 3% 6%
7%

Figure 17: Cell Component Breakdown by % Mass (from [73])
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Figurel7 gives thenateriabreakdown of each part of the cel study by Golubkov et §r.3]
Below, inTablell, further breakdowns are provided for compariso

Table 11: Cell Deconstruction Breakdown by % Mass

Nominal .
Form . Cathode Cathode | Anode | Electrolyte | Separator | Packaging
Reference | co ctor C?Rﬁg'ty Chemistry | (%) (%) (%) (%) (%)
Ribiere
(2012)74] Pouch 2.9 LMO 44.0 35.0 11.0 2.0 6.0
Somandepall

(2014Y70] Pouch 2.1 LCO 42.4 34.9 9.5 6.4 6.8
Golubkov
(2014Y73] 18650 2.6 LCO/NMC 45.1 24.8 104 2.7 16.9
Golubkov | 1g650| 1.5 NMC 334 | 318 | 102 3.2 213
(2014)73] ) ) : ) : :
Golubkov | 18650| 1.1 LFP 303 | 233 | 164 3.1 26.9
(2014)73] ) ) : ) : :

Not only is there the hazard of the flammable gases, but the various materials used to construct
lithium-ion cell§such as nylon and polypropylene)achto the fuel loadablell1lshows the cell
deconstructionypRibiere et aJ74]in 2012, Somandepalli e{&b]in 2014and Golubkov et al.

[73]in 2014 There are five major components: cathode, agledaplyteseparator, and the
packaging.

The specific materials can be used to understand the heat of combustion and what the total heat
release will be at the cell level. For example, Somandep@lbleepbrt nylon and polypropylene

as some of the variouswaegdcompounds for the packaging. The actual heat of combustion
various for those two compounds are from 27.1 kJ/g for nylon to 38.6 kJ/g for polypropylene from
Quintiere et a[6]. In addition to the various w&thown mateals used in the packaging of the
lithium-ion cells, the electrolyte composition is also required to understand the complete fuel load.
This component is not well known due to the mixtures not being published consistently from
manufacturers. The study byn@adepalli et dlZ5]provides a value of 19.31 kiligthe heat of
combustion of the electroly# study by Zhang et fi6]has various electrolyte heat of

combustion values, with 13.2 kJ/g for EC, 20.9 kJ/g for,@BC14.5 kJ/dpr the DMC

electrolyteThis shows the range that the heat of combustion for the electrolyte might fall under,
which can be used to estimate thel foel load.
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Figure 18: HRR Curves for various Electrolyte Compositions and Mixtures (from [77])

TheHRRSs of each electrolyte and various mixtures are all ungjudy byEshetu et a[77]

shows how the HRR peaks and characteristics vary for each individual and mixture of electrolyte.
The total heat releasied the electrolyte mixturebased on theombustion conditionsnixture

ratios and electrolyten the mixture and casary from 12 to 24 kJ/g, whichmuch lower than

some of the packaging materials.

A study by Larsson et pl8]looked at toxic emissions from battery fires. Various tests of a variety
of cells at a SOfrom 0% up to 100% were conducted to measukRReand the hydrogen
fluoride(HF) and phosphoryl fluoride productidine hydrogen fluoride production rashge
anywhere from 15 to 198 mg/Wh. Larssondtte immediatg dangerous to life or health

(IDLH) level for HF i25 ng/m?3 (30parts per millionand the lethal 10 minute HF toxicity value
(Acute Exposure Guideline Lev@Jss139 m¢gm 3 (170 ppm)Tablel2below gives ranges based

on the exposure time for the different AEGL lefrels [79]
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Table 12: Summary of AEGL Values (from [79])

10 30 End Point
Classification min min lh 4h 8h (Reference)
AEGL-1 1.0 1.0 1.0 1.0 1.0 Threshold, pulmo-

(Nondisabling)  (0.8) (0.8) (08) (0.8) (0.8) naryinflammation
m humans (Lund et
al. 1997, 1999)

AEGL-2 95 34 24 12 12 NOAEL for lung

(Disabling) (78) (28) (20) (9.8) (9.8) effects in cannulated
rats (Dalbey 1996;
Dalbey et al.

1998a);” sensory
irritation 1n dogs
(Rosenholtz et al.

1963)°
AEGL-3 170 62 44 22 22 Lethality threshold
(Lethal) (139) (51) (36) (18) (18) in cannulated rats
(Dalbey 1996;
Dalbey et al.

1998a);* lethality
threshold in mice
(Wohlslagel et al.
1976)"

“10-min AEGL-2 value.

®30-min and 1-, 4-, and 8-h AEGL-2 values.

“10-min AEGL-3 value.

930-min and 1-, 4-, and 8-h AEGL-3 values.

Abbreviations: mg/m’, milligrams per cubic meter; ppm, parts per million.

If the production rate of 198 mg/Wé scaled for a 100 kWh BERe, the results could be as much
as 20 kg of HF produced. Based on confinement and ventilation the IDLH or lethal threshold could
be reached.
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3.4. Pertinent Regulations and Safety Standards

BEVs have robust safety standarus practiceegardinghe battery systenthe vehicle itself, and
the roadway structures on which they operate

3.4.1. National Fire Protection Association Standard 502

NFPA 502 Standard for Road Tunnels, Bridges, and Other Limited Apcegsiésgheays
protection and life safety requirements as well as design criédfidsfty use in ensuring tunnel
safetySection 7.3.2 states that a tunnel shall be capable aihwitigsthe temperature exposure
represented by the RWS titemperature curve or other recognized standartetinperature
curve that is acceptable to the AHJ, as shown by an engineeringldmeafssamption is that
every part of the tunnel shouldhstand these temperature exposirespective of the
ventilatiorrate type of ventilatioror location of fir¢38]

3.4.2. ASHRAE HVAC Applications Ch. 16: Enclosed Vehicular Facilities (2019)

ASHRAE 2019 HVAC Applications Chapté:Enclosed Vehicular Fagpitiiddes guidance on

vehicular facilities that store and/or through which vehicles travel. These vehicles can be driven by
an internal combustion engine or electric motors. Ventilation requirements including mechanical
gystems and natural ventilation, climate and temperature control, contaminant level control, and
emergency smoke control. Additionally, ventilation concepts including normal operations and
emergency operations are covi3ep

3.4.3. NCHRP Guidelines for Emergency Ventilation Smoke Control in
Roadway Tunnels (2017)

NCHRP Guidelines for Emergency Ventilation Smoke Control in Roadway Tunnels Chapter 2:
Road Tunnel Fpesvides guidance on fire design parameters for tunnels. Thisinclude
consideration of the geometric parameters of the tunnel, fire protection, feadunesgponse times
that leads to decision making using NFPA 502. This is chapter provides a framework on how to
understand and determine fire and hazardous materialenrertag tunnelglO}

3.4.4. UL 2580 Standard for Safety Batteries for Use in Electric Vehicles

UL Standard 258atteries for Use in Electric ¢ek@misesequirements for electrical energy storage
assemblies including battery packsassémblies, and modules that make up the main assembly for
electriepowered vehicles. The electrical energy storage assemblies are tested to determine the ability
towi t hstand abuse testing and conditions. The
parameters are used to test the assemblies and modules at the specified t¢é#jeratures

3.4.5. SAE J2464 Electric and Hybrid Electric Vehicle Rechargeable Energy
Storage System Safety and Abuse Testing

Society of Automotive EngineeB\g) J2464&lectric and Hybrid Electric Vehicle Rechargeable Energy
Storage System Safety and Abugieeegtitance on abuse testing performed txtdrare

rechargeable energy storage systems and responsertoaftonditions and environmental

impacts. The response information collected can be used to determine various hazards due to abuse
conditions. This data can be used to create hazardionitgi@rts for specific energy storage

design$62]
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3.4.6. SAE J2929 Electric and Hybrid Vehicle Propulsion Battery System Safety
Standard - Lithium-based Rechargeable Cells

SAE J292¢&lectric and Hybrid Electric Vehicle Redhaegpalbtorage System Safety and Abuse Testing
givegguidance on minimum safety criteria for the complete battery system, including cells, modules,
packs and complete battery system. This includes understanding how physical support, enclosure,
thermal mnagement and electronic controls operate. This standard focuses on evaluating the
battery system alo[@S]

3.47. FreedomCAR Battery Test Manual for Power-Assist Hybrid Electric
Vehicles

FreedomCARBattery Test Marioid?owehssist Hybrid Electric Vebiekes guidandesting for
cycle life behavior and performance for batteries in hybrid electric vehicle applications. These tests
are applicable to the full battery system as wsihgsscaling to apply to cells enadlule§65]
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3.5. BEV Research Summary in Tunnels
This section documents the results of evaluaggasdin3EV failure in a tunnel.

3.5.1. Experiments

A large variety of experiments for BEVs in tunnels have been conducted.afigdisahworld
failures havalsooccurredThese different reported incidents and experiments conducted provide
an understanding of both what might cause a failure and the characteristics of that failure.

3.5.1.1. Reported BEV Failures and Incidents

Various instances of failB&Vs have occurred due to crash damage, factory,@efddiattery

management issues while charging eemaple of crash damage was dthimg@011 Chevrolet

Volt crash testing. After the test was complated;ehicleaught fire over the weekend when no

lab personnel were present. The Chewolehad been involved in a New Car Assessment

Program (NCAP) pole test three weedr to the fire. This is an impact test with a solid pole for

crash testing ratind3uringthe investigation, it was determined the battery was damaged but only

over timedid it catch firg80] Additionally, a Tesla Model 3 collidetth a parked tow truck in

Moscow, Russidhe BEYV ignited after a short time, thotlghtime is not specifieDuring the

fully developed vehicle fire([8llhere were two d

One instance of a BEV failudge to either a defect or battery managemenbearedn Los

Angelesn 2018. A Tesla Model S was driving slowly through traffic and began to vent gases and the
vehicle ignited. The fire department responded and consulted Tesla via telephone to advice on how
to safely contain the vehicle. Approximately 300 gallons adridamater was used to extinguish

the flames and the vehicle was transported to Tesla for ing82¢tlmore recent example is a

Tesla Model S bursting into flames while parked in a Shanghai parkif@@yakagamage of this

is shown irFigurels Another example comes from a BMW i8 hybrid that began venting inside of a
Dutch showroomThe car was quickly driven outside where it was then immersed in a giant tank of
water where it remained for 24 hq8dg

3.5.1.2. Fire Analysis of BEVs in a Road Tunnel

An experimental analysias performed to evalu#lte worsicase effects of a damaged electric
vehicle battery in a road tunj8&] The batteries were evaluated without the chemical and electrical
safety modules or the protective battery hotsielgninate influencing factoon the tesBecause
lithium-ion batteries are the most promising battery technology, these batteries were the focus of
these experimeniBhe consequences of a large battery fire are large energy releassdeg&age
venting. Tablel3shows the characteristics of the lithiambatteries used in this experimental
analysi§35]
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Table 13: Lithium-ion Battery Characteristics (from [85])

Characteristic Description

Number of Cells 96 cells (8 modules)

Anode Active Material Graphite

Cathode Active Material | NMC

Electrolyte Lithium hexafluorophosphateiPF)
Energy (gross) 33.182 kWh
Energy (net) 27.2 kWh

Specific Energy (gross) | 0.14 kWh/kg

Specific Energy (net) 0.12 kWh/kg

Thermal Runaway From 21C°C typicalHigh charge promotes thermal runaway.

Four test scenarios were evaluated to induceTdfee.scenarios focused on mechanical damage

to the battery: wedghaped penetration with an explosively accelerated steel plate, blunt impact
with an explosively accelerated steel plate, and central puncturing with an explosively formed
projectileThefourthscenario focused on thermal stress in which the battery module was exposed
to a propane gas fire until the module caughliifistrations and additional descriptions can be

seen iMablel4d These experiments showed that the fire hazards of BEVs are similar to those of
conventional vehiclddowever, a different hazard is introduced in the release of potentially more
severe chemical aerosols siscbobalt, lithiupand manganeséhich are toxi{85]

Table 14: Test Scenarios (from [85])

# | Scenario Ilustration

| | Wedge-shaped penetration: Detonation of explosive - =
charges accelerated a steel plate in the direction of the bat- = & 1.,'.' o b
tery module. As a result, the wedges on the underside pene- | &

= 1] Daorton i
. - R L]

trated evenly mto the two cell rows of the battery module, #‘- '¥
where they remained and caused electrical short-circuits. . :

2 | Blunt impact: Detonation of explosive charges accelerated
a steel plate in the direction of the battery module. The = = i
module thus suffered a blunt impact over its entire surface I storaton r'l
so that all cells were structuraly damaged without F!}"M

penetration.

3 | Central puncturing: Battery module was shot at centrally -
with an explosively formed projectile (EFP) from a } i _}:.#

distance of 10 cm. As a result, both cell rows were to be * G ) M

damaged with a continuous penetration of all 12 cells.

4 | Thermal stress: Battery module was evenly underfired ——- —/"
with a propane gas fire until the module caught fire. The - = f
fire source was then removed and the thermal runaway of
the battery observed. TW :ﬁ
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Figurel9shows the layout of the test site where the experiment was conducted, indicating the
battery location (labeled Test site), ventilated section (colored blue), closed bypass section (pink),
and measuring site. The tunnel had a-sea$®@al area of 56 hat the test site and 43 at the

measuring site. Due to the difference in a fire involving a BEV when compared to a conventional
ICE vehicle, pollutants and aerosols were measured in addition to thermal parameters. The bypass
to the mairventilation duct was closed during all tests to control air flow and prevent8gjtion

Test site 0 N Measuring site

Figure 19: Test tunnel area layout (from [86])

Tablel5gives the release quantities for the four different tests listed above. Also listed is the total
test durationlt was discussed that toxic aerosols suchas ¢itium, and manganese are

released, which is unlike traditional ICE vehicle fires. One thing the authors noted was while
hydrogen fluoride gas was expected teteetedno large quantities were measuéea@dditional
notewas that the three meaial damage tests caused each cell in the battery talyerméd
runawaylmost simultaneously, while the thermal test caused a chain reaction of thermal runaway
between cells.
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Table 15: Release Quantities (from [85])

Parameter Test 1 (wedge) Test 2 (plate) Test 3(puncture) Test 4 (fire)

PHs[g] <0.4 <0.4

FasHF [g] 1.1 3.1 <1 <05

POs-P as HPO,[g] | <15 <15 11.3 <1

Co [d] 457 567 190 364

Li [q] 107 124 42 92

Mn [g] 445 536 184 349

F Aerosol [g] 152 160 68 126

NO [g] <1 1.1 <1 1.5

NO2[g] <1 <1 <1 <1

CO [0] 76 181 97 141

CO: [g] 8500 6000 2000 7800

TVOC [g] 20 196 93 32

x Aromate |16 8.6 3.2 3.1

Benzene [g] 11 3 1.6 1.7

Toluene [g] 0.2 1.1 0.5 0.4

Xylene [g] 0.1 0.6 0.3 0.2

Styrene [g] 0.1 3.0 0.5 0.6

Duration 16 min 21 min 16 min 26 min
3.5.1.3. Electric Vehicle Crash and Fire Damage

An experiment was performed to show the effect of both crash and fire damage using a Tata Indica
GLX ElectricVehicle that uses a 26 kwWh, 12 module NMC listgnrbattery|87] Overall, the

goal was to better understanalBEV battery system will ignite with heavy crash damage and how
much water is required to extinguiSi¥ fire after thermal runaway. The first test was a drop test
from 20 meters that simulated a 70 km/h rear impact.s&fterminutes, the vehicle had visible

flames appear. After 2.5 hours of free burning, the temperatures around the battery containment
rangedetween 3T to 540C. This test showed that with severe mechanical damage, the battery
can ignite. It is concluded that many factors such as the angle and energy of impact will affect the
outcomeandthis is good knowledge to have for emergency respamt even towing companies
haulingwrecked or damaged EVs through tunnels.
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The next test used a propane flame under the vehicle to attempt to ignite the battery pack externally.
The windows were rolled down for this test. After ten minutes, igitiemedand two attempts

had to be made to extinguish the fire. The first attempt used 100 L of water to extinguish the flames.
After a short time period,-ignition occurred that led to a fully developed car fire. It took an

additional 550 L of water tully extinguish the second fire, which was declared extinguished when
temperatures were no longer increasing. The major observation with this second test was the actual
battery pack did not go into thermal runaway. After investigating the battérypaaetermined

that while the external fire did not causdd#tiery pack to ignitié,did igniteother combustibles of

the vehicle. Thizre had characteristics comparable with a traditional ICE vehicle. This is unlike the
mechanical damage that eduse cells to go into thermal runaway and [§idite

3.5.1.4. Comparison of the Fire Consequences of a BEV and ICE

Testing to compare ICE aB&V fires was performed in a 50 m long, 3.5 m high fire gallery by the
National Institué of Industrial Environment and Ri§88] There was a total of five different fire
tests performed on the following:

1. Modular assembly of battery cells to represent a portion of an EV battery
2. The same battery assembly witlfiginéng operation

3. A full battery pack with late firefighting attempts

4. EV with a fully charged battery

5. An analogous diesel vehicle with a full fuel tank

A 6-kW burner wasised for an ignition source for each test, and an exhaust system with a
volumetridlow of 25000 n¥hr would collect the products for analyzing. FIRR,total heat
released (THRA nd heat of ;) weoemdptursdtfar twamdifferénhEV vehicles and ICE
vehicles presentedTablel6below:

Table 16: BEV vs. ICE Fire Characteristics (from [88])

BEV BEV ICE ICE
Manufacturer 1 | Manufacturer 2 | Manufacturer 1 | Manufacturer 2

Nominal Voltage (V) 330 355 N/A N/A
Capacity (Ah) 50 66.6 N/A N/A
Energy (kWh) 16.5 23.5 N/A N/A
Mass (kg) 1122 1501 1128 1404
Mass Loss (kg) 212 278.5 192 275
Max HRR (MW) 4.2 4.7 4.8 6.1
THR (MJ) 6314 8540 6890 10000
I B(MJ/Kkg) 29.8 30.7 35.9 36.4
HF Production(g) 1540 1470 621 813
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The total hydrogen fluoride production for the BEV was about double that of the ICE vehicle. This

was due to the combustion of the lithiwm batteries and is noted in otherlesitl studielg8]

Additionally, the heat of combustion for the EV was less than the ICE vehicle. This could be due to
the lithiumi on battery el e cwhiohllowérsthe loveraliheagof combustome r ! h
of the vehicle. Thatent of this test was to use the data as an input for modeling toxic gas

dispersion and the thermal effects in a confined space such as a tunnel or underground parking
facility[88]

3.5.2.  Modeling

Modeling for BEVs in tunnels hast heen explicitly researched and developed. Currently, the
majority of modeling for batteries takes place to undecstafallures and modeling battery
management syste[@9][90] Once a bettaunderstanding of how BEVs fail is developed, models
to characterize these failures in tunnels can be developed.

