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ABSTRACT

Many types of vehicles using fuels that differ from typical hydrocarbons such as gasoline and
diesel are in use throughout the world. These include vehicles running on the combustion of
natural gas and propane as well as electrical drive vehicles utilizing batteries or hydrogen as
energy storage. These alternative 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 spaces. Much scientific research and analysis has been conducted on tunnel and
garage hazard scenarios; however, the data and conclusions might not seem to be immediately
applicable to highway tunnel owners and authorities having jurisdiction over tunnels. This
report provides a comprehensive, concise summary of the literature available characterizing
the various hazards presented by all alternative fuel vehicles, including light-duty, medium- and
heavy-duty, as well as buses. Research characterizing both worst-case and more plausible
scenarios and risk-based analysis is also summarized. Gaps in the research are identified in
order to guide future research efforts to provide a complete analysis of the hazards and
recommendations for the use of alternative fuel vehicles in tunnels.
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EXECUTIVE SUMMARY

Vehicles of all sizes use internal combustion engines powered by hydrocarbons such as gasoline,
diesel, ethanol, and various blends. As alternative fuel vehicles and the infrastructure to support
them become more widely available, safety concerns become a more important topic because these
tuels are different from the typical safety hazards that have been accepted since the widespread
adoption of the automobile. Road tunnels and other enclosures have additional concerns due to
limited access and egress, ventilation system capacity, and emergency response limitations.
Therefore, tunnel owners, authorities, and other stakeholders have raised concerns about alternative
fuel vehicles traveling through tunnels, particularly in urban and high commuter areas. Natural gas
and propane are used to replace traditional fuels as cleaner or more efficient alternative fuel in
combustion engines. Alternative fuel vehicles also include those powered by electricity using lithium-
ion batteries or hydrogen fuel cells. The intent of this document is to help illustrate the level of risk
for all types of fuel, provide a full understanding of what codes & standards are applicable to these
alternative fuel vehicles, and to review relevant research that has been conducted to date. Risks to
life safety and infrastructure damage always exist, regardless if the fuel type is traditional or
alternative. The goal for acceptance of alternative fuel vehicles may be to maintain the same level of
risk that is generally accepted for traditional fuel vehicles.

For each fuel type, including traditional fuels such as gasoline and diesel, an overview with a
summary of fuel properties and hazards, applicable codes and standards, and tunnel-specific
research in the literature is provided. Additionally, information to compare the various classes of
vehicles such as passenger, light-duty, heavy-duty, and cargo are reviewed where available. This
information helps characterize the severity of the hazard for each classification of vehicle. The
different codes and standards applicable come from organizations such as National Fire Protection
Association, Society of Automotive Engineers, Underwriters Laboratories, and more. While these
organizations provide various codes and standards, it is up to state and local jurisdiction to help
adopt, regulate, and enforce them. The literature review provides information organized by
expetiments, modeling, and theoretical calculations/analyses performed regarding the specific fuel in
tunnels. Some of the fuel types are not as well studied as others, specifically in tunnels. In these
cases, research that is applicable to tunnels is reviewed. For example, battery electric vehicles real-
world incidents from the last few years are presented because few full-scale experiments have been
conducted. Research gaps identified are provided for each fuel type.

Battery

There are two distinct hazards from battery electric vehicles (BEVs): deflagration from the
flammable vent gas and a unique fire hazard due to thermal runaway propagation between cells.
Unlike flammable gases with well-known properties, characteristics of the vent gases from a battery
cell failure are not as well defined. Variations in cell chemistry, capacity, thermal runaway
propagation between cells, state of charge, form factor, and other variations affect hazards such as
vent gas species, volume production, and production rates. These are further discussed in the
associated hazards for BEVs. Due to these factors, the hazards associated with BEVs are not as well
characterized as some of the other alternative fuel vehicles. Studies to understand the heat release
rate compared with traditional fuel vehicles has been reviewed. Also, studies characterizing fire
spread within a BEV and tactics to slow or stop thermal propagation based using water and other
methods has been studied. Testing and analysis to understand the failure scenarios and modes
pertaining to BEVs is limited but also included. This includes understanding thermal, mechanical,
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and electrical failures. A variety of research gaps are discussed for BEVs in tunnels and lithium-ion
batteries in general.