3.5.3.  Analysis

While no specific studies to analyze BEVs in tunnels have been conducted, one analysis goes over
the various failures that mightwarcc

3.5.3.1. Safety Test Methods for EV Batteries

A study analyzing three different failure modes in BEVs was pefbgidattissonet al [91]to
help understand the safety that should be maintained through the whole life of the battery: assembly,
usage, servicing, accidgsusl recycling.

The first test was a short circuit test, which consisted of shorting out various batteries and measuring
the current discharge. This short circuit could come from for example crash damage or chassis
flex/deformation. One cell exploded, one ruptured and vamedhe last one was not physically

affected. The fire test consisted of a battery pack wikvd @®pane burner located underneath

within a furniture calorimeter. The fire effluents were collected and analyzed to understand the
toxicology. Hydrogen fluoride and carbon monoxide were both meagpares! prer million by
volume(PPMV)[91] This helps understand required ventilation rates, and as more tests are
performed, the total production of these chemicals can be determined as a function of the battery
system capacity.
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3.6. BEV Research Gaps

At a cell level, lithivion batteries are still bestgdiedo understand hogellsmight fail and

what the impact i8Vith battery technology constantly changing to improve performance metrics,
the safety and consequences are also changing. This drives the need forkuxthieh\aoe

included in the research gaps beltwwre are two distinct hazards: the flammable vent gas and
unique hazards due to thermal runaway and propagation between cells. Studies conducted to
understand the safety of BEVs in tunnels is limitecaagdd from real world vehicle crash tests
such as the Chevrolet Volt NCAP pole test to actual reported incidents on public roadways.
Attentionshould be given to the size or class of the vehicle. As vehicular classsincleesdise
amount of storednergy Currently, most BEVs are passenger vetdeke technology and

energy density of lithivion cells improve, mediviand heawvguty BEVs will be developed
Hybrid-ICE vehicles are becoming more common using larger battery packs in eachlsckde of ve
and should also be evaluated. In addition to the scale of a BEV increasing, the transportation of
damaged BEVs should be considered. Reported incidents of damaged and failed BEVs reigniting
shows that studying and understanding how to mitigateithprtan{92]

The following criteaiwere evaluated to determine where research gaps nmagaxst@dEVsin
tunnels.

1. Scenariddentification
2. FailureModes

3. Consequences

4. Validation

The scenarios that lead to a failure mode have been identified by real world examples. Section
3.5.1.1goes over the various incidents that have been reportednVhlesebut may not be

limited to impacts that cause mechanical damage and thermal issues such as internal cooling systems
failure that leads to cell thermal runaagayell amternal shortand/or incorrect

charging/discharging ratesdcyclegshat led to a failure mode.

The failure modes can lead to an exothermic reaction in the cell(s) vatizlsédfheating. This

reaction can propagate failure throughout a module and release of flammable vent gas from multiple
cellsFor each of the failureadesthereare several variables that effect the magnitude of the
consequencauch as the followinattery vent gas volume production, type of cell, vent gas

species, rate of failure propagation through cells and modules, whether there is atitalayed igni
tunnel geometry, efthe failures described in Sec8dnl.land as shown fRigurel5show

trends of delayed fire or ignition during a BEV incitMitit.the complexity of these vehicles, most
research is at the bersttale to study lithiuron cell safety. More complete evaluations on failure

modes needs to be compledsdnore data becomes available.

In contrast to the some of the other alternative fuels, there has not been significant research on
BEV vehicles in tunnets BEV fires/deflagrations in genefidie measurements of the

consequences inclugent gas deflagian metrics, HRR, battery vent gas dispersiomganiiing
structural damag@ne experiment on has been performed to understand the consequence of
mechanical impact and external fires on BEMsY et most experiments comded to understand
mechanical, thermal, overcharging and cycling abuse tests have been performed at the cell level.
These types of tests need to be scaled from-bealehto intermediat@nd largescale test©ne

large scale tg&8]showsthat BEVs are very similar in terms of the fire hazard compared with
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ICEs when compared the HRR and TBIRe of the differencdsund in this study the
hydrogen fluoride production is over double during a BEV fire conmpard@CE vehcle fire.
Validation amongst various experiments to understand the vent gas compaaitiareleasdone
(seeFigurel6).

Additional testing needs to be performeukelp understand how to characterize these failures and
the consequences in tunnBlamples would be understanding the HRR and THR of a BEYV fire
and how ventilation and confinement in a tunnel effectanieéses The following research gaps
were identified:

T

Fully evaluate the deflagration metrics, such as the vent gas volume production, lower
flammability limit, laminar flame speed, and adiabatic overpressure.

Deflagration metrics are dependent on the fuel coattentas well as ambient conditions for
weltknown combustible gases. Battery vent gas is based on these parameters as well as effects of
cell chemistry, state of charge, cell capacity, cell form factor, electrolyte chemistry and
composition, cell to cgtopagation, and failure mode.

Fully evaluate the fire characteristics of both cells, cell arrays, and modules to understand the
HRR characteristics, temperatures, time to ignition, and effect of different cell configurations in
modules.

Understand theffects on fire characteristics of cell chemistry, state of charge, cell capacity, cell
form factor, electrolyte chemistry and composition, cell to cell propagation, and failure mode.

Fully evaluate the failure initiating events that are risk sigmifteamisi of BEV vehicles in
tunnels such as mechanical damage or cell defects.

Evaluate differerBEV classegight,medium,and feavyduty), including how the deflagration
metrics and fire characteristics scale up, as well as how does propagatiemetivain cells
change.

Assess how flame speed and overpressure from various vent gas compositions change in tunnels
with different geometric parameters (such as length/diameter ratio) and the effect on structural
components of tunnels.

Validation of modang efforts through direct comparison to experimental resgecially
since the battery vent gas contains multiple species (hydrocarbons, carbon monoxide, hydrogen,
carbon dioxide).

Understand the amount of toxic chemicals release rate and totalretdased during a battery
fire to understand emergency ventilation.

Assess required ventilation rates for battegasfivithout ignition (deflagration hazard) and
fire effluent from combustion of battery system (toxicity hazard).
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4. NATURAL GAS VEHICLES

4.1. Overview of Technology

The naturafjas vehicle (NGV) is an alternative fuel vehicle that uses compressed natural gas (CNG)
or liquefied natural gas (LNG). Natural gas is comprised primarily of methane (with concentrations
ranging from about 85% #6%by volumgand combustion of this fuel produces less emissions
compared to other hydrocarbon fuels (e.g. gasoline or diesel). In the transportation sector, NGVs
span the range of lighd heavyduty vehicles. Naturgds (NG) can be used to run internal

combustion engines (ICE) as a dedicated fuel or-asehmixed with gasoline, diesel, etc. CNG

can also be utilized to spin small gas turbines to power electric generators and therefore can support
hybrid vehicles as well. In Q@iere were a report@d@.7million NGVs on the roaf®3] Also, as

seen irFigure20 over the years CNG has become a less expensive alteongtmed witimore

popular fuels such as gasoline and diesel in dollars per-galoirquivalent (GGE). With fast

fill statiors for retail use and tiAfi# for commercial use, there are a variety of refueling options for

the range of consumé¢ggl] Fastfill stations use a series of storage tanks that store high pressure
CNG that is then used tostill a vehicle 2@allon equivalent tank in less than five minfates

exampleA timefill station fills directly from the compressor rather than using high pressure tanks
and requires less fueling equipment at the expense of longer fill times.

Accordng to the DOEAIlternative Fuels Data Cenfi@b]as of2019%there are 945 CNG and 71

LNG fuelingstationsn the continental U.Stronger global demand for cleaner burning fuel drives
rapid growth in CN@nd LNG[96] Due to the existing fleets of NGVs and the forecasted

continued growtf@7]we are reviewing the hazards associated with NGVs specifically in the context
of accidents that might occur in tusnel
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Figure 20: Cost of common fuel types over an 18-year span (from [98])

65



4.2. Properties of Methane and Natural Gas

To obtain the energy density required for onboard storage, CNG is stored as agpgzsswiule

LNG is stored cryogenicalgeerigure2l). NG under standard conditions is roughly half as dense
asair andhasa range ofhemical properties shownTiablel7. Additionally, methane properties

are listed since some experiments and models discussed below are for pure methane gas. The energ
released upon ignition (hiegtvalue) of methane is higher than that of natural gas, which would
result in a conservative risk estimate for fires from natural gas systems when using methane as a
surrogateliquid methane has an expansion ratio of 621.3 which is the ratio of woluypreddy

one unit of mass in liquid form to that in gas fdime. energy density of NGoth CNG and

LNG) per unit mass is approximately 43 MJ/kg. This is similar to that of gasoline which is 45 MJ/kg
[99] The energy denspgr unit volume foENG (at 250 bar) is 9 MJ/L versus the 22.2 Nav/L

LNG at-162°C compared with 34.6 MJ/L for conventional gasdb® Figure21below shows

the density contour for methane. Two points on the graph are higlditji@eknsity at CNG

tank conditions (250 bar, atmospheric temperature), and LNG tank conditions (atmospheric
pressure;162 °C).

Table 17. Physical and Chemical Properties of Natural Gas & Methane (from [100])

Property Methane Natural Gas
Molecular weight 16.043 g/mol 19.5 g/mol
GasDensity 0.657 g/L, 2%C, 1 atm 0.70.9 g/L, 25C, 1 atm
Relative/apor Density 0.5536 0.58080.7468
Liquid Density 422.62 W/ 470 g/C,
Melting Point I18%€. I 18%€.
Boiling Point I 16 2C I 16°C.
Auto-ignition Temperature 580C 723C
Flammability Limitévol % in air) 5315% 4.3015%
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Figure 21. Density contours for methane (created using data from [101])
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4.3.

The primary safety hazaegsociated with natural gas is the same as most other fuels, namely
flammability and unctmolled combustion. There are additional hazards are associated with LNG
due to the storage temperature and the potential for rapid expansion, which will be covered in more

Associated Hazards

detail later. Naturally occurring NG is odorless and for safety reasons thebogasdsprior to

distribution. According td.02] the odorized gas is detectable at concentrations as low as 0.3% by

volume in air. As shown abovd ablel8, the lower flammability limit (LFL) is3% (vol% in air)
Thus, a leak is detectatyeodorat concentrations roughly 15 times lower the concentration

required for combustion. Flammabilitygerties of methane along with other common fuel types
are shown iTablel8. Note that these properties vary based on lab testing uncertainties along with

regional ath various seasonal additives.

Table 18: Flammability Properties of Hydrogen and Other Fuels

Property Hydrogen Methane Propane G&;gg?e
Flammability in LFL 4.0% 5.0% 2.1% 1.2%
Air (vol%)[27] | ypL 75.0% 15.0% 9.5% 7.1%
Most easily ignited mixture in aif
(vol%) 29%[103]| 8.346[104] 5% [105] 2%[106]
Adiabatic Flame Temperature
[107] 2483 K 2236 K 2250 K 2289 K
Buoyancy (ratio to air) 0.07 0.54 1.52 4
MIE [108][109] 0.0110.017mJ| 0.280.30mJ| 0.250.26mJ 0.8mJ
Autoignition Temperatufé10] 500°C 580°C 455°C | 2460 280°C

Figure22 andFigure23graphically represent timenimum ignition energy aftdmmability limits

(FL) of methaneompared to other fuel types. As shown methane has a similar minimum ignition

energy to other hydrocarbons when the concentration lies within the FL.

Minimum ignition energy [mJ]

Figure 22: Minimum ignition energy for common fuels types (from [111])
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Flammability Limits for Various Fuels

Diesel ~‘-
Gasoline - -
Methane - -
Propane -

T T T
4] 10 20 30 40 50 60 70 80
FL - vol % fuel in-air

Figure 23: Flammability limits for common fuels types (from [111])

An important consideration in safety analyses is the fact that methane is less dense than air at
standard conditions. This means that during an event that yields a leak or rupture of a NGV fuel
container the flammable mass will in most cases dissipatts gndaaway from the ground due to
buoyancy. This improves safety for cases where potential ignition sources are located near the
ground. Buoyant diffusion is also preferred utiless exista restrictive surface above the release
leading to an accuratibn of gas at treurfaceAt this poinithe flammable mass must be

dissipated through proper ventilation and air, itiverwise the hazard can lingequite some

time. Thishazards reviewed in detail 8ection4.5

Note that due to the high storage pressures of CNG and th##éasnmalible rangthis lowers the
chance of ignitiarThis was confirmeaith modelingn a study byaloshet al.[112]that

compared flammable gas dispersion of CNG and gasoline fuel leaks inlstogrieé CFD

code Fuent the models showdldat leaked CNG from vehicle storage containers dilute to levels
outside of the FL shortly after reledskdlitionally Zaloshconcluded thaENG fueled vans are

much less likely to ignite compared to those of gasoline when there is ventilation of 0.10 m/s or
higherin a tunnelThis is based on the model results having a smaller flammable vapor cloud
comparedvith thegasoline vapor clouds shown in the dispersion model results.

LNG releasesmilar to CNG, can also produce flammable vapor clouds contained by restrictive
structuresBut in the case of an LNG vehicle release, the vapor cloud has the obentzater
because of the typically larger amount of LNG stored onboard a[8&hilciehe event of a

release at the bottom of an LNG container, the liquid will cool the surfacettielosould allow

an LNG pool to formwhich will prolong the dissipation period. In addition, the densgtyewitly
vaporized_NG is higherreducing buoyant dispersitmitially the vapor is much heavier than air
but as the gas temperature warms up and the density decreases, it witjiecdhzan aiBoth
factors also increase the chances of ignition by a source on the ground.

Many tests have been carried out looking into the conditions required to cause DDT with methane
vapor clouds (sée5.). Specific to LNG, ligdied fuels come with the risk of a boiling liquid
expanding vapor explosion (BLEVEBI).EVE corresponds to a rapid heating of the super cooled
liquid caising a rapid change in ph#@seLNG vaporizes, its volume increases over 600 lfimes

the rate at which the gas is released is less than the rate of ekp@ausEsel caverpressurize
andrupture According t4d31]this scenario has been witnessed under the extreme conditions of a
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tanker with compromised insulation in contact with an external fire. For BLEVE to occur the
superheat temperature limit must be reached by the liquid. In the case of LNG thisi830Qghly
[31]

4.4, Pertinent Regulations and Safety Standards

NGVs have robust safety standards and regulations regarding the fuel storage system, the vehicle
itself, and the roadway structures on which they operate.

44.1. National Fire Protection Association Standard 502

NFPA502,Standard for Road Tunnels, Bridges, and Other Limited Apcegsiésdheays

protection and life safety requirements as well as design criteria for authorities having jurisdiction
(AHJs) to use in ensog tunnel safetfpection 7.3.2 states that a tunnel shall be capable of
withstanding the temperature exposure represented by the Rijkwaterstaat (fMvpEetiatere

curve or other recognized standard-tengperature curve that is acceptable to theasthown

by an engineering analyBise assumption is that every part of the tunnel should withstand these
temperature exposures, irrespective of the fire location, ventilation ratfl@Bj\weh regards

to NGVs in tunrels, appendix G.2.1 states that CNG fuel sykarasa superior safety rediah

that of current conventional systems (i.e. gas and diesel).

4.4.2. ASHRAE HVAC Applications Ch. 16: Enclosed Vehicular Facilities (2019)

ASHRAE 2019 HVAC Applications ChapterBréclosed Vehicular Fagititddes guidance on

vehicular facilities that store and/or through which vehicles travel. These vehicles can be driven by
an internal combustion engine or electric motors. Ventilation requirements including mechanical
systemand natural ventilation, climate and temperature control, contaminant level control, and
emergency smoke control. Additionally, ventilation concepts including normal operations and
emergency operations are covered.

4.4.3. NCHRP Guidelines for Emergency Ventilation Smoke Control in
Roadway Tunnels (2017)

NCHRPGuidelines for Emergency Ventilation Smoke Control in Roadway Tunnels Chapter 2:
Road Tunnel Fpesvides guidance on fire design parameters for tunnels. This includes
consideration of the geometric paranseof the tunnel, fire protection features and response times
that leads to decision making using NFPA 502. This is chapter provides a framework on how to
understand and determine fire and hazardous materials management[#0funnels

4.4.4. National Fire Protection Association 52

NFPA 52 Vehicular Natural Gas Fuel Systerpso@umlds design, installation, operation, and
maintenance requirements for CNG and LNG fuel systems, storage containers, and dispensing
system§l14]

4.45. National Fire Protection Association 55

NFPA 55, Compressed Gases and Cryogenic plovdsi€Xosterage, use, and handling requirements
for both compressed and cryogenic liquid hydrogen in portable containgess cghid tanks.
Sections 10 and ti#al with bulk hydrogen compressed gas systems and bulk liquefied hydrogen
systems, respectivill 5]
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4.4.6. National Fire Protection Association 57

NFPA 57, Liquefied Natural Gas (LNG) VehikughSystems (Quaeides storage, use, and
handling requirements for liquatural gaiiel in storageontainer$l16]

4.4.7. National Fire Protection Association 59A

NFPA 3A, Standard for the Production, Storage, anflllitarefled) Matural Gas (LN@)vides
guidance for construction and operation equipment for production, storage, and handling of LNG
[117]

44.8. SAE J1616: Recommended Practice for Compressed Natural Gas Vehicle
Fuel

SAE J161&Recommended Practice for Compressed Natural GasWweestedaremended
practices for fuel systems on vehicles that are powered L TE\G

4.4.09. SAE J2406: Recommended Practices for CNG Powered Medium and
Heavy-Duty Trucks

SAE J240Recommended Practices for CNG Powered Meduty dnddkpavyides
recommended practices for construction, maintenance, and operation of CNG powered medium
and heawguty truckg119]
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4.5, NGV Research Summary in Tunnels

A significant amount of work exists evaluating the risks of NG ignition in various scenarios. The
following section documents some of the most pertinent studies.

45.1. Experiments

Due to the high storage pressurasatiiral gas onboaNiGV's, compromised fuel containewuld
produce large flammable masses. This flammable mass is unlikely to ignite without an external
ignition sourc§l12?]

Multiplestudies review the outcomes of ignited NG vapor clouds arutésghre jets. An
experiment determined that congestion had a strong influence on the maximum overpressure
produced by the combustion of vapor cloudss@eteom.5.1.1[120] The occurrence of DDT

even in confined environments with obstructreenss shown to be highly unlikigl21][120][122]
SpecificallyHarriset al[122]showed that even over the length of a 45 m pipe with repeated
obstructionsDDT for NG did not occurA srong correlatiofior heat trarfer to a ceiling based

on theflame height to ceiling distance was slioinarge scaldgamesampingngon aceiling (see
Sectio.5.1.1[120] Royle et aJ123]studied the distribution of overpresswggulting fronthe
ignition of NG contained in a congested region. An array of sensors was used to obtain the pressure
as a function of distance from theiiion source for an uncontained but congested expidsian.
details are provided in the sections below.

45.1.1. Vapor Cloud Explosions in a Long-Congested Region

A series ofargescalenatural gas vapor clouds were ignited ima 3 m x18m long region \th

variable congestidny Lowesmith et gl120] The aim of the study was to deterrthieegisk of

DDT when flame speed was accelerated by congestion. Flame speed and overpressure values were
measured. Initial flame speed pooentering the congestion was varied from 45 m/s to 156 m/s.

Note the speed of sound for NG is approximately 446 m/s at standard conditions.

The experiment took place inside of em26ng enclosure. The enclosure contained two regions, a
congested regiof 18 m length andrB x 3 m cross section and a free region of 8.25 m length and
3mx 2.8 m cross section (W x H). The entire enclosure was fillegaatmixturef air and

methane at 1.16 and 1.09 equivalence fidtesemixtures wereignited inthe free region at

variable locations to obtain specific flame speeds prior to congestion. The congested region was
formed from 12 rackslésignateBR19R12), spaced 1.5 m apart, supporting altersiatetyseven
horizontal pipes, each 0.18 m diametes. dreated a cressctional area blockage ratio of 0.36 to
0.42. Images of the enclosure are showigune24.
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Figure 24: Schematic of Experimental Configuration (from [120])

The gas within the confinement flowed left to right and was recirculated until a desired uniform
mixture was obtained. Note that within this study NG as well-ayddG@gen mixes were

evduated. Lowesmitbt al.carried out two tests pertaining to NG air mixtures. These correspond to
test numbers VCEOL and VCEO4. The test detaliggatightedn Tablel9

Table 19: Test Results Summary for CH4 Vapor Cloud Combustions (from [120])

Test Gas and ER® Ignition Initial speed Flame speed in congestion Overpressure in congestion
details® (ms1)° (based on 0.1ms rolling
average data)

VCEO1 CH4 (1.16) 12,17 ~45 Flame accelerated for 4m to Highest near beginning of
~130ms ", steadied for 6m congestion peaking at ~340 mbar
then decelerated after 3m. Thereafter decreased

VCEO02 81:19 (1.15) 12,17 =57 Flame accelerated to Increased over first half of
~200ms !, steadied, then congestion to up to 812 mbar then
decelerated decreased. Became progressively

more shocked up

VCEO3 51:49 (1.12) 12,0 ~70 Flame accelerated throughout Increased through congestion to
congestion and reached over over 5bar and became more
600ms" shocked up. Some shredded

polythene

VCE04 CH4 (1.09) 11,10 ~156 Flame accelerated quickly to Increased over first part, peaking
about 300ms~! then remained about halfway at about 2bar then
constant, decelerating near end decreased

# Methane:hydrogen ratio by volume and equivalence ratio (in brackets) from analyser data (except for VCE04 which was based on manual
record).

b Ignition location (see Fig. 2) and number of pipes in chamber.

¢ Flame speed entering congestion determined from video and/or IP data.

4 Reduced congestion arrangement.
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For VCEO1 Lowesmithet al.report a maximum witnessed flame speed of ~130 m/s and max
overpressure of 0.34 bar. Ho high initial speed test VCE flame speed accelerated to a
maxmumof 300 m/s with amverpressure value reaching 2 bar. These results are graphically
shownin Figure25
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Figure 25: Spatial variation of flame speed and overpressure within the congestion region [120]

0

Lowesmithet al.explain that despite the high flame speedamaadnt of obstructionthe

transition to detonatiotid not occur. This aligns with the worldafris and Wickerj&22]who in

a similar study only witnessed deflagration as the flame front accelerated along the length of a highly
congested 45 tabe For cases where methaaiecombustions yield DDT severe test conditions

are required. The experiments ran by Zipf [@dlldemonstrated DDT under the conditionsiof

uniform premixed gas, 0.5 cressctional area blockaggos, high energy ignition sources, and
significant geometric confinement. Under these conditions DDT occurred with maximum flame
velocities of 812 m/s (Mach 1.82) and greater. These coratitiamdikely to develop fram

NGV release in a tunrgihe b nonuniform mixinga lack of confinement/blockage, and no-high

energy ignition sourc&hus, the chances of DDT occurrangunlikely.
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4.5.1.2. Heat Transfer to Ceiling and Impinging Diffusion Flame

This experiment was designed to study heat transfemiparging buoyant natural gas jet flames

by Kokkala et a]125] Heat transfer was measured at the stagnation point of an impinged diffusion
flame for various ceiling to flame height ratios. Flame powers ranging from.2.Mbvi€re
studiedFigure26displays the experimental setup.

HOOD

GEILING PLATE

SAMPLE

—— SUPPORTING RODS

GAS BURNER

FLOOR PLATE

—— YIEWING WINDOW

- PROTECTIVE
SCREENS

)
Figure 26: Experimental Configuration (from [125])

As shownthe artificial ceiling consists of a circular plate held in place by four support rods. The
support rods also support the floor panel where the burner rests. To protect the experiment from
the fluctuating conditions of the lab, the apparasswrounded by double screens on all sides.

The fuel for the diffusion jet was reporteddntain96%volume ofmethane gas, which is a typical
concentration for CNG.

The thermal readings taken off the ceiling plate consisted of thermocouplesddesyéaature
andboth Gardontypeand SchmidBoelter type heat flux gauges which provided material

independent heat flux readings. The configuration of these sensors on the ceiling plate are shown in
Figure27.
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Figure 27: Configuration of thermal sensors on ceiling plate (from [125])

The heat flux gauge is located at the stagnation pdiatiofdinged diffusion flame. This should
represent the location of maximum heat flux. Results for the measured heat transfer rates are shown
in Figure28as a functionf the ratio oflame to ceiling height.
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Figure 28: Total heat flux at stagnation point vs. flame height over ceiling height (from [125])

As shownthe rate of heat transfeveryingwith the ratio of he flame height to ceilihgight The

gradient of heat transfer begins to steepen at the point@/fi€@eeaches unity and plateaus
aroundOT'O> 1.5. Regardless of the flame power, the maximum heat transfer rate was measured
to be @proximatel30 kW/n?. In other words, fotheworstcase scenario, the maximum expected
heat flux is around 60 kW#ror thetype of leak sizes and studiguls, tunnels capable of
withstandin@ 60 kW/n?heat fluxover the duration of a NGV fuel releakeuldhave dow risk

of failure fromanimpinged jet flame.
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4.5.1.3. Vapor Cloud Explosions from Ignition of Gaseous Mixtures in a Congested
Region

A series of studies were carriedoguiRoyle et a[123]to measure theverpressure produced from
methane and methane/hydrogen mixtures premixed with air when ignited within congested spaces.
The experimental space was a 3 x 3 X 2 m region containing multiple layer&ofipiags of

the congested region is showRigure29. A concrete wall sits adjacent to the one side of the
congested region. The wall is positioned there to protect the control room and has been shown to
not interferewith free field overpressyde3] Additionally, the wall has embedded pressure sensors

at different heights. For this series of experiments, the blockage ratio was reported as 4.40% the
total volume. The outside of the guials covered in a & thin plastic film which contained the

gas prior to ignition. The plastic film was used only to contain the premixed gas mixtures prior to
combustion and did not significantly restrict the outflow of gas or the pressure wave.

Figure 29: Congestion region or grid where gas was filled then ignited (from [123])

Methane gas was mixed with air to form a stoichiometric ratio of 1.1 which reportedly produces the
highest overpressures. Other gases evaluated in this study were mixtures of methane, air, and
hydrogen whichre all included in some of flgairesand taldsbelow. For this section, only

results pertaining taethane alorere discussefiectior6.5.1. tliscusses theydrogerportion of

this experiment.

The ignition surce was located at a height of 0.5 m off the ground and positioned at the center of
the grid. For ignition a 2.25 J capacitor was discharged through a sparkngaptoivés noted

that the spark exhibited lower energy than what was didétargthecapacitorfor the
instrumentatioyoverpressure values were measured by an arrayasfddvghpressure pressure
sensors. The location of the pressure sensors can beFsgered®. All pressure sensors were
positiored500mm above the grounekceptfor the far field pressure sensarisich were mounted

at higher locations due to the topology of the testing pad.
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Figure 30: Pressure Sensors distributed in and around grid structure (from [123])

Pressures were measured across a wide span of locations including up the adjab&20wall.
lists the initial conditions prior to ignition. The pure methane is labeled as NatHy_02. For the results
of hydrogen/methane mixture experiments, we refer the reader to thg3&jper

Table 20: Initial Conditions of Experiment (from [123])

Measurement Test Conditions: NatHy 02
Methane (vol. %) 100
Number of Layers 9

Free Volume 17.207

Gas mixture temperatufé&) 4.8

Relative Humidity (%) 85.1
Atmospheric Pressure (kPa) 97.71
Mean Oxygen Concentration (9 18.71
Partial Oxygen Pressure (kP4 0.1871
Partial Nitrogen Pressure (kPg 0.7059
Partial WatevaporPressure (kP& 0.0076
Partial Fuel Gas Pressure (kP 0.0994
Mass of Methang) 1.160
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It was noted that during experiment the humidity was uncontrolled but was assumed to have a
minor effect on the resultant explosion overpressure Vatues31displays an image of the
explosion immediately after ignition.

Figure 31: Image of pure methane combustion right after ignition (from [123])

Figure32andFigure33show the measured overpressure values at various locations for all mixtures.
Recall that BtHy 02 corresponds to thgdrogerfree methane gas. Pressures were reported in the
nearfield (within and just outside of the grid) andid#d regions
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Figure 32: Overpressure vs. of distance parallel to the wall in the near field region (from [123])
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Figure 33: Overpressure vs. distance perpendicular to the wall in the far field region (from [123])

In thenear fieldpverpressure values were 11 to 15Ik8ide of the rig, overpressure reached 11.8

kPa and 1.4 kPa just outside the rig. At 32 m away, the overpressure waele?rkigaol able

1, 11.8 kPa is the threshold for skin laceration from flying glass. Anything below 4 kPa is below the
threshold for injury from flying glaS®te that this experiment represented the ignitiarpoe

mixed neasstoichiometrid 8 n¥ region witha high level afongestiofi both the stoiciometric

mixture size and level of congestion are probably unlikely to occur in a tunnel, especially
simultaneously.
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45.2. Modeling

A variety of literature exigts simulations evaluag therisk and consequencesGNG and LNG
releasesn one paper specific to CNG vehicles in tunnelgjdhlvasto capture the likelihood and
worstcase scenarios associated with failures of aTM@&\spersion of CNG was sihated with
Fluentto compute the effect ventilation had on mitigating flammable masSest{ee®5.2.1

Other smulationshave been used to evaluhterelease of CNG from a bus in a turthel,
hazardous overpressaifeom the combustion of these releasesiell atheflame lengthor
sevealfailure scenarios (see Sectidn2.? In Sectio.5.2.3overpressusaverecalculated due to
thecombustion of NG vapor clouds in tunpeleng with aisk analysis studi/e also summarize
modeling that comparde risk associated with equivalent CNG and LNG védilolesn terms

of harm and lethality distance (see Settto2.4 In this work, lbth theflammable and nen
flammable effects on occupants within the tunnelomastdeed. Overall it has been shown that
the associated risks of harm to people and the structure of the tunnel itself is low in most cases of
failure.In absolute worstase scenarios where full instantarfeet®leases of commercial
vehicles occur with no tunnel ventilaod perfect mixindnazardous overpressicardevelop
However the likelihooslof the worsecase scenagareimplausibleand the hazard can be reduced
with proper ventilation.

45.2.1. Dispersion of CNG Fuel Releases in Naturally Ventilated Tunnels

Three naturally ventilated tunnels were studied with respect to the ttepsesidrof vaporor
gasclouds produced during anideatal fuel releabg Zalosh et al. [104The purpose of this

study was to determine the effect ventilation speed had on flammable volume formation and
dissipation. Gasoline and CNG releases were compared, sour€dGroeamswith equivalent

fuel capaity/driving rangeo conventional gasolirfeor CNG, 24 kg of gas stored®§684 kPa

(3,000 psiygwas released througb.85 mm(1J g pipe under choked flow conditions. For gasoline,

a tank of 35 gallons was released in a liquid state thdidughrar( 1 @ipe. The gasoline pooled
and subsequently evaporated forming a vapor cloud. The specifics of the vaporization and flow
models can be found|[ihl2]

Zal osh measured the aver age ionsforoseveral wnnelsimf i | e
Boston, including the Rutherford Avenue, Storrow Drive, and Prudential Turnetoity

profiles for each tunnel wagasured usirgghotwire probe on a telescopic polearious heights

(~1-5.5 m). During measuremewise lane was closed so readings could be taken from the center
of the tunnelThe probe was also moved along the length of the tunnel to obtain the adoiaion

the lengthTable21 provides theunnel dimensions as well asditusssectiondy average

velocitiedor each tunnel.
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Table 21: Tunnel dimensions and averaged velocities (from [112])

Tunnel Tunnel Dimensions (L x W x H) [m] | Avg Velocity [m/s]
Rutherford 121.9x 15.2 X 5.4 1.24
Storrow Drive 304.8x9.1x 15 1.00
Prudential 224.0 x 18.3 x 461 1.10

Average 1.11

The CNG releaseatewas calculated as choked isentfgic as described in detai[112]
Gasoline waassumetb be 536 pentane, 22% hexane, and 25% benzene which results in a vapor
pressure of 5.3 psia at®®Dand a viscosity of 310" kg/m-s.