Natural Gas

Most of the studies surveyed involve compressed natural gas (CNG) in gaseous form, showing the
need to further understand liquefied natural gas (LNG) hazards and the differences for this lower
pressure, liquid fuel. Harmful and lethal distances due to fire or overpressure from a CNG release
can exceed comparable distances for LNG due to the higher storage pressures of CNG. A variety of
tunnel studies have been summarized that characterized CNG releases of vapor clouds that are
considered equivalent to amounts of CNG in city bus and passenger car configurations. One study
looks at different initiating events of a natural gas leak from a vehicle in a tunnel and how the
flammable mass and overpressures change based on those events. Another study shows the
difference in characteristics such as harmful distances from a vapor cloud explosion for CNG and
LNG. This helps understand the fundamental differences for this fuel based on its state. As more
research is conducted, the focus specifically for tunnels should include experimental studies of
natural gas dispersion and overpressure in actual or scaled down tunnels as well as large scale natural
gas flames heat transfer analysis.

Propane

There were relatively few studies evaluating the failure modes and consequences associated with
liquefied propane gas (LPG) vehicles in tunnels. One study used a failure tree to inform the
experimental setup. The experimental data was then used 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 to understand 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 of an LPG spill. Future work should investigate thermal consequences of failures, which
have not been reported for many of the studies included in this literature survey. This includes the
heat release rate, temperature, and structural damage resulting from different failure modes.

Hydrogen

There are a number of studies evaluating the failure modes and consequences associated with
hydrogen fuel cell electric vehicles (FCEVs) in tunnels. Multiple studies have identified possible
release events that could occur. Other studies have begun to quantify probabilities and likelihoods
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 tunnel components of a jet fire rather than
an overpressure. Multiple experimental studies have also investigated overpressures resulting from
delayed hydrogen ignition, though some have investigated thermal effects of jet fires as well. Some
research gaps identified for FCEVs in tunnels are the need for an increased focused on thermal
effects of jet fires on tunnel structures. Similarly, while some studies have investigated the extent of
overpressures in tunnels, more information is needed on what type of critical tunnel infrastructure
might be affected by such hazards. More information is needed on how likely hydrogen is to ignite
in different release configurations which will greatly inform risk analyses. Most current studies have
focused on light-duty vehicles, and so more modeling and experiments on larger fuel-capacity
vehicles would be important to consider. Some of these gaps as well as others will be addressed in
the current HyTunnel-CS project.
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ACRONYMS AND DEFINITIONS

Abbreviation Definition
AEGL acute exposure guideline levels
AH]J authority having jurisdiction
AIT auto-ignition temperature
ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers
BEV battery electric vehicle
BLEVE boiling liquid expanding vapor explosion
CANA Central Artery North Area
CFAST Consolidated Model of Fire and Smoke Transport
CFD computational fluid dynamics
CNG compressed natural gas
DDT deflagration-to-detonation transition
DEC diethyl carbonate
DMC dimethyl carbonate
DOE Department of Energy
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 gasoline-gallon-equivalent
GVWR gross vehicle weight rating
HF hydrogen fluoride
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 National Institute of Standards and Technology
NMC nickel manganese cobalt
MIE minimum ignition energy
MPC methyl propyl carbonate
PC propylene carbonate
PHEV plug-in hybrid electric vehicles
PIARC Permanent International Association of Road Congtresses
PRA probabilistic risk assessment
PRD pressure relief device
PTC positive temperature coefficient
QRA quantitative risk analysis
RVP Reid vapor pressure
RWS Rijkswaterstaat, a time-temperature curve used in safety standards
SAE Society of Automotive Engineers
SUV sport utility vehicle
THC total hydrocarbons
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 tunnel owners and other stakeholders with a summary of
the current body of scientific information about the use of alternative fuel vehicles in tunnels. This
will allow tunnel regulators to determine requirements for alternative fuel vehicle transit through
tunnels on a national level. This objective is accomplished through performing a comprehensive
literature review of 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 review of the scenarios and failure
modes and the range of consequences associated with the failures. This work expands upon a
previously published hydrogen-specific white paper [1] by including other alternative fuels.