Fluentwas utilized to simulate the dispersion of the two fuels when the van was located at the center
of the tunnel. The goersion models simulatix release occurring inssdeomputation domain

of 100.0x 8.25x 4.27 m (Ix W x H). Thesize and shagof the flammable cloudias defined by

thelower flammability limit (LFL) for each fuéie LFL is 5.06 by volumen air for CNGwhile

the LFL is1.6% by volume in aiior gasolin&apor The volume of thBammable region was

measured from the release pfiah location) to the end of tbemputational domaset for the

model Figure34displays the volume of flammable region obtained fofuehels a function of

ventihtion speed.
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Figure 34: Volume of flammable region versus ventilation speed from simulation (from [112])
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An equivalent CNG release produces a much smaller flammable volutherel@minimal
ventilation @.1 m/9. Astheventilation speed incregs® does thgasoline pool evaporatidrhis
relation can be seenFigure35. Note that theCNG release rais constanbecause the flow is
chokedregardless of the ventilation speed
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Figure 35: Gasoline Vapor and CNG Release Rates vs Ventilation Velocity (from [112])

The @solingelease rate, on the other hand, incraaesventilation velocity increases due to
increased evaporation. This increase in severity begohsctas ventilation speed increases
beyond 0.2 m/sThe CNG release rate is independent of the ventiialimrity Note these values
are much lower than the measured avesage releas@verall, witrenoughventilationCNG
releases produce smaller flammable nthaséisat of gasoline when released in a naturally
ventilated tunnel during low traffic tikxtion velocityZalosh et a[112]concludsthat aCNG
vehicleposesa smaller overall flammable region

45.2.2. Gaseous release, dispersion, and combustion for automotive scenarios

Venetsanos et §l.26]CFD was used to studlye effects of a compressed gas release from a
commercial vehicle in urbanaar®ne urban area simulated was a tunnel with a single deck city bus
located centrally along the length. Variable releases from both hydrogen arelt@NGwere

evaluated. The fuel storage systems modeled represented that of a typical European bus with fuel
containers located along the roof, forward from the midpoint. The system consisted of 2 sets of 4
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tanks connected as displayetaible34. The specifi€FD solvers utilized were ADRBAF for
dispersion and REACFLOW for combustion.
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Figure 36: Fuel tanks configuration for both CNG and CH2 gas (from [126])

The tankontained total of 168 kg at 20 MPa of CNIGis isrepresentative afstandardCNG
bus The main vent lines are controlled by thermally activated pressure pelef HRD). As
shown eachTPRD isattached t@manifot connected td tankg2 TPRDs per set @& tanks.
Multiple release scenarios were evaluated by Ud&RbBgaifice sizeand tank evacuations. A
summation of storage parameters is shoWwahle22 Note this study and the figures bdiawe
results for hydrogen systems as well.

Table 22: Storage Configurations (from [126])

Fuel Pressure Fuel density at Total storage Single cylinder Total fuel mass (in 8 Fuel mass in one
(MPa) 15°C {kgm_") volume (1) volume (1) cylinders) (kg) cylinder (kg)

H, 20 14.96 2672 334 40 5

H, 35 24.02 1600 200 40 5

H- 70 40.18 996 124.5 40 5

CH,4 20 168 1000 125 168 21

Thecomputational domain was modeled as a tunnel of 212 m length witis@ctionss area
displayed ifrigure37. As mentionedhe bus was located along half the levfgtie tunnel in a
centralized location. Besides the thastunnel was assumed to be empty and the walls were
modeled as smooth surfaces. Additigriaélyair was assumedeagcent to represent a werase
scenario.
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Figure 37: Tunnel Cross Section (from [126])

Two release cases were evaluated for TaliBe23lists the descriptions of all cases, Case 1, and 3
were selected since Case 2 lies between them.

Table 23: Storage Configurations Details (from [126])

Case no. Possible release Description Gas released (kg)
1 Vehicle out of service (automatic valves closed) Gas from one cylinder released through 1 PRD vent and Hydrogen—35
and one random PRD fuse fails open OR Fire 1 outlet Natural gas—21

causes a single PRD to trigger”

(=]

Vehicle in service (automatic valves open) and Gas from all cylinders released through | outlet Hydrogen—40
one random PRD fuse fails open OR Fire Natural gas—168
causes a single PRD to trigger*

(7%

Fire causes all PRDs 1o trigger simultaneously” Gas from all cylinders released through all 4 outlets Hydrogen—40
Natural gas—168

“Tt is assumed that the fire does not ignite the gas. Anecdotal reports by various research and testing organizations indicate that fires that cause
temperature triggered PRD to open may not immediately ignite the vented gas. The fire that triggers the thermally activated PRD may not be in a position
that causes the vented gas to ignite, since the exit from the vent may not be situated in the fire.

The results fo€asel, where only one cylinder was released thaosighl&@ PRD, are shown in
Figure38 The left frame shovike flammable mass ahe right framéhe total available energy.

The available energy was computed by multiplying the released mass of fuel by the lower heat of
combusbn. The flammable mass was calculated from the amount of fuel/air mixture released
which was within the FEigure39displays the results 0ase3, where all 8 cyliers releade

through all /IPRDs simultaneouslihis case mdye implausible.
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Figure 38: Flammable mass and available energy of released gas in Case 1 (from [126])
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Figure 39: Flammable mass and available energy of released gases in Case 3 (from [126])

Note the change in scales betwagure38andFigure39 For Case 1both the flammable mass

and available energy maintaioegrvalues and dissipated rapidly in tfoeCase 3the

flammable mass and available energy reached dangerous levels which persisted over the length of the
simulation.

It was assumed ti@ase 1 overpressamould benegligibldecauséhe total flammable mass was
less than 0.5 kgor Case 3the overprssure values are displaydeigure40. Theoverpressure
was calculated assuming thatltbed was ignited after 40 secondsesponding to maximum
flammable masshe ignition pointvas assumed to hthe center of tunnel at the top of the bus.
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Figure 40: Overpressure values up and down tunnel of the bus for release Case 3 (from [126])

When reviewing thesgerpressure values, it is important to keep in mind what pressure values
correlate to what level of property damage or hbharndThe tables listed Bectiorl.2help
understand the damage and tenability thres@alsis.3 scenario yields overpressure values capable
of rupturing eardrums and creating harmful glass splinters up to a dist@0ce &@m the

ignition pointNote that the range for the eardrumtuug threshold reported Trablelis 16.5

19.3 kPaVenetsanost al [126]states that the blast wave maintairssrgagth for long distances
inside of tunnels due to the high levels of confinernemared with urban environments where
blast waves decay quickeladdition to overpressyuienetsanost al[126]reporedthe fireball

length along the tunnel, the results for each scanarisplayed ifable24.

Table 24: Combustion results within tunnel (from [126])

Scenario Effect
Case Fuel Pressure (MPa) Energy (MJ) Fireball Qverpressure
Length along the tunnel (m) Peak overpressure (kPa)
1 H- 20 346 62 2.3
35 377 58 2.3
70 448 47 23
NG 20 19 S S
3 H, 20 3890 220° 42.5
35 3900 285" 150
70 NM NM NM
NG 20 5380 198 45

Notes: §: Small flammable mass. Calculations were not performed. as the overpressures and fireball size were not expected to be significant. NM: Not
modelled. Typical overpressure effects (based on various scientific sources): 2 kPa: Threshold of window breakage. 21 kPa: Threshold of eardrum rupture
and moderate building damage. 35 kPa: Severe building damage, i.e. unusable.

“The flame extends beyond the limits of the tunnel (tunnel length = 212 m).

For Case 3the NG combustion produced a flame length which travedetjthe length of the
tunnel, 198 of the total 212 m. The flame lengtGaee ING combustiorwas reportetb be
negligible. It is worth notirigat in this studyCase 3 representsiamplausiblescenario of rapid
and complete fuel release, ignitien thepeak flammable masgpresentandstatic air within the
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tunnel. This study further identifies the importance ventilation plays omitigiatluring an
accidental release of fuel in a tunnel.

45.2.3. Natural Gas Vehicle Explosion Risk in Tunnels

Middha et a[127]usedCFD modelindo support the evaluation of explosion risks for NGV (both
cars and buses) in tunnels. The objective of the modeling was to predict a quantitative explosion risk
for CNG in tunnels. The solver utilized for simulations is commercial code FLACS.

Both NGV andH2 vehicles were studied in the simulations but this section will only make
comment on results pertaining to CNGn#etionedboth aCNG car and bus fuel release was
modeled. The CNG car and bus parameters are described byeliddbdollows

1. Cty bus with a storage pressure of 200 bar and a mass of 26 kg in each cylinder. It is
assumed that the release occurs from a set of four cylinders with a total inventory of 104 kg.

2.Carwith a storage pressure of 200 bar and a total gas mass of 26 kg.

The values described above represent configurations of standard CNG vehicles as described in
Sectiord.1

As for the tunnels, two different cross sections were edalgtangle and horseshoe shape, see
Figuredlfor crosssectional dimensions. Both tunnels were modeled with a lengtimof 500

. 7
Cross-section area = 60 m-

, 7.1 m
Cross-section area = 50 m?
M,
5.1 m
Sm
2m
! L
) e e
- o o
0.2 m 0.5m 10 m

Figure 41: Tunnel cross-sectional dimensions (from [127])

In addition to the crossectional dimensions and length, the geometry of the modeled tunnel

included vehicles. The tunnels vadera@ lanavith traffic running a single directidhe tunnel was

assumed to be full of cars and buses spaced out evenly with 1.5 m between each. The vehicle
distribution was a repeated pattern of 6 cars follow by 1 bus. The vehicles were placed such that one
bus and one car were at the exact centee tdinnel length in separate lahlbkesame geometry

was used for both the car and bus release. The releases were assumed to be GihekadStow.

flow rate of the CNG for choked flow at 200 bar is displayedure42 Note that this was

computed assuming a discharge coefficient ah@®.8 6 mm opening
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Figure 42: Mass flow of release for CNG and various H2 simulations (from [127])
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Ignition points were varied from the center of the vapor cloud to the outer edges (length wise of the

tunnel). Ventilation velocities were also varied between the models.

A dispersion model simulating the release of the fuel systems was carabld2hlists the

maximum flammable gas cloud size for each configuration as weljaéhent stoichiometric

cloudor the Q9quiescent cloud. This is a scaled smaller stoichiometric gas cloud that represents the
same explosion load as the-homogenous larger clolidis scaled basedf the weighted

volume expansion, flammable voluamel laminar burning velocitie flammable cloud and its
stoichiometriand Q9 equivalents along with the maximum pressures for the combustion of the

flammable gas clouds are ligtéfable25below:

Table 25: Summary of gas cloud & overpressure for various vehicles in both tunnels (from [127])

Maximum flammable gas Maximum equivalent Max. pressure for max. equiv.
cloud size in e (kg)g stoichiometric flammable cloud Q9 Quiescent/Pre
Vehicle/Release | Inventory gas cloud size in M (kg) ignition turb.
Characteristics k i i
(9) Horseshoe | Rectangular | Horseshoe | Rectangular Maxmum Q9 Maximum
Tunnel Tunnel Tunnel Tunnel Equivalent overpressure
Volume (m3) (barg)
Bus CNG 200 bar 26 3.4 (0.15) 4.6 (0.19) | 1.15(0.08)| 1.18(0.08) 1.2 0.01/0.01
Bus CNG 200 bar 104 45 (2.01) 647 (26.0) | 13.47 (0.90] 113.48 (7.60 113.0 0.03/0.30
Car CNG 200 bar| ¢ 21(0.10) | 3.4(0.15) | 0.85(0.06)| 1.03(0.07) 1.0 0.01/0.01
(vent up)
Car CNG 200 bar|
(vent down) 26 17 (0.78) 15 (0.65) 6.31 (0.42)| 5.25(0.35) 6.3 0.01/0.07

From the coupled dispersion combustion simulations, it is predicted that overpressure values can
produce minor damagg people and property within the tunReferring tarablel, these

overpressurdall between thénteshold for injury from flying glassd in the prégnition
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turbulence case up to potentiadiyais wounds from flying glass near 50% probabhigydata
presented ifable25were combined to create a frequency of exceedance curve for overpressures
during combustion of CNG vapor clouds, showfignre43 Overpressure values outside the
hazardous rangkess than 0.1 bamyemuch more likely than higher overpressures that can be

hazardous to tunnel occupants.
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Figure 43: Exceedance curves for overpressure values per fuel type (from [127])

45.2.4.

Harm effects of Cryo-compressed hydrogen versus natural gas

Zhiyonget al[128]evaluate€€NG, LNG, andcryocompressed hydrogenterms of harm,
lethality, andeparatiodistance Both flammable and ndlammable effects were considered. The
potential hazards to people included cold hazard effects fraraleage, thermal effects from

combustion with ath immediateinddelayed ignition, and

overpressumgagjectile effeaue to

explosionThe simulated comparison was completed by coupling methodologse&aprior
works. Specifically, dispersion was modelédtlox et al[129] jet fires byCooket al[130] and

overpressure from explosionTanget al [131]

Two quantifications metrics were applied: a harm criterion which correspondgtobabiiy of

fatality and a fatality criterion which corresponds to a 100% probability of fatality. The criteria for
cold effects was taken in reference to a European Industrial Gases Association[@ldpuimeimt
statesvhich stateshat atemperature o#4(*C corresponsto harmful effects. The thermal effects

on peoplevithin the flammable maregionduring ignition or in direct contact with an ignited jet
flame is considered fatalterms of heat radiant heat trandfi@rm is quantified by thermal dose

units, which is a combination of heat flux intensity and time of exdasumethe literaturfl32]

values fom dangerous thermal dosage range42atkW/m?)*® to 1655kW/m?)*3, The lower

value was utilized to remain on the conservative side of harm analysis. Additionally, fqr flash fires
no standard criterion is presentMatrrangoret al[133]suggestthat a flash fire occurring even at

1 LFL coud have lethal effects

The modeling assumption for each fuel type as well as

other release conditions are summarized in

Table26. Conservative model choices veslected for release situaticueh athe release
direction was assumed to be horizontal and in the downwind direction with respect to a 5 m/s wind.
Additionally, lhe release orifice was set tonb@diametermhich corresponded to an expected leak
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sizein the connecting parts of the fuel systems where leaks are more likely to occur. The release

height was also assumed to beflom the ground which was assumed to be a good average effect
height for a person.

Table 26: Assumed modeling parameters for simulation (from [128])

Item Cryo-Comp. H- CNG LNG
Release pressure (bar) 350 250 1
Release temperatut€)( -210 15 -152
Release inventory (kg) 5.6 28.8 28.8
Release direction Horizontal and downwinfdr continuous release
Release hole size (mm) 10
Atmospheric Pressure (atn
Wind velocity (m/s)
Result output height (m)

Also note the fuel capacities were selected based on equivalent mileage instead of energy density.
The results are shownRigure44where the two graplssplaythe harmful and fatal distances for

each incident per fuel type based asmsanmedhstantaneous releagehe inventorywhich is
implausibleThe norAflammable effectsre without ignition of the flammable cloud, wheheas

flammable effects correspond to immediate or delayed ignition depending on which produced the
larger hazard.
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Figure 44: Harmful/fatal distances per incident for instantaneous release (from [128])

For nonflammable effecteiNG posed long distance hazatds to the potentiébr cryogenic

injuries For flammable effesoverpressure damage from flash fires or vapor cloud explosions

were larger with LN@Gompared to CNGvhen ignition was delayed. The hazards associated with

LNG are intuitive due to the low storage temperatifie) and the larger volume of stored fuel

forming larger flammable masses. For CNG the risk of physical exploghennaablazards are

higher due to the high storage pressure and high heat flux associafetiivet{see~igure45

below) As mentioned i®ectior4.3 it should be noted thBLEVE is a risk associated more

closely with cryogenic fuels due to the higher chance of rapid expansion due to phase change during
a release event.

BelowFigure45shows the hazard distances for each fuel when the release occurs at a continuous
rate rather than instantaneous
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Figure 45: Harmful/fatal distances per incident per fuel type for continuous releases (from [128])

Due to thehighstorage pressy@NG will release at a more rapid rate and thus produce higher
hazard distances for continuous releasg34]shows that LNG vehicles pose their own unique
hazards which exceed CNG in risk in specific situdtisheuld be understood there is a low
probability of 8LEVE, and instantaneous releasesimplausible.

45.3. Analysis

Sceario identification as well as probabilistic risk assessments have been carried for CNG vehicles
in the context of vehicular failure on thadwaysTo our knowledge, there are no specific

evaluations of NGV risks within tunnels including event sequag@-However, a study
comparingaCNG powered buses related hazards to that of current conventionaihodiessd

buses showed that CNG posed higher probabilistic risks.

45.3.1. Compressed Natural Gas Bus Safety: A Quantitative Risk Assessment

Theanalysisarried out by ChamberlandModarreg135]compared the fire safety risk associated
with a CNG bus against that of a more conventibesgfueled bus. Since the data involving

critical failures dieavyduty CNG vehicleis limited, a probabilistic risk assessment (PRA) was
performedwith a twestep approach. The first step was to perform a qualitative risk analysis (QRA)
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followed by quantitative PRFhe QRA was used to determine the possible fire scenarios that
should le further studied in the PRA.

ChamberlaiandModarresdentified the associated fafety hazardsed to assess the risk of
using CNG fuel:

1 Firepotential from fuel leakage.

1 Explosion potstial from uncontrolled disggon and mixing of CNG in thesence of an
ignition source.

Impacts and missi@generated hazards due to fuel being stored at high pressure.

Chemical hazards (gas toxicity, asphyxiation potential, and higher hydrocarbons in CNG
may be considered neurot@emen though CNG is relagly nontoxic).

1 Electrostatic discharge.

T
T

A failure mode and effect analysis (FMEA) was used to identify the most significant failure modes.
These failure modes were determined based on the frequency of occurrence as well as the overall
consequencérom trere, a PRA with event trees and fault tree modeling to describe the events
leading to various fire and explosion hazards was performed. Parameter uncertainty was also
discussed and how it affected the PRA results. The entire bus fuel system assuppasitige
infrastructure (such as fueling stations) was included in the evé&ligatief6represents a typical

CNG bus fuel system.
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Figure 46. Fuel supply system of a CNG bus (from [135])

Through the FMEA performed, the severity of an accident scenasaiegasizedind a ranking
matrk was created for CNG systelased on a variety of inputs regardingxpected
occurrence frequency, scenarios, ignition potential, etc. detailed in the literature,ithienesults
of frequency per year, per distance traveled, and total risk are Staile2ih
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Table 27. Quantitative Risk Assessment (from [135])

Results of Quantitative Risk Assessment

Risk Risk Percent of
Scenario Groups Leading to Fire and Fatality (Mean Fatalities/Bus/Year)  (Mean Fatalities/100-M Miles)  Total Risk
Catastrophic failure of bus or station hardware components 2.4 x 1070 2.5 x 1072 10.84
Degraded failure of bus or station hardware components 87 x10°° 9.0 x 1072 38.77
Electrostatic discharge of CNG 27 x10°° 28 x 1072 12.21
Accidental impacts mainly due to collision 4.9 x 10°° 51 %1072 21.70
Non-CNG-related fires 34 x107° 3.5 x 1072 14.94
Operator error 3.6 x 1077 3.7 x 1073 1.54
Total mean fire fatality risk 2.2 x 1073 2.3 x 107! 100

From this QRAChamberlain andodarresapproximated the total mean fire risk to be 2.5 times
larger for CNG buses compared to dipselered buse$he overall results identified CNG buses

as higher risk in terms of fire and explosion hazards due to failure rates of relief valves, CNG
cylindes, and piping. This conclusion differs compared to the study by Zalddi 2jwdtich

compared CNG and gasoline vans. The CNG vans were shown to pose lower risks regarding
flammable gas dispersion compared to the flamwagaedispersion from a gasoline leak from an
equivalent vai.he difference is comparing CNG with gasoline and diesel. Zalosh concludes CNG
is a lower risk than gasoline while ChamberlaM@dh@resoncludes it is a higher risk than

diesel.

45.3.2. LANL Risk Analysis

A comparative risk analysis was performed by Los Alamos National Laboratories to put into
perspective the relative hazards of alternative fuels, incN@irmgnd CNG compared to gasoline
and diesel fue]$36] As mart of this analysis, data was collected about the physicochemical
properties ohatural gaand general petroleum and transportation inform&ttsequently, the
technical properties of the alternative fuels were ranked, safety data and vehid&tisticent
were reviewed, and specific accident scenarios were eahgatédhe accident scenarios
evaluated was a vehicle collision with fuel loss in a tunnel. An expert panel estimated the
probabilities of different outcomes for the differentraiteme fuels compared to gasoline and
dieselTable28shows the results of the risk analysis. These probabilities are just expert judgement
rather than data. As showhe natural gagooth liquid and compressed)s estimated to bess
likely to result in a firgith or withoutinjury, or more likely tanot ignite, and less likely to result in
an explosion when compared to gas{ilide]

Table 28: Probabilistic Outcomes of a Tunnel Accident (from [136])

Probability
Consequence CNG LNG LPG Gasoline | Diesel
Fire without Injury 0.1 0.1 0.15 0.12 0.02
Fire with Injury 0.05 0.05 0.08 0.1 0.01
Explosion 0.05 0.05 0.12 0.2 0.01
No Ignition 0.8 0.8 0.65 0.58 0.93
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4.6. NGV Research Gaps

Through this literature study, it was found that there are several existing studies that evaluate NGV
vehicles in tunnels. There were several experourdtgted that evaluate@ tonsequenced

ignited NG vapor clouds and higlessure jend the relevant variabl&pecificallyhte

likelihood of DDT, overpressure, and heat transfer of NGV accidents were evaluated. Also, there
were a variety ofdrature studidbat evaluattherisk and consequencesGNG and LNG
releasespecifically, modeling studies evaluated dispersion, failure modes, ovaapdeanore

lengths. Analytical studies evaluated scenario identification through poobslbgissessments

for CNG vehicles in the context of vehicular failure on roadways.

There are several conclusions about important variables and consequences from an NGV accident
in atunnel. One study showed that hazards associated withppW&€d bs posed higher

probabilistic risks that that of a conventional epeset¢red bus. Also, it has been shown that the
associated risks of harm to people and the structure of the tunnel itself is low in most cases of NGV
vehicle failure. In implausible scersawhere full instantaneous fuel releases of commercial vehicles
occur with no tunnel ventilation and perfect mixing, hazardous overpressures can develop. The
occurrence of DDT was shown to be highly unlikely in multiple experieventsn confined

envronments with obstruction8lso, a strong correlation for heat transfer to a ceiling based on the
flame height to ceiling distance was shown for large scale flames impinging da20¢eiling

The following criteaiwere evaated to determine where research gaps magegarsindN GV 6 s
in tunnels.

1. Scenariddentification
FailureModes

3. Consequences

4. Validation

The scenarios that lead to a failure mode have been identifieac#s to the vehicle or failufe o
the TPRD hardware degradation or failure, and operator error which maydeatbase of fuel.
Based on the vehicle and fuel composition state, a BLEVE scenario canfeslaraskodes
include immediately ignited releases or delayed ignition of releasghtthatumulate in tunnels.
Componerdevel failure modes are beyond the scope of this document. Regulations on valves,
pressure containers, and other overall fuel storage/delivery systems govern fhiesdaiiske.
modes are broken down for a CNé&hicle by Chamberlain aviddarreg135]as the following:

no

1 Firepotential from fuel leakage.

1 Explosion potstial from uncontrolled dispgon and mixing of CNG in the presence of an
ignition source.

1 Electrostatic discharge.

Multiple experiments and simulations were reviewed pertaining to fuel releases from NGVs, the
consequences, and the effects on tunnels. It was shown that the congestion at the roof of a tunnel
can accelerate the flame speed during a vapor cloud combutstienchances of this yielding
significant damage or DDT occurring are very1@ij[120][122] Furthermorg,137]showed that

with prope ventilation, the risk from overpressure during a combustisigrafieantly mitigated

In terms of heat transfer, 60 kW/mas shown to be around the maximum expected rate for a jet

fire impinging on the ceiling. It was shown this applies to flamesd# range of pow25]
Additionalconsequens®f these failure modes inclunhpactsprojectilegenerateiazards due to
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fuel being stored at high pressdremical hazards (gas toxicity, asphyxiation potential,fserd hig
hydrocarbons in CNG may be considered neurotoxins even though CNG is relatively, nontoxic)
peak overpressure due to ignitimmging from 30 td5 KPa based on the pressure of the release
and release amount as showa26]and[127] andfireballs that can reach nearly 200 m down a
tunnel based on the tunnel geometry and the release pie&jure

Initial observations show that flammable cloud formation for CN&nlesmegligible as

ventilation increasgkl2] The harmful and lethal effect distance of CNG for a continuous release
events significantiower than an LNG release. A risk analysis for a CNG bus system shows the
highest risk comes from degradation of the system and comptBignts

Despite the large quantities of studies carried out pertaining to thelriskaads associated with

NG, research gaps were identiffeddiscussed thoroughly in Sectibbsland4.5.3 the

consequences of scenarios have been evaldtealidateoh multipleexperiments and

simulations. Research gaps regarding consequences are the same as for scenario identification:
limited evaluations of NGVsespfically in tunnels have been carried out. Several specific research
needs include:

1 The risk of spalling of tunnel surface from flame impingement or heat from a NG jet flame.

1 Experimental studies of NG dispersion and overpressure in actual or scaledresvn
(similar to HyTunnel evaluations).

1 Partially prenixed (realistic extents of néxing ignition in tunnels to determine
maximum overpressure.

1 Large scale NG flames heat transfer analysis. So fabeoéte or simulated data found in
the liteature.

1 Validationof the experiments and modeling studies

Additional attention should be given to the size or class of the vehicle. As vehicular class increases
so does the amount of stored fuel. This can lead to an increased flame duration ordfioamation

larger flammable vapor cloddble29 (below) shows the approximate equivalent ambient gas
volumes of stored NG per vehicle class.

The vehicle class groups used were those defined by the FederalAdigimstyatiorf138] The
storage volumes used for this approximation are representative of a typical tank size based on
vehicle class. The actual storaggve varies from vehicle to vehicle within the same class based
on design choices of the manufact@eice the vast majority of LNG vehicles are large scale
commercial vehicles, the approximate LNG tank sizes arefbaspdrted values frothis
vehtularclass.
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Table 29. Natural gas fuel amounts by vehicle class.

FHWA Class- CNG Characteristic Mass Characteristic AmbientUnmixed Volume
2 22.0 kg 34 m
3 132.0 kg 201m3
4 225.0 kg 343m3
5 125.0 kg 191m3
7 550.0 kg 838m3
FHWA Class- LNG Characteristic Mass Characteristic AmbientUnmixed Volume
5 orgreater 200.0 kg 305m3
5 orgreater 250.0 kg 381m3

Perthe Federal Highway Administratidiass 2 represer@88/Vs pickupsandutility vars, 3
deliverytrucksand vans, 4 passenger buses,-dngpresent a wide range of multi esdemercial
trucks. CNG class4 and7 vehiclesypically haveultitank configurations. The listed LNG
configurations consist @riously sizesingle tank There are many comhbirons of tank number
and size variations and the values listed above are only representations of some typical
configurations listed on select manufacturers wqh8i®4440][141]

97




This page left blank

98



5. PROPANE VEHICLES

5.1. Overview of Technology

What is commonly called propanigisefiedpetroleum gas (LPG) that has constituents aside from
the chemical propane. The terms propane and LPG will be used mostly interchangeably in the
remainder of this report (depending in part on the source of information preRespade

vehicles offer c@umers aalternativéransportation option toonventiondy fueledvehicles

Propane vehicles are available as both dedicatedwsidypes. In dedicated propane vehicles,
propane is the sole energy source -fmebipropane vehicles, there aredemarate fueling systems
that allow the vehicle to use either propane or gasoline. Generally, propane vehicles are comparable
to conventionally fuelagehicles in terms of power, acceleration, cruising speed, and driving range.
There are several differgypes of propane vehicles currently in operation, including light, medium,
and heawduty vehicle classes. Lower maintenance costs, good performanetart cold

conditions, and low carbon and low oil contamination characteristics make propane pealacles po
for trucks, taxis, street sweepers, and schoolbdiggs

5.2. Properties of Propane Storage

Generally, propane is stored under pressure ingnase state. When a storage tank is full, the
propane is largely liquid wethme gaseous vapor. The gaseous vapor in the storage tank is what is
usedas fuel.

66 Vapour

(Gas)

Liquid LPG

Figure 47: Example of Two-Phase Propane Storage (from [143])

The key properties that make propane an attractviielis its high-octanevalue and
compatibility with spadignited internal combustion engif&®pane naturally occurs as a three
carbon alkane gas with the chemical formtla B opane can be liquefied through moderate
pressurizatioat 1,220 kPa (177 psidj4] which increases its energy density by a (&0

over the gaseotrsrm [145] In terms of vehicle usage, the propane fuel must coretisas®0%
propane, no merthan 5% propylene, amol more than 2% other gases such as butane and
butylend146] Table30showssome othe physical and chemicalgerties of proparjé47]
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Table 30: Physical and Chemical Properties of Propane (from [147])

Property Value
Chemical Structure CsHs
Energy Density 23,648 MJ/r&
Stoichiometrié\ir/ FuelRatio 155
Gas Density at 1% 1.85 kg/n3
Liquid Density at 15C 505 kg/n$
Auto-ignition Temperature 450 °C 124 K
Specific Gravity dt5°C 0.85
5.3. Associated Hazards

There aréwo main safety considerations relatgaidpane vehicleshe first is tank over

pressurization due to either tank overfill or environmental chiem@elsiress this issue, propane

vehicles are equipped with overfill prevention devices (e.g., bleed valves) and pressure release
devices to vent ¢htank if pressure rises beyond safe [@4é&sThe second safety consideration is

ignition of propane fuel that has either been released through the overfill prevention device/
pressure release device or released fremcdde crastiPropane gas is heavier than air at standard
temperature and pressure (STP) unlike natural gas or hydrogen. Therefore, vapors can collect in low
areas such as service pltdike hydrogen and natural gas, propane vapors will dissipatly primar

based on air movememather tharbuoyancy andill dissipate faster in windy conditions than in

still condition$146] Table31showselevant flammability properties of propane.

Table 31: Flammability Properties of Propane

Property Propane

Flammability LFL 2.1%
Concentratiom

Air (vol%)[27] UFL 9.5%
MostEasilyl gnitedMixture inAir (vol%) 4% [105]
Adiabatic Flame Temperat{t87] 2250 K
Buoyancy (ratio to air) 1.52
MIE [108][109] 0.250.26mJ
Autoignition Temperatufé10] 455°C
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5.4. Pertinent Regulations and Safety Standards

Propane vehicles have robust safety standards and regulations with regard to the energy storage
system, the vehicle itself, and the roadimagtures on which they operate.

54.1. National Fire Protection Association Standard 502

NFPA502,Standard for Road Tunnels, Bridges, and Other Limited Apcegsiésgheays
protection and life safety requirements as well as design criteria fitieauthweing jurisdiction
(AHJs) to use in ensuring tunnel sagxygtion 7.3.2 states that a tunnel shall be capable of
withstanding the temperature exposure represented by the Rijkwaterstaat (fRMvipEetiatere

curve or other recognized standar@-temperature curve that is acceptable to the AHJ, as shown
by an engineering analyfie assumption is that every part of the tunnel should withstand these
temperature exposures, irrespective of the fire location, ventilation ratgl@Btype

5.4.2. ASHRAE HVAC Applications Ch. 16: Enclosed Vehicular Facilities (2019)

ASHRAE 2019 HVAC Applications ChapterBreclosed Vehicular Fagpitiiddes guidance on
vehicular facilities that store and/or through whiclcheshiravel. These vehicles can be driven by
an internal combustion engine or electric motors. Ventilation requirements including mechanical
systems and natural ventilation, climate and temperature control, contaminant level control, and
emergency smokertml. Additionally, ventilation concepts including normal operations and
emergency operations are covered.

5.4.3. NCHRP Guidelines for Emergency Ventilation Smoke Control in
Roadway Tunnels (2017)

NCHRPGuidelines for Emergency Ventilation Smoke Control in Rgaldwnels Chapter 2:

Road Tunnel Fpesvides guidance on fire design parameters for tunnels. This includes

consideration of the geometric parameters of the tunnel, fire protection features and response times
that leads to decision making using NFPAB@IR is chapter provides a framework on how to
understand and determine fire and hazardous materials management[#Ofunnels

54.4. National Fire Protection Association Standard 58

NFPA 58 Liquefied Petroleum Gagp@ndeestorage, use, and handling requirements for liquid
propane fuel in storage contairjgas]
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5.5. LPG Research Summary in Tunnels
This section documents the results of the evaluedigansiingpropane vehicle failure ituanel.

5.5.1. Experiments

This literature survey inclsdenitedexperimentthat evaluaténeé hazard of propane vehicles in a
tunnel.Because of thisther experiments are reviewed that relggancéo propane vehicles in
tunnels and can help characte¢heehazard

5.5.1.1. Experimental investigation and CFD modelling of the internal car park
environment in case of accidental LPG release

Brzezinska and Markow§kd9)performed a series of faltale experiments to help understand

emisgons and flammable cloud formation in order to help validate models using the GFi2 code
Dynamics SimulatgFDS) by NIST. While the focus of these experiments are releases into parking
areas such as garages, it is still a confined space and ditaracigtiskaways can be applied to

help understand the hazard in a road tuAnedvent tree was used to help understand the initiating
events and possible outcomes from an LPG vehicle. These outcomes are based on the leak type and
location as well #ise ignition sources and safety systems such as detection and véaiiatiam.

be seen below Figure48

|_Initiating event | Release mode | Cutoffof multivalve | Immediate ignition | Detection & Ventilation | Delayignition | Outcomeevent |
hd 1. Flash fire/Explosion
Instantaneous rel from tank
(rupture of tank)
Y 2. Hazard prevention
N Y 3. Flash fire[Explosicn
M
Release of LPG
N 4. Cloud Dispersion
Y 5. Flash fire (short life)
Continuous release
from pipes
Y N 6. Cloud Dispersion
Continuous
release Y 7. Flash fire/Explosion
M
Confinuous release
from tank Y 8. Hazard prevention
N Y 9. Flash fire/Explosion
N
N 10. Cloud Dispersion

Figure 48: Event Tree for Propane Event Scenario (from [149])

Based on the event tree, release scenarios were determined which included three different release
rates (from 1 mm, 3 mm, and 6 mm diameter holes) with and without the ventilation for a total of
six different tests. The experimental setup featured concentration measurement points at both 10
and 30 cm off the ground and is showRigure49below:
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Figure 49: Experimental Setup (from [149])

The experiment was conducted in a test setup with dimensd8rn&ok 4.2m and aheightof 6
m. Semiconductetype gas sensors are used to measure the cormceafraRG vapor. A total of
0.17L of LPG was fitted in the car for each test. The ventilation system draw¥%s06Aim
Table32below gives more details for eaclvidual test:

Table 32: Gas Flow Test Parameters (from [149])

Test Set# Diameter of Release Rel_ease Gas Outflow Ventilation Switch
Hole (mm) Duration (s) Rate (L/s) on Time (S)

1 1 20.75 0.008 Not Active

2 3 5.30 0.032 Not Active

3 6 3.95 0.043 Not Active

4 1 20.75 0.008 150

5 3 5.30 0.032 25

6 6 3.95 0.043 27

Once the experiments were conducted, the data was used to compare with the various CFD
simulations. These simulations are shown bekigure50with emissions from ¢h6 mm hole
The color scale at 4 x*1Ky/m?(red) corresponds fid@ of LFL.
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Figure 50: CFD Results based on Ventilation (from [149])

The results from the experiment show that the concentration varies considerably over time and
space. The 6 mm experiment yielded the highest fuel concentration. The concentration was in the
flammable range for approximately 10 seconds before dissipatimaghlbve and 3 m away from

the source, the concentration was 180% LFL, whereas 30 cm above it was only 33% of LFL. At a
distance 9 m away, the concentration ranged between 10% to 20% LFL based on the height. These
results can be compared with the eqnv&FD simulation iRigure51 below (at 3 m from the

source on the left, or 3L) with emissions from the 6 mm hole.
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120% -
100%
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40%
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= m 3] - 0.3m_simulation e ], - (. 3m_measure ment

Figure 51: Concentration LPG Comparing Simulation vs. Experimental Results (from [149])
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The results show very similar magnitudes and characteristics when comparing the model with the
experimental data. Both the 10 cm and the 30 cm measughtbatground have very similar
characteristics to the model. This shows the value of using the CFD simulations to model the
phenomenon of a LPG vehicle failure that causes gas dispersion.