The scope of this report is 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 consideration, so the class of vehicle is
noted where applicable to help further understand the potential consequences of light-duty,
medium-duty, or heavy-duty vehicle incidents.

Note that some of the research presented in this document assess theoretical scenatios that are
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 improbability of encountering
these conditions outside a laboratory. However, 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 the various hazard metrics discussed in the literature:

e 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 environment. Codes, standards,
and practices have specific requirements regarding the flammable gas concentration permitted in any
given environment. The lower flammability limit (LFL) is the lowest fuel concentration that will
allow flame or flash propagation from an ignition source 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 mixture. Outside of these limits, no flame can occur [2]. Standard units of
flammability limits are in volume percent (%) or volume fraction.

e Explosion

Explosion is a general term for the elevated release of energy that generates high temperatures. This
causes expansion of a gas volume and leads to an overpressure [3]. A broad class of pre-mixed
flames can cause this overpressure. To further define an explosion, the speed of the flame front
determines whether it is a deflagration (subsonic speeds) or detonation (supersonic speeds).
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e 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 a strong function of the fuel type, pressure, and overall fuel
concentration [4]. The explosion limits are within the same concentration range as the flammability
limits. Standard units of explosion limits are in volume percent (%) or volume fraction.

e Auto-Ignition Temperature

The auto-ignition 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 gases. If the rate at which heat evolves in a gas or vapor is greater than the rate of heat loss to
the surrounding area, ignition can result [2] [5]. Standard units for the auto-ignition temperature is
degrees Celsius (°C) or degrees Fahrenheit (°F).

e Detonation/Deflagration

Deflagration is defined as a flame front which propagates through a gas at subsonic speeds.
Typically, obstructions such as piping and conduit as well as confinement cause a flame front to
accelerate to speeds greater than the speed of sound (343 m/s in ambient air). This causes the
deflagration-to-detonation transition (DDT). A detonation is defined as a flame front which
propagates through a gas at supersonic speeds. A deflagration will have flame speeds that vary from
less than 1 m/s up to 3 m/s whereas detonation flame speeds are anywhere from 1.5 to 2.8 km/s

[6].

e Detonation Limits

Detonation limits is the range at which a detonation can self-sustain. 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 temperature and pressure compared with the
flammability/ explosion limits [4]. Standard units for detonation limits are in volume petrcent (%) or
volume fraction.

e Jaminar Flame Speed

The critical parameter controlling the rate of pressurization 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 increasing pressure [7]. The
laminar flame speed is dependent on the chemical kinetics along with the thermal and mass diffusion
[8]. Standard units for the laminar flame speed are meter-pet-second (m/s) or feet-per-minute
(ft/min).

e Overpressure

Overpressure defines the pressure wave that a flammable mixture generates during combustion.
This pressute wave is caused by the energy released from initial deflagration/detonation. The
maximum theoretical overpressure (Pm.) is the pressure that 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. P depends on the composition of gas produced as well as the
concentration and other factors such as confinement [9]. Standard units for overpressure can be
kilopascals (kPa), pounds-per-square-inch (psi), or bar.
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e Equivalence Ratio

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 excess air after combustion. If the ratio is
above 1, the mixture is fuel rich leading to incomplete consumption of the fuel. Combustion with an
equivalence ratio equal to 1 leads to complete consumption of oxygen and fuel during a reaction.

e Stoichiometric Ratio

The stoichiometric ratio is the mixture of fuel and air in which there is exactly enough air to
completely burn all of the fuel. Combustion in stoichiometric conditions (when the mixture is at the
stoichiometric ratio) leads to complete consumption of both oxygen and fuel.

e Adiabatic Flame Temperature

Adiabatic flame temperature is the 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 when a mixture is
stoichiometric [10]. Standard units for flame temperature are Kelvin (K), degrees Celsius (°C), or
degrees Fahrenheit (°F).