5.5.1.2. Smoke Control in Sloping Tunnels

Atkinson andVu [150]studied the effects of ventilation and smoke development due to a propane
fire in a tunnel. Tunnel slopes from 0° to 10° were used to help develop a slope factor for smoke
development and movement. A model tunnel with a height of 244tlman arch shape cross
sectionwhich comprises a semicircular head on walls splayed opee®Ka and Atkinsofil51]

shown inFigure52

(b)

244

7 degree L

+ >
274

Figure 52: Tunnel Cross Section (from [151])

A 100 mm diameter porous bed propane burner was used with the top set flush with the tunnel
floor. The flow rate ranged from 2 to 10 L/min. This cormespd to a 15 to 75 MW fire. The
propane output velocity was about 0.4 to 2 ddmniderstanding the gradient of a tunnel with a fire
downhill is important in designing emergency smoke control to keep evacuation routes clear of
smokeThe critical velocitg iexplored to help understand the minimum required ventilation
velocity that does not allow the smoke to back flow past the fire. This can be Blyuweb®

below:
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Smoke control in sloping tunnels

Critical velogity (relative to horizontal)

ﬂ.ﬂ — i i i — —_— E— - —
0 2 4 6 8 10 12

Tunnel slope (degrees)

Figure 53: Critical Velocity vs. Tunnel Slope (from [150])

The critical wvelocity i s aoldnatmcdldwiofqpropacefand he s |
thedimensionlesgariable®* and V* These transitional valieedetermined via Froud scaling as

shown by Oka and Atkins@itb1] In Figure53the black square indicate a flow of 10 L/min of

propane & Q*=0.44, the circles indicate 5 L/min & Q*=0.22, the + indicates 2 L/min & Q*=0.088,
and t he | i ngSubwadEnvironchentcSanulatiens)Sdinfrtayranpredications

from a former methane experiment whereas the
From there, the expressions for the critical velocity are given as the following:

Vi = [gH]"* V&, [Q*/1.2]'"7-[1 +0.014-6] for Q*<0.12
Vcnr = [S’H]IQ'V"",‘“' [1 +0+0149] for Q* >0.12

Figure 54: Critical Velocity Correlations (from [150])

Figureb4shows the critical velociglationshipn a tunnel as a function of the slope of the tunnel

G, the volumetric flow of pr opantenneheightHand t he
and gravity constant g.

5.5.2. Modeling

An analysis of the release rates and dispersion from a propane vehicle showed that the maximum
volume of the resulting flammable cloud is dependent on the ventilation type (sée55243tion

106



Also, the propane vehi@gplosion in a tunnelas modeled and the explosion load and
consequence were evaluated (see Se&udrp Additionally, refer to Sectiérb.1.for CFD
modeling information.

5.5.2.1. LPG Dispersion Analysis

A hazad analysis of LPG, LNG, and gasoline fueled vehveegerformed for the Massachusetts
Highway departmebly Zalosh et a]137] The study evaluated the release rates and subsequent
dispersion from a LPG fueled vehicle tnamel with various types of ventilation systéhes.

primary accident scenario evaluated a fuel line break at the junction to the fuel tank of an LPG van.
The liquefied gas was modeled to flow directly onto the tunnel road surface from the tank, which
was assumed to be located under theMacrossection of the tunnel is rectangular with

dimensions of 8.2% wide by 4.27 m high. Both transverse and longitudinal ventilation was
evaluated for release from tanks with and without excess flow valdsnigitie fuel release

rate to 100 g/§137]

The fuel release rates and fuel vaporization histereslculated using a mathematical model
similar to the work by Webber and Jones in [182that evaluated the relevant phenomena (see
Figure55). The vaporization rate calculated from the mathematical model was input into a CFD
simulation(Fluen) that calculated the vapor dispersion as a function of ventilatifiiB&jpe

Pvap. Fuel Line Breach

dilli=||.|

]

Flash Vaporization

U

OV \Hi*Nr%lﬁ%!MIh\LHEiW!ﬁi:lﬁ-wrlﬁdﬂHmf#‘fd%ﬁﬁri Liq Poi %Médﬂfflib@vi!im!wt. el g~

=

Heat Conduction From Concrete Roadway

2R(t), Diameter

Figure 55: Relevant Phenomena in LPG Spill & Vaporization Mathematical Model (from [137])

-

For the cases without an excess flow valve, the maximum volume of the resulting flammable cloud
is comparable to that of a gasoline spill for transverse ventilatiecase of longitudinally

ventilated tunnels, the vapor cloud is smaller than tregadiihg when the ventilation velocity is 1

m/s. For the case with an excess flow valve, in which the release rate is limited to 100 g/s, the LPG
cloud would be no larger than that of gasdilime growth and decay of the vapor cloud with 20

cfm per lane fat normal transverse ventilation showed that LPGs growthlikkdg@soline and

slower than LNGEach result is further summarizetiefow[137]
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Table 33: Transient Dispersion for Transverse Ventilation (from [137])

Max Half Max Volume
Depth of Length of of
Vaporization | Cloud Flammable Flammable Flammable
Fuel Rate (kg/s) | Duration Cloud Cloud Cloud
Max: 0.477 0.77 m under th 840 nmiat 100
LNG Avg: 0.344 260 sec ceiling at 100 se 43m sec
LPG Max.: 0.542 900 sec 0.4 m under the 60 m 722 M at 492
Avg: 0.435 van sec
Gasoline | Max: 0.621 940 nfat 420
A Avg: 0.398 >500 sec 0.5m 69 m at 353 sec sec
Gasoline | Max: 0.339 800 niat 570
B Avg: 0.139 980 sec 0.45m 80 m at 589 sec sec
cnG | M 078 1 540 sec| 055t00.82m| 50mat8osec| 530
Avg: 0.35
5.5.2.2. Explosion Risks and Consequences for Tunnels

Weeheijmandvan derBerg[153]developedrggineering models to quantify the explosion load and
consequence of an LPG explosion in a tulhelrelease rate of the gas, the duration of the flow,
geometric parameters, and ventilatiomptesto a CFD code developed by TNThe result is a
model of gas dispersion and gas cloud size concentratiometsn of timeThe explosive loads

for the gas explosi@rethen estimated by relating the cloud length and concentration to the
overpressures ofi aquivalenstoichiometric cloud:he development of a flammable clsud
dependent on the ratio betwn the ventilation air speed and the leak rate of th& hG.

explosion strength is largely dependent on the length of the flammabMarkearkr, detonation
could occur if the flammable cloud is sufficiently[B®)

The first case modeled a nearly full vessel in which a boiling liquid expanding vapor explosion
(BLEVE) may occuihe tunnel crossection rectangular with dimension of 5 m by 14.4 n?\72 m
In the area around the bursting veaiiin 8 m), the explosin results in high-pressurémpact

with the tunnel lining (66800 kPa)The flow is then redirected in the axial direction of the tunnel
and the magnitude of the pressure is redlibedsecond case evaluated a blast load resulting from
the rupture of aearly empty LPG vessEhis case resulted in similar phenomena as the BLEVE;
however, the magnitude of the pressure impact with the tunnehlthimgrea around the bursting
vesselwithin 6 m) was much lower (28D0 kPa)153].

5.5.3.  Analysis

A risk analysis was performed which ranked the probabilistic outcomes of a tunnel accident for
different fuel types (see Sectdn 3.l Additionally, refer to Sectiérb.1.which includes a risk
informed failure tree.
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5.5.3.1. LANL Risk Analysis

A comparative risk analysis was performed by Los AlamasaNiasiboratories to put into

perspective the relative hazards of alternative fuels, including LPG, compared to gasoline and diesel
fuels[136] As part of this analysis, data was collected about the physicochemical prafs&ies of

and general petroleum and transportation inform&tidasequently, the technical properties of the
alternative fuels were ranked, safety data and vehicle accident statistics were reviewed, and specific
accident scenarios were evalu@ied.of the acident scenarios that was evaluated was a vehicle
collision with fuel loss in a tunmeh expert panel estimated the probabilities of different outcomes

for the different alternative fuels compared to gasoline andldibE34 shows the results of the

risk analysig.hese probabilities are just expert judgement rather thaksddtawn, the LPG was
estimated to be more likely to result in a fire without injaigt agnite, and less likely to result in

an explosion when compared to gas{ilide]

Table 34: Probabilistic Outcomes of a Tunnel Accident (from [136])

Probability
Consequence CNG LNG LPG Gasoline | Diesel
Fire without Injury 0.1 0.1 0.15 0.12 0.02
Fire with Injury 0.05 0.05 0.08 0.1 0.01
Explosion 0.05 0.05 0.12 0.2 0.01
No Ignition 0.8 0.8 0.65 0.58 0.93
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5.6. LPG Research Gaps

Through this literature study, it waswn that studies of LPG vehicles in tunnels is limited.

Experiments that explicitly evaluate the hazards of propane vehiclessiwénarsearce.

However, there were other experimental studies included thavenaglevance to propane

vehicles in tunnels and can help characterize the hazard. One such experiment evaluated emissions
and flammable cloud formation in confined spaces such as parking areas and garages from an LPG
vehiclg149] Also, the effects of ventilation and smoke development due to a propane fire in a

tunnel were evaluatfidt9] Modeling studies have been conducted on the release rates and

dispersion from a propane vehicle anaddmsequence of an explodibd7][153] Additionally, a

risk analysis was performed which ranked the probabilistic outcomes of a tunnel accident for
different fuel types, including prop§tis]

The conclusions about important variables that can be derived from these studies is limited. As far
as dispersion and cloud formation, the flammable propane cloud is dependent on the ventilation
type and tunnel geometiyitial findings show how much ventilation makes a difference on the
overall concentration of a LPG silgure50shows how after nearly two minutes the LPG
concentratioms negligible in compared to the case without ventilation. Analysis shows that the
probabilistic outcome of a various consequences from LPG is very similar to that gilg&$oline
Dispersion properties are very similar &b o gasoline as wglB7]

The followingcriterawere evaluated to determine where research gaps magaxistd. PG
vehiclesn tunnels.

1. Scenariddentification
2. FailureModes

3. Consequences

4. Validation

In terms of scenario identification and failure meagéicit studies on the topicsvere not found

for propane vehicles. Howevée failure modes can be determined from the event Figelia

48by Brzezinska and Markow{dld2] These include release scenarios that lead to flash fires or
explosions based on the amafrfuelreleased, ventilation and cloud dispersion, as well as when
there is ignitionAlso, aimitedscenario identification study was conducted that documented the
likelihood of different consequences of a tunnel accident. However, a more complete evaluation of
failure modes would need to be completed.

For each of the initiating events, theres@veral variables that effect the magnitude of the
consequencePG quantity released, ventilation, obstructions, ignition time, tunnel geometry, etc.

The measurements of the consequences of the failure mode include overR&s slispersion,

and resting structural damagéhe study by Brzezinska and Markoyigk?]Jcompleted validation

by understanding the failure tree to inform the experimental setup. From there the experimental data
was used and compared with a CFD model for validation andie osmlel for other release

events.

In contrast to the some of the other alternative fuels, there has not been significant research on LPG
vehicles in tunnel$he following research gaps were identified:

1 Fully evaluate the initiating events that arsigsiicant in terms of LPG vehgie
tunnels
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Evaluate different classes of LPG veditieluding buseand multiple LPGehicles

Evaluate th&lRR, temperature, and structural damegpting frondifferent failure
modes

Evaluate the effect thaterpressure, deflagration, and DDT of released propane has on
structural components of tunnels

Evaluate the effect that variables such as ventilation, obstructions, and tunnel geometry have
on the consequence oflaPG vehicle failure

Investigate themal consequencesfaflures, which haenot been reported for many of the
studies included in this literature survey

Performadditionalalidation of modeling efforts through direct comparison to experimental
results

Additional attention should be give the size or class of the vehicle. As vehicular class
increaseso does the amount of stored fuel.
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6. HYDROGEN FUEL CELL ELECTRIC VEHICLES

6.1. Overview of Technology

Hydrogen fuel cell electric vehicles (FCEVSs) are part of a comprehensive portfolio of technologies
and can offer consumersadternativéransportation option to conventional options such as

internal combustion engines (ICEs). Fuel cells are moretdfimmecombustion technologies and
FCEVs qualify as zero emission vehicles, emitting no pclletnnwater vapor and air through

the tailpipe. Additionally, these vehicles offer fast fueling times, and comply with both
manufacturerds requirements a®l] Theoerae geneeat e x p e
types of hydrogen FCEVs available to support the diversification of U.S. energy sources in the
transportation sector. While there is growing interest in medium and heavy dutyrB@&isnp

of lightduty hydrogen FCEVs has been ongoing sie¢¢yundaiix35 fuel cell vehicle rolled off

of the assembly line in February of 30%3] An infrastructure of refueling stations has been
developed both regionally in the U.S. and in several locations interfabohalky of late2019,

there were over 7,800 commercial (sold/leased) fuel cell passenger FCEVs on US roads, mostly in
California, with that number projected by industry to exceed 23,000 in 2021 and 47,0J08]Jin 2024
Although these dates and number of deployments may be updated, global industry manufacturers
have made a number of plans for commercial expansion, particularly for larger vehicles and trucks,
to complement other vehicle platforms such as battencetehicles, plug in hybrids, and

biofueled ICEs. In addition to FCEVs there are a number of other hydrogen fuel cell applications.
For example, there are over ~30,000 fugbaetred forklifts operating in commercial warehouses
and distribution centeby companies such as Amazon,-Cota FedEx, Kroger, Walmart, and

more as of lat2019 and over 20 million hydrogen fuelings tq & 158][159] Buses and
medum-/heavyduty vehicles have utilized hydrogen fuel cell technology for public transportation
and commodity distributid@60] The implementation of hydrogen for these larger scale vehicles is
expected to increase due to fifiecdlty in fully decarbonizing these modes of transport. Because of
the growing market and diverse applications, a robust safety analysis of hydrogen FCEVs is
necessary to ensure public safety.

6.2. Properties of Hydrogen

As an energy carrier, hydrogen faelather be a compressed gas or-priessure cryogenic

liquid. Hydrogen is the lightest gas (~1/14 as dense as air) and at standard temperature and pressure
exists in the form of a hydrogen molecule with two atomisigdid hydrogen has a boiling poin

of -252.88 °C and is much more dense than gaseous hytiBdg&aseous hydrogen can be

stored in high pressure tanks to provide large amounts of energy; however, even more energy can be
stored in low pressure cryogenuediged form. Hydrogen has an expansion ratio of 1:848, which

means that gaseous hydrogen at atmospheric conditions occupies 848 times more volume than

liquid hydrogefl62] Table35shows physical and chemical properties of hydi@gin

113



Table 35: Physical and Chemical Properties of Hydrogen (from [163])

Property Value
Molecular weight 2.0159
GasDensity 0.08988 g/L @ @, 1 atm
Relative Vapor Density 0.07
Liquid Density 70.8 g/L @-253C
Melting Point -259.38C
Boiling Point -252.88C
Auto-ignition Temperature 500C
Flammabilityimits 4-75% (vol % in air
6.3. Associated Hazards

The primary safety hazard associated with hydrogen is that it is flafydedgden properties
requirethat the fuel delivery system be designed to mitigate all relevant safety dlaled@ls.
shows relevant flammability properties of hydrogen as compared to other common fuel sources.

Table 36: Flammability Properties of Hydrogen and Other Fuels

Gasoline
Property Hydrogen Methane Propane Vapor

Flammability LFL 4.0% 5.0% 2.1% 1.2%
Concentratiofn

Air (vol%)[27] UFL 75.0% 15.0% 9.5% 7.1%
EasilylgnitedMixturein Air (vol%) 29%[103]| 8.346[104] 4% [105] 2%][106]
Adiabatic Flame Temperat{t67] 2483 K 2236 K 2250 K 2289 K
Buoyancy (ratio to air) 0.07 0.54 1.52 4
MIE [108][109] 0.0110.017mJ| 0.280.30mJ| 0.250.26mJ 0.8mJ
Autoignition Temperatufé10] 500°C 580°C 455°C | 24606 280°C

Al t hough hydrogends | ower flammability | i mit

upper flammability limit. Also, its minimum ignition energy is an order of magnitude lower than the
other fuel types. This introduces the possibility wibigreven from weak electrostatic discharged.
Sources such as NFPA[IB4]give discharge ranges showing that even a corona type discharge at
the end of a wire or other point could lead to enough energy to exceed the MIE for hydrogen.
Figureb6illustrates the MIE of different fuels as a function of concentration in air by volume. As
shown in the figure, between approximately 10% and 60% volumetric concentration, hydrogen has a
lower ignition energy than methane and gasoline over a muchmwgdeaficoncentration.

However, for hazard evaluation the MIE of lean mixtures is more relevant, and hydrogen does not
differ from other fuels. At the LFL concentrations for each of the fuels, the ignition energies are
much more similar between fuels.
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However, it should be noted that these characteristics have led to robust system safety requirements
to reduce the likelihood of hydrogen release after an accident.
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Figure 56: Minimum Ignition Energy for Different Fuels vs. Concentration (from [165])

To mitigate the ignition hazards of hydrogen, sensors are placed in indoor and enclosed locations
where hydrogen has the potential to be trapped and accumulate flammable concentrations. These
sensors can be programmed to alert when the hydrogen reaetfescsiom of the LFL. Because
hydrogen is lighter than air, sensors should be placed above potential release points but below
ceiling height to avoid elevated temperatures. Consideration should be given to understand the
effect of ventilation systems drmv air flow might be altergb6] Most of the hydrogen fuel

system will be at a pressure that will result in momentum driven jets of hydrogen. In outdoor
locations, hydrogen releases rise away from ignition sources lisgaose lituoyant than air. This

means that hydrogen leaks can dissipate readily, potentially avoiding a concentrated, explosive
atmosphere.
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6.4. Pertinent Regulations and Safety Standards

Hydrogen FCEVs have robust safety standards and reguégfgodsdghe fuel storage system,
the vehicle itself, and the roadway structures on which they operate.

6.4.1. Global Technical Regulation No. 13

TheGlobal Technical Regulation No. 13 (GTR #13) establishes vehicle requirements for hydrogen
FCEVs that can attain equerallevels of safety as those for conventional gasoline powered

vehicles. GTR#13 is intended to be applied gloHallyever, it is up to specific regulatory bodies

in each country to adopt the GTR. Because of the large number of countries implementing

hydogen vehicles and developing their jurisdispenific requirements, especially for tunnels, this
report does not attempt to catalogue these requirements and regulations. However, during the IPHE
RCSS Working group meeting in September 2018, mansegbtéeent shared the regulations

regarding tunnels and enclosed spaces.

Hydrogen vehicle fuel is contained in a composite overwrapped pressure vessel and stored in the
gaseous state. The pressure vessel includes a thermal pressure relief devite whestt,oha

fire, releases the hydrogen to prevent the vessel fropresairizing. Current storage systems

have pressures of up to 10 ksi (7OMPa). GTR #13 provides requirements for the integrity of
compressed and liquid hydrogen motor vehicleyiiehss, including pressure cycling tests, a burst

test, a permeation test, and a bonfire test.
to withstand, without burst, 22,000 cycles of pressurization and depressurization. The burst test
el uates a containerds initial strength and r.
evaluates the ability of the containerds ther

(localized and engulfirf@gb7]

For Crash testing, GTR #13 specifies that participating countries will use existing national crash
tests but develop and agree on maximum allowable levels of hydrogen leakage. In the U.S., these
national crash tests are found in the Federal Motor \&difietg Standards (FMVSS) which

includes specified tests for barrier impacts, rear collisions, and side impact crashes. In a later phase
of the requirement, the international crash test requirements are planned to for QA

[113]

6.4.2. National Fire Protection Association Standard 502

NFPA 502 Standard for Road Tunnels, Bridges, and Other Limited Apcegsiésdheays
protection and life safety requirements as well as design criteria for authorities hatiog jurisd
(AHJs) to use in ensuring tunnel safxygtion 7.3.2 states that a tunnel shall be capable of
withstanding the temperature exposure represented by the Rijkwaterstaat (feM'petiatere

curve or other recognized standard-tengperature curibat is acceptable to the AHJ, as shown
by an engineering analyBise assumption is that every part of the tunnel should withstand these
temperature exposures, irrespective of the fire location, ventilation ratglaBiyveh regards

to hydrogen vehicles in tunnels, appendix G recommehdsird detection and incident shutoff
systems be provided in fgell vehicles.

6.4.3. ASHRAE HVAC Applications Ch. 16: Enclosed Vehicular Facilities (2019)

ASHRAE 2019 HVAC Applications Chkerpl6:Enclosed Vehicular Fagpitiddes guidance on
vehicular facilities that store and/or through which vehicles travel. These vehicles can be driven by
an internal combustion engine or electric motors. Ventilation requirements including mechanical
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systems and natural ventilation, climate and temperature control, contaminant level control, and
emergency smoke control. Additionally, ventilation concepts including normal operations and
emergency operations are covered.

6.4.4. NCHRP Guidelines for Emergency Ventilation Smoke Control in
Roadway Tunnels (2017)

National Cooperative Highway Research Program Guidelines for Emergency Ventilation Smoke
Control in Roadway Tunnels Chapté&r@ad Tunnel Fpesvides guidance on fire design

parameters for tunnels. $tmcludes consideration of the geometric parameters of the tunnel, fire
protection features and response times that leads to decision making using NFPA 502. This is
chapter provides a framework on how to understand and determine fire and hazardtsis materia
management in tunn§d]

6.4.5. National Fire Protection Association 55

NFPA 55, Compressed Gases and Cryogenic plavsi€Xosterage, use, and handling requirements

for both compressed and cryogenic liquid hydrogentable containers, cylinders, and tanks.

Sections 10 and 11, specifically, deal with bulk hydrogen compressed gas systems and bulk liquefied
hydrogen systems, respectijdl]

6.4.6. National Fire Protection Association 2

NFPA 2,Hydrogen Technologiesstaiulsshes the necessary requirements for hydrogen
technologiesThis includes requirements associated with general fire safety, explosion protection,
fueling facilities, fuel cell power systems, hydrogen generation systeossion applications,

laboratory operations, and enclosed spEg®sAll hydrogen requirements from other NFPA
documents, including NFPA 55, are included by reference in NFPA 2 to provide a single source of
hydrogen reguements in in NFPA.
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6.5. FCEV Research Summary in Tunnels

There has been substantial work in evaluating the effects of a failure of a hydrogen tank on an
FCEV in a tunnel. This section documents the results of these evaluations.

6.5.1. Experiments

Severagxperiments have evaluated the consequences of a hydrogen FCEV failure ik a tunnel.
series of experiments were performed to determine what would happen if hydrogen is released from
the onboard pressure veselias determined that spontaneous ignigitime most likely

consequence (see Secidnl.) Qualitatively, this is the least severe and most likely consequence
to a hydrogen release in a tundelever, lhere were also several experiments performed to
evaluate more severe consequelitgsple experiments were conducted to evaluate deflagration
of hydrogen within a tunn@hese experiments investigated the consequences to delayed ignition of
the releaseldydrogenconsidered a worsase scenario because if ignition does not occur
immediately, a large volume of flammable gas could build up and impart more energy into the
confined space of a tunnel once it does igmtanmediate ignition scenario ineshess

accumulationf hydrogen involved in the ignition event. dérecentration of hydrogen and

presence of ventilation had a significant effect on the measured pressure pulses G&elFection

A variety of giescent and steasigte hydrogen ignition experiments were performed to evaluate
the effect of congestion, hydrogen release fatag vathventilation rates coverpressa. In

general, congestion increaseglpressure; however, low hydrogen leakage rates and increased
ventilation air velocity resulted in lower overpressure (see @&ctidginAlso, deflagration was
examined in stratified hydrogen layers to evaluate the potentiaustagléd detonation in flat

layer hydrogeair mixturesThe results indicated thdDBT was possibJdiowever, a minimum

layer thickness andfstient congestion was requifede Sectiof.5.1.5 A series ofire

experimentand simulationsf acarcarrier in a tunnel loaded with hydrogen FCEVs simthated
HRRand showedimilarresults when compared to the experimental results (see@gdtifin

Also, experiments have been performed to validate the res&is mb@els (see Sectiérb.1.8

6.5.1.1. Spontaneous Ignition of Pressurized Releases of Hydrogen into Air

A series of experiments were performed to show that the spontaneous ignition of released hydrogen
is caused by transient shdormation and mixing associated with rupture of a burst disk between
compressed hydrogen andE#9] Several different variables were evaluated through these
experiments, including rupture pressure and internal geometsyream of the burst disk. The

rupture pressure of the burst disk was evaluated with both commercthbasd manufactured

disks with different rupture pressures. The majority of experimentation was performed outdoors,
with ambient conditions (betwezZ80K and 305K, with between®Wb relative humidityjigure

57shows a schematic of the experimental configupa&ieh

118



2-stage
Regulator

Shut-off Valve

Pressure
Purge Valve

% Gage

Needle Valve

o
s
=
=
28
= |
@
o
3

System . Geometries
Control Volume |~~~ "~ 7777
—
1-A Compressed .
Gas Bottle Burst Disk Holder

Figure 57: Schematic of Experimental Configuration (from [169])

Over 200 experiments were conducted with hydrogen failure pressures between 11.2 atm and 113.25
atm, with various upstream and downstream geométa@sexperiments demonstrated that
spontaneous ignition of compressed flammable hydrogeedygmeaiurs at the range of pressures

seen in FCEV applications, given that sufficient mixing occurs akevatiort mixing time scales

are provided by the prass boundary failure geometry, rdiltiensional shodkoundary, the

shockshock interactions, and the molecular diffusion. Continued combustion can occur because the
turbulent free jet hydrogen flames can be stabilized at sufficiently high jet idleaigéiscted

shock and shoedhock interactions determine the minimum compressed hydrogen pressure at

which spontaneous ignition occilrge to the repeatability of the ignition and the characteristic

time scale, it was determined that alternativemgsiturces, such as electrostatic discharge, did not
contribute to these experimental re$lLiG9]

6.5.1.2. Large-scale Hydrogen Deflagrations and Detonations

A scald downtunnel was used to perform spakated deflagration tests using homogeneous
hydrogen mixturdsy Groethe et gl170] A 1/5-scale tunnel was used to perform multiple
experiments with varying released quantities of hyavitlyemd without ventilatiofhis was

done to simulate the release from a fuel cell vehicle or storage cylinder on a hydrogen transport.
Additionally, selestitunnel tests contained obstacles representing traffic to investigate turbulent
enhancementhe crossarea blockage ratio was OFdgures8andFigure59show the tunnel

facility and model vehicles in the tunnel, respectilyglyogen was contained iB7ant volume at

the center of the tunnel by HDPE plastic film barriers in homogeneous mixtures ranging from 9.5%
(0.32 kg) to 30% (1 kg) hydrogen mixed with air in that vétiarego the spark ignition, the

plastic barriers were céidditional experiments evaluated different release rates of hydrogen both
with and without forced ventilatifii/0]
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Tunnel

Figure 59: Model of Vehicles in Tunnel (from [170])

The results of the experiments showed that the 9/5%gkaeous hydrogen mixture produced
pressure pulses that were too small for sensors to\dktectthe hydrogen content in the mixture

was increased to 20% and 30%, the pressure pulses measured 35 kPa and 150 kP4t respectively.
was shown that the prase of the vehicles had an insignificant effect on the deflagsatiomwn

by the pressure puldrit that ventilation during a release reduces the hazard dramgally.

release of hydrogen through a source like the vehicle fuel tank saferglraetgaseluced very

lean hydrogen concentratiovisich created very small prespuiteeg170] Figure60below shows

the pressure impulse and overpressure associated with the 30% hydrogen experiment:
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Figure 60: 1/5th Scaled Tunnel Impulse and Overpressure (from [170])

As the Groethe et al. points out, larger vehicles should be studied in this scaled experiment to
understand the resulf$ie scaling on how the overpressure changes with the size of tunnel and
vehicle would need to be furthardastigatedAs noted by Groethe, the tunnel has a larger aspect

ratio than a normal tunnel, which might affect how these results sthie dipectly correlates to

the L/D ratio or the lengtbf the tunnel compared to the effective hydraulic diamdtétioAally,

to compare with the other literature, the location of the overpressure measurements would need to
be well known and using known scaling laws stidplsson Blast ScaliagdSachs Blast

Scalingould be used to help understand the totébsixp energy. Sachs scaling law states that
pressure, time, impulse, and other parameters can be expressed as functions of this scaled distance
but assumes that air behaves as a perfect gas and assumes gravity and viscosity[&rd hegligible
Additionallyhow effects of confinement that could lead to turbulent flame speeds might not carry
over at full scal€urther understanding these scaling laws would allow for better comparisons
between experimen&udies such as thee by Tamanifi72]provide additional insight on
variousscalingnethoddor sizing deflagration vents whiclpeehderstand important scaling

factors.

6.5.1.3. Releases from Hydrogen Fuel-cell Vehicles in Tunnels

In order to validate the dispersion/deflagration modeling dedatdrau Sectior6.5.2.4 set of
experiments were performed at the SRI Corral Hollow Expe8itee(ge€igure58) by Houf et
al.[173] A set of scaled tunnel tests were performappimximatéhe fultscale dimensions of the
tunnel fom the modeling efforthe hydrogen mass, release rate, initial tank pressiifeRand
release diameter were scalegpproximatéhe modeling parametefggure61shows a

comparison of the peak overpressures from the experiments with the results from the model
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simulationsThe peakoverpressure from the experiments is in good agreement with the modeling
result173]
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Figure 61: Comparison of Experimental and Modeling Results (from [173])
Figure62shows a comparison of the hydrogen concentratitiscegte locations within the tunnel
as a function of timés shown, the predicted and measured values are generally in good agreement

[173] While the simulation does approximate the overpressure there are some paiais ithéte
might be considered outliers.
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Figure 62: Comparison of Time-dependent Hydrogen Concentration Values (from [173])
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6.5.1.4. HyTunnel Project to Investigate Hydrogen Vehicles in Road Tunnels

A set of experiments were perforrbgékumaret al[174]atthe Health and Safety Laboratory to
evaluate the influence of congestion and ventilation flow rates on{hessare produced from
ignition of hydrogen stoichiometdloudsQuiescent experiments were performed in a sealed
enclosure with a stoichiometric hydrogen/air mixture and different congestion
volumes/configuration3.he congestion configurations consisted of different arrangement of pipes
with variable spacigd orientatiorArrangement As the tight configuratipnonsistingf four

rows of pipes with a spacing of three diameters between pipes, with adjacent rows oriented at right
angles and the pipes staggered between every otierangement B theloose configuration
consistingf 3 rows of pipes with a spacing of five pipe diameters between pipes, and the same
orientation of pipes as ArrangemenEigure63shows the configuration of the ignition
experimentsthe enclosure (left) shows two modules; however, for the ignition experiments, a total
of six modules were combined to give the enclosated Eength of 14.9 m and a volume of 93.1

m?3. The arrangement of thight congestiosetupis also shown (rigHt)74] A single obstacle

setup is used in each experimémnch is shown iRigure63

Enclosure with two modules with approx Cubical cage with obstacle arrangement A

volume 31 m® (0.45 m 151def“r

rvlw

w'o k_| B

Figure 63: Configuration in Ignition Experiments (from [174])

Table37andFigure38showthe results of the quiescent ignition experiments. -Amiform
pressure field resudtérom these hydrogen ignition experimésncrease in the volume of
hydrogen/air mixture increash@ maximum explosion overpressdmvever, as shown in the
table below, an initial increase in the congestion level increased the maximum explosion
overpressures (from none to congestion configuratiGuB)er increase in congestion (from
configuration B to configuration A) resulted in a reduction in overpif@3eijre

Also, a set of steadtate experiments were perfaimathvarioushydrogen leak rates and

ventilation flow rates (while also evaluating congestion arrangements Xemwtdaipn in the

enclosure was produced through a variable speed fan producing suction through an end plate with
324 circular holes tweate a homogeneous fldable37shows the results of the steady state

ignition experimentés shown, the maximum explosion overpressures inasghsadreasing

hydogen release rate and decreasing ventilation air \Widb#ylowest leakage rates, the highest
explosion overpressures were seen for the more congested configdoatewres, at the highest
hydrogen leakage rates, the highest exptnggmressures were seen for the less congested
configuration (except at the lowest ventilation[d5té)
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Table 37: Results of Steady State Ignition Experiments (from [174])

Overpressure from Transducer (mbar)
el Air Congestion
RelEEse Velocity | Configuration Congested
Rate 9 EnclosurelL eft- Vqun?e Cage EnclosureRight-
Hand Wall Wall Center Hand Wall
A 28.2 124.2 63.5
1mls
B 16.2 63.4 19.6
A 13.6 66.6 12.6
1.549/s 2m/s
B 8.8 20.6 7.5
A 121 39.5 10.5
4 m/s
B 6 13.1 5
A 32.4 123.3 55.4
1mis
B 27.5 106 46.6
A 23.2 117.7 39.6
2.04g/s 2m/s
B 25.7 66.3 46.6
A 14.1 53.6 14.7
4 m/s
B 39.4 25.4 28.9
A 48.9 255.8 71.2
1mls
B 48.5 136.9 91.7
A 37.3 222.5 66
4.049/s 2m/s
B 48.1 196.4 85.8
A 26 160.4 39.2
4 m/s
B 28.9 126.2 51.2
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Table 38: Results of Quiescent Ignition Experiments (from [174])

. Overpressure from Transducer (mbar)
Congested Congestion
el G EnclosurelL eft- EnclosureRight-
Hand Wall Hand Wall

None 28.2 24.7
0.098% of total enclosure volumq B 37.2 42
A 27.4 24.2
None Overrange 85

0.55% of total enclosure volume
B Overrange 114.6

6.5.1.5.