e Flash Point

The flash point is the lowest temperature at which a liquid solvent can form a mixture above the
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 methods test flash point in an open pool type configuration and a
closed container configuration [2]. Standard units for the flash point temperature degrees are degrees
Celsius (°C) or degrees Fahrenheit (°F).

e Heat of Combustion

Heat of combustion 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 the resulting mixture of
combustion products down to 150°C. This assumes the latent heat of vaporization of water in the
reaction products is not recovered. The higher heating 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 products [11]. Standard units for the heat of combustion are Megajoule per Kilogram
(M] /kg), British Thermal Units per-pound-mass (Btu/Ib.), or kilojoule-per-mole (k] /mol).

e Heat Release Rate

Heat release rate (HRR) is the rate of energy released from a fire. This rate is typically defined by a
plotted curve, with time on the horizontal axis and energy released on the vertical axis [12]. The heat
release rate curve is used to characterize fires by understanding the peak heat release rate as well as
the duration of the fire. Standard units for the heat release rate are kilowatt (kW) or British Thermal
Unit per hour (Btu/ht).

e Heat Flux

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 flux are kilowatt per square meter (kW /m?) or British
Thermal Unit per square foot (Btu/hr-ft)).
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e Total Heat Release
The total area under the heat release rate curve defines the total heat released (THR) [12]. Total heat

released is used to characterize the size of a fire. Standard units for 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 and take-away values 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 metrics is shown in Table 1 through Table 3. Table 1
lists the human injury criteria due to overpressure from National Fire Protection Association
(NFPA) 921: Guide for Fire and Explosion Investigations [13].

Table 1: Human Injury Criteria from Overpressure (from [13])

Overpressure Effects or Injuries

psi kPa bar
0.60 4.14 0.04 Threshold for injury from flying glass
12%(()) 16395(3)0 0.070-0.140 Threshold for skin laceration from flying glass
2.40- 16.50- Threshold for eardrum rupture/10% probability of eardrum
2.80 19.30 0.170-0.19 rupture
%%% 12%%% 0140021y eshold for serious wounds from flying glass
3.00 20.70 0.21 Overpressure will hutl a person to the ground
3.40 23.4 0.23 1% eardrum rupture
A;(())(()) ??Zg(())() 0.28-0.35 Serious wounds from flying glass near 50% probability
5.80 40.00 0.40 Threshold for body-wall penetration from flying glass (bare skin)
6.30 43.40 0.43 50% probability of eardrum rupture
78%(()) 428532(()) 048-0.55 Setious wounds from flying glass near 100% probability
10.00 68.95 0.69 Threshold for lung hemorrhage
14.50 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 1.41 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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Table 2 illustrates the levels and exposure durations at which blistering (second-degree burn) injuries
occur due to heat flux exposure from NFPA 921: Guide for Fire and Explosion Investigations [13].
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 /m? Btu/hr-ft2
Common thermal radiation exposure while firefighting. This energy level may
cause burn injuries with prolonged exposure.
2.5 793
Human skin experiences pain with a 33-second exposure and blisters in 79
seconds with second-degree burn injury.
Human skin experiences pain with a 13-second exposure and blisters in 29
5 1,586 . -
seconds with second-degree burn injury.
Human skin experiences pain with a 5-second exposure and blisters in
10 3,172 . .
10 seconds with second-degree burn injury.
Human skin experiences pain with a 3-second exposure and blisters in
15 4,758 . L
6 seconds with second-degree burn injury.
Human skin experiences pain with a 2-second exposure and blisters in
20 6,344 . -
4 seconds with second-degree burn injury.
80 25,377 Heat flux for protective clothing Thermal Protective Performance (TPP) Test.
100 31,720 Steel structure collapse (>30 min exposure) (from [14])
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Table 3 illustrates various effects and injuries from temperature exposure from National Institute of
Standards and Technology (NIST) [12]. Both the heat flux and exposure time 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 human oral/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 a first-degree burn injury
54 130 Hot water causes a scald burn injury with 30 second exposure
55 121 Human skin temperature with blistering and second degree burn injury
62 140 Temperature when burned human tissue becomes numb
72 162 Human skin temperature at which tissue 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
=400 2752 Temperature of gases at the beginning of room flashover
~1000 ~1832 Temperature inside a room undergoing flashover
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1.3.