Deflagration and Detonation of Hydrogen Under a Tunnel Ceiling

A set of experiments were performeldedearch Centre Karlsruhe in Gernbgririedrichet al.
[175]that examined deflagration in stratified hydrogen laystaltate the potential of self

sustained detonation in flat mixture layegsire64 shows the main experimental set up used in
these evaluationshe chamber had dimemss of 5.7 m x 1.6 m x 0.6 m with layering heights of
0.15 m, 0.3 m, and 0.6 Tihe hydrogen concentrations used in these experiments ranged between
15% and 25% (by volunmeairn. Also, variation in obstacles and hydrogen layer thickness were
evaluateflL 75]

Iustration of ceiling level
obstructions

Figure 64: Experimental Setup for Deflagration Experiments (from [175])

In the set of experiments with no obstacles, slow flame propagation regimes werelblaserved.
experiments with obstacles showed three distinct combustion rEigensdsstructions in the

ceiling may have added turbulence to the flame propagation, which would make the explosions more
severeThese results indicate that ceiling design and iontigegasures in tunnels are important

which can be understood in the volume and layer height matrix skayune®b[175]
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Figure 65: Concentration and Layer Height Effect on Combustion (from [175])

6.5.1.6. Fire experiments of carrier loaded FCEV in full-scale model tunnel

A series of fire experiments and numerical simulations of daadedrwith hydrogen FCEVs in a
full-scale tunnel were conducted to calculate heat release and smoke genebgtiwikagtiesl.
[176] As shown irFigure66, the experimental tunnel is 80 m long, 12.4 m wide, amawi®é&

with a horseshoe cressctionThe totaHRR of the carrier loaded with hydrogen FCEVs was
determined from the experimelytabtained temperature variation near thglfe

0Om 35m 80 m

_
Longitudinal velocity

S

10 m

.,_?Fi,\i Fire sources (carrier and 4 loaded vehicles)
Pool fire
Figure 66: Experimental Tunnel Configuration and Carrier (from [176])

The totaHRRwas also estimated through numesicallationThe individuaHRR of each part

of the car was calculated and summed to determine th&RiBtdlhe different parts of concern
were the carried vehicles without fuel, the hydrogemhiietl was approximately 17 Gofrlow-
pressure hydrogemd another case of 43.8ahhigh-pressurdydrogenthe rear wheels, the
driverds seat i n tgaselingoalfire.Themethodeldgy of éstematingtimed
HRRof each part and superimposing them to obtain thédeEivas then congred to the
experimental resulss shown irFigure6?, for a vehicle containing 43.6ahcompressed
hydrogen, the numerical method and experimental resulttaahggood agreemefit76]
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Figure 67: Comparison of Experimental & Simulated HRR for High Pressure Case (from [176])

This methodology was extended to prediddig of a carrier loaded with eight hydrogeEV<
It was determined that, when compared to a large bus fiHl&Rtveas larger after 10 minutes and
the maximunHRRwas 1.5 times greaf&76]

6.5.1.7. Vapor Cloud Explosions from Ignition of Gaseous Mixtures in a Congested
Region

A series of studies were carried olRdyle et a[123]to measure the overpressure produced from
methane and methane/hydrogen mixtures premixed with air when ignited within congested spaces.
The experimental space was a 3 x 3 x 2 m region containing multiple layers of pipes. An image of
the congested regiorstsown inFigure68 A concrete wall sits adjacent to the one side of the
congested region. The wall is positioned there to protect the control room and has béan shown

not interfere with free field overpresq&3] Additionally, the wall has embedded pressure sensors

at different heights. For this series of experiments, the blockage ratio was reported as 4.40% the
total volume. Theutside of the grid was covered in a 23 pm thin plastic film which contained the
gas prior to ignition. The plastic film was used only to contain the premixed gas mixtures prior to
combustion and did not significantly restrict the outflow of gas or skarprevave.
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Figure 68: Congestion region or grid where gas was filled then ignited (from [123])

Hydrogergas was mixed with air to form a stoichiometric rati@ which reportedly produces

the hidnest overpressures. Other gases evaluated in this study were mixtures of methane, air, and
hydrogen which are all included in some of the figures and tables below. For this section, only
results pertaining toydrogeralone are discussé&ectiord.5.1.3liscusses the methane portion of

this experiment.

The ignition source was located at a height of 0.5 m off the ground and positioned at the center of
the grid. Forgnition a 2.25 J capacitor was discharged through a spark gap of 6 mm. It was noted
that the spark exhibited lower energy than what was discharged from the capacitor. For the
instrumentation, overpressure values were measured by an arrandfiigytpressure pressure
sensors. The location of the pressure sensors can beFsgere@®. All pressure sensors were
positioned 500 mm above the groardepfor the farfield pressure sensors, which were mounted

at higher locations due to the topology of the testing pad.
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Figure 69: Pressure Sensors distributed in and around grid structure (from [123])

Pressures were measured across a wide span of locations including up the adjab&&9wall.
lists the initial conditions prior to ignition. The wy@rogens lakeled as NatHy 10For the
results of hydrogen/methane mixture experiments, we refer the readpape{i3]

Table 39: Initial Conditions of Experiment (from [123])

Measurement Test Conditions: NatHy 01
Hydrogen(vol. %) 100
Number of Layers 9

Free Volume 17.207

Gas mixture temperatufé&) 11.0
Relative Humidity (%) 30.7
Atmospheric Pressure (kPa) 97.2
Mean Oxygen Concentration (9 13.59
Partial Oxygen Pressiik&a) 0.1359
Partial Nitrogen Pressure (kPg 05127
Partial Water Vapor Pressure (K 00041
Partial Fuel Gas Pressure (kP 03474
Mass of Hydrogen (kg) 0.498
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It was noted that during experiment the humidity was uncontrolled but was assumed to have a

minor effect on the resultant explosion overpressure Vatues70displgs an image of the
explosion immediately after ignition.

Figure 70: Image of pure methane combustion right after ignition (from [123])

Figure7landFigure72show the measured overpressure values at various locations for all mixtures.
Recall that NatHy 01 corresponds to the hydrogen gas. Pressures were reportedfielthe near
(within and just dseide of the grid) and féeld (further out from the grid) regions.

MethaneHydrogen_comparison.xls

500 ‘ ‘ |
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Figure 71: Overpressure vs. of distance parallel to the wall in the near field region (from [123])
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Figure 72: Overpressure vs. distance perpendicular to the wall in the far field region (from [123])

In the near fieldjalues wererell over 10@Paand up to 450 kPa based on the distance parallel to
the wallAt 32 m away, the overpressin@ps to less than X@ain the perpendicular direction

and just above 50 kPa in the parallel dire&eferring tarablel, 100kPa is théatality threshold

for direct blast effect®\nythingabove200kPahas @9%probability of fatality from direct blast effects
Note that thisxperiment represented the ignition of aypxed 18 riregion witha high level of
congstiorf both the stoicilometricmixture size and level of congestion are probably unlikely to
occur in a tunnel, especially simultaneously.

6.5.2.  Modeling

A series of modeling efforts have been undertaken to understand hydrogen dispersion, deflagration,
and hydrgen jet flame hazard in tunn®ledeling was used to support a risk analysis of a

hydrogen FCEV accident in a tunfiéke objective of the modeling was to predict the thermal
expansion of the structural members and the temperature of the epoxy when a hydrogen jet flame
impinges on theuspendetlinnel ceiling (see Sectth.2.) Furthermore, a CFD evaluation

showed that the flame resulting from hydrogen release had the potential to damage tunnel
equipment and structure (see Seétib2.5 In another studyCFD modeling was performed in

support of the evaluation of explosion risk of hydrogen vehicles (both ¢carsednl dispersion

analysis determined realistic cloud sizes and hydrogenratons expected after a tunnel

accident of various hydrogen vehicles (assuming delayed ignitendetermined that the

resulting overpressure is insignificant in terms of risk to human life (se® Sez.foinother

effort involved a turbulence modeling study evaluating hydrogen release and combustion, variable
tunnel ventilation, and variable delayed ignitionTimese results showed that larger veotila

rates decreased the growth rate of overpressure after ignition and the attenuation rate after reaching
the peak while increased ignition time delay had the opposite effect (seeS2&IAIs0, a

series of ED simulations were performed to evaluate diffusion of leaked hydrogen in tunnels.

These simulations showed that in tunnels without ventilation, the geometry effects the hydrogen
diffusion (see Secti@b.2.Y. Finally CFD models of hydrogen deflagration in a tunnel were

compared with the results from experiments to validate the results of the CFD code (see Section
6.5.2.3nd6.5.2.%
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6.5.2.1. Hydrogen FCEV Tunnel Safety Study

CFD, heat transfer, and solid mechanics modeling was petigr8attiia National Laboratories

[113]in support of the risk atysis of a hydrogen FCEV accidenttimael.The scenario modeled

in support of the risk analysis was a hydrogen vehicle in an accident exposed to a resulting fire (see
Sectiorb.5.4for additional details).

The objective of the modeling was to predict the thermal expansion of the structural members and
the temperature of the epoxy when a hydrogen jet flame impinges on the tunrigheaihatysis

was divided io three parts: 1) a CFD simulation of the flame, 2) a heat transfer simulation of the
structural members, and 3) a solid mechanics analysis of the structural members. A Sandia
developed code called Sierra was used to perform the simSligticms dided into different

modules that can interact with each offtex.Fuego module was used for the CFD simulation, the
Aria module was used for the heat transfer model, and the Adagio module was used to calculate the
deflection of the structural memb@ise CFD simulation provided the boundary conditions for the
heat transfer simulation, specifically the radiative and convective heat flux on the tunnel ceiling.
Note that due to computational limitations, the smallest reasonable tank orifice diametee that can
modeled is 5.25 cihis is conservative becausevtecity was kept constant for the larger

diameter, sthe mass flow and total heat release are larger than what is expected for the realistic
2.25 mm tank orifice diametéfhile the velocity coulitk decreased in order to compensate for the
largerrelease diameter, the flame impingement would be undere$titrigted

These boundary conditions served as input to Aria to calculate the temperature profiles across the
structural membersSpecifically, the reference temperature, heat transfer coefficient, and the
irradiation from the CFD model were used as boundary conditions on the surface in direct contact
with the heated gas@&be temperature profiles on the structural lbeesnwere input into Adagio

to calculate the deflection due to thermal strain on each structural esiniyelified analysis was

also performed to determine if the stairdtessl hangersnhold the concrete panels when the
hydrogen jet is impinging the stairgtas| bar surfaddote that the different tunnel structures

(Central Artery North Area @ANA tunnel and Ted Williams Tunnel) were each evaluated with

and without ventilatioj113]

Table40shows a summary of the maximum temperature and deflection for the CANA and Ted
Williams(TW) structuresThe wors-case scenarios were seen when the ventilation is not operating.
Both the CANA and Ted Williams Tunnel results show that the thermal conditions may result in
localizectoncretespalling in the area where the hydrogen jet flame impinges théf¢kaéing.

ventilation is operating, the maximum temperature is significantly lower, and spalling is not expected
to occur.The total stress on the steel structure was significantly lower than the yield stress of
stainless steel and ASTM A36 at the maximum stpelatune even when the ventilation was not

on. Therefore, the steel structigaot expected tbe compromisedlso, the epoxy remains at

ambient temperature asal shouldhot degrader fail due to this exposufighe maximum

deflection of the steel hangs 7mm, which will not impact the structural integrity of the beam.

Note that several conservative assumptions were made in this modeling, so the temperature
observed should be lower than what which results in sgdlBh@able40shows the results of the
modeling. Each jet flame fire curve is created with ventilation (V) and without ventilation (NV). The
hydrocarbon and ISO 834 curaes discussed in Sectih.1lin more detail.
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Table 40: Results Summary of Hydrogen FCEV in Tunnels Risk Modeling (from [113])

Maximum Maximum Yield
Temperature Deflection Stress
Fire Curve (°C) (mm) (MPa)
Hydrocarbon ~750 ~5 -
ISO 834 ~750 ~10 -
H> Jet Flame CANA (NV) 592 19.4 -
H, Jet Flame CANA (V) 336 7.6 -
Concrete 1,088 <200 -
Stainless Steel 706 ~7 147.79
H, Jet Flame
TW (NV) ASTM A36 - - 399.9
Concrete 805 43.5 -
Stainless Steel 436 1.3 214.76
H, Jet Flame
TW (V) ASTM A36 - - 172.37

6.5.2.2. Hydrogen Vehicle Explosion Risk in Tunnels

CFD modeling was performbg Middha and Hans@t27]in support of the evaluation of

explosion risk of hydrogen vehicles (both carbwselin a tunnel (see Sect®b.4. or

additional detail§)27] The objective of the modeling was to predict a quantitative explosion risk
for hydrogen vehicles in tunnél.the scenarios described in Se@&ibm.were evaluated using

the CFD code FLAC8oth NGV and R vehicles were studied in the simulations but this section
will only comment on results pertainingitoTheH, car and bus parameters described by

Middha and Hanseas follows

1. Compressed hydrogen gas city bus with 4Q &tpiddin 8 cylinders (two sets of 4 eath)
5 kg per cylinder atstorage pressure of 350 bar. The vehicle was represented as a
rectangular block (12.042.55m x 2.9 m) with the distance to the top of the tanks being
3.1m.

2. Compressed hydrogen gaswith5 kg H stored inl cylinder at a storage pressure of 700
bar. Thecar wasepresentedsasimplerectangulablock (5.0 mx 1.9 mx 1.5 m) located
0.3 m above the ground.

As for the tunnels, two different cross sections were evaluated, rectangle and horseshoe shape, see
Figure73for crosssectionadimensions. Both tunnels were modeled with a length . 500
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Figure 73: Tunnel cross-sectional dimensions (from [127])

In addition to the crossectional dimensions and length, the geometry of the modeled tunnel
included vehicles. The tunnels vadera@ laneavith traffic running a single direction. The tunnel was
assumetb befull of cars and buses spaced out evenly hy. The vehicle distribution was a
repeateghattern ofsixcars follow bypnebus. The vehicles were pthsech that one bus and one
car were at the exact center length wise of the tunnel in separdiedaase geometry was used
for both the car anblus release. €heleasewereassumed to be chokiolw. The mass flow rate

of theH, for choked flow a850 and 70Bar is displayed Kigure74. Note that this was computed
assuming a discharge coefficient cid8a4 mm opening

06

— H2, 350bar
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Mass flow rate (kg/s)
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Figure 74: Mass flow of release for CNG and various H2 simulations (from [127])

Ignition points were varied from the center of the vapor cloud to the outer edges (length wise of the
tunnel). Ventilation velocities were also varied between the models.
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A dispersion model simulating the release of the fuel systems was carablg4lilists the

maximum flammable gas cloud size for each configuration as weljawéhent stoichiometric

cloudor the Q9quiescent cloud. This is a scaled smaller stoichiometric gas cloud that represents the
same explosion load as the-homogenous larger cloud. It is scaled lmdféte weighted

volume expansion, flammable voluamel laminar burning velocity. The flammable cloud and its
stoichiometriand Q9 equivalenggong with the maximum pressures for the combustion of the
flammable gas cloudee listedn Table41below:

Table 41: Summary of gas cloud & overpressure for various vehicles in both tunnels (from [127])

. Maximum equivalent Max. pressure for max. equiv.
MaX|mum_ ﬂammable 985 | stoichiometric flammable cloud Q9 Quiescent/Pre-
cloud size in 8 (kg) L A
Vehicle/Release | Inventory gas cloud size in ni (kg) ignition turb.
Characteristics (kg) ; ;
Horseshoe | Rectangular | Horseshoe | Rectangular ng'mum Q9 Maximum
quivalent overpressure
Tunnel Tunnel Tunnel Tunnel
Volume (m3) (barg)
Car LH2 10 1.4 (0.007)| 1.8(0.009) | 0.02 (0.003] 0.02 (0.004) 0.0 <0.05/0.1
Car H2Gas700
bar (vent up) 5 281 (1.14) | 273(1.21) | 4.42(0.07)| 4.31(0.09) 4.4 0.05/0.10
CarH2 Gas700
bar (vent down) 5 268 (1.33) | 308(1.39) | 17.75(0.29]) 8.77 (0.18) 17.8 0.11/0.34
BusH2 Gas350
bar 5 213 (0.89) | 190(0.81) | 2.16 (0.04)| 1.94 (0.04) 2.2 0.05/0.10
BusH2 Gas350
bar 20 1795 (7.46)| 3037 (13.97) 27.46 (0.45] 24.67 (0.49) 275 0.11/0.34

From the coupled dispersion combustion simulations, it is predicted that overpressure values can
produce minor damage to people and property within the tunnel. The data preBailetilin

were combined to create a frequency of exceedance curve for overpressures during combustion of
gaseous hydrogelouds, shown iRigure75 Overpressure values outside the hazardouglesgye

than 0.1 bargremuch more likely than higher overpressures that can be hazardous to tunnel
occupantsThis is important information to perform a risk analysighéwmethod used to create

the exceedance curves is not discussed in detail.
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Figure 75: Exceedance curves for overpressure values per fuel type (from [127])
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6.5.2.3. CFD Modeling of Hydrogen Deflagration in a Tunnel

Deflagration in homogenous, near stoichiometric hydgemixtures in a model of a tunnel were
simulated through CFD modeling technidpyeRolias et a[177] The ADREAHF CFD code was
used for this modelinghe purpose of this modeling was to baseline the results from the ADREA
HF CFD code with that of the experiment discussed in Sé&iarPSpecifically, the time
dependent overpressure data generated from the CFD modeling was compared directly with the
experimental dat@ihe two cases that were examined were the empty tunnel and tunnel with
simulated traffic with a homogeneous hydfagemixture with a 30% hydegconcentratioby
volume While this experiment used this concentration for each scenariplamnsitde

concentration would need to be used in future Wlre77shows the experimental and
computational overpressure results at different locations along thésusin@vn, the

computational results are in general agreement with the results of the expeeirefme, the

CFD code was able to simulate the contruptiocess angstimatehe resulting overpressures.
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Figure 76: Overpressure Results without Vehicles (from [177])

137

















































