Vehicle Classifications

Vehicle classifications are defined by the vehicle’s gross vehicle weight rating (GVWR) which is the
maximum operating weight of the vehicle. The GVWR includes all vehicle fluids, passengers, and
the cargo capability but does not include trailers. Definitions from various administrations such as
the U.S. Department of Transportation Federal Highway Administration (FHWA) and U.S.
Environmental Protection Agency (EPA) are included along with examples and applications of each
vehicle class.

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

Vehicle | Examples/ | b yp ppyyra EPA
Class Applications
Heavy-Duty Engine Light Light-Duty Truck: <6,000 Ibs.
s 1?:55 <6000 | 1 i ohe-Duty Vehicle: <8,500 Ibs.
. edans, :
glglgf‘ SUV, Light-Duty Trucks: <8,500 Ibs.
Vehicle Elci{u?i} Light-Duty Truck 3 and 4 and
MLy Van ) Class 2: 6,001 — | Heavy Engines Heavy Light-Duty Truck: 6,001 — 8,500 Ibs.
10,000 Ibs.
Medium-Duty Vehicle: 8,501 — 10,000 Ibs.
Class 3: 10.001 Heavy-Duty Vehicle Heavy-Duty Engine: >8,500 Ibs.
ass 3: 10, -
14,000 Ibs.
ot ’ ° Heavy-Duty Vehicle 3: 10,001 — 14,000 Ibs.
elivery
Medium- | Truck . _
D tyum B %‘88 § '1;3’001 Heavy-Duty Vehicle 4: 14,001 — 16,000 Ibs.
Vehicle | Truck, (:1’ p——
School Bus | | 92‘;80 b, | Heavy-Duty Vehicle 5: 16,001 - 19,500 Ibs.
%ﬁgéﬁjﬁm ~ | Heavy-Duty Vehicle 6: 19,501 — 26,000 Ibs.
Ei? Bus, Class 7: 26,001 — Medium Heavy-Duty Engine: 19,501 — 33,000 Ibs.
Meojfjé 33,000 Ibs. Heavy-Duty Vehicle 7: 26,001 — 33,000 Ibs.
Heavy-
. Truck, Heavy Heavy-Duty Engine Urban Bus: >33,000 Ibs.
Duty Truck, Fuel
Vehicle | picle, Sﬁss 8: 233,000 | Heayy-Duty Vehicle 8a: 33,001 — 60,000 Ibs.
Heavy Semi > .
Tractor Heavy-Duty Vehicle 8b: >60,000 Ibs.

From Table 4, there are three distinct vehicle classes: light-duty, medium-duty, and heavy-duty
vehicle. These classes are broken down into sub-classes 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

Cament Mixer Durnp Fire Truck Fuel
L) goi dﬁa ioiom
Heavy Semi Tractor Refrigerated Van Semi Sleeper Tour Bus

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

Figure 1 above gives further examples of various vehicles and what FHWA 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 type. Each of the chapters
has a section that provides an overview of the fuel type, along with the general properties 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 experiment section reviews what work has been done that uses testing and
measurement techniques to simulate fuel properties and characteristics such as dispersion,
flammability limits, and overpressure in intermediate to full scale tunnels or confined areas. The
modeling section shows computations done 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 section describes work that studies hazard and risk of these fuels in tunnels. This work
is done using engineering calculations and physics equations with experimental data and fuel
properties as inputs to compare and further understand the effect of these fuels in tunnels. Each
section has a research gap sections that 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 powertrains in passenger, light-
duty, heavy-duty and cargo vehicles. The main fuels are gasoline, diesel, and ethanol. Different
ethanol-gasoline blends such as E15 (containing 15% ethanol by volume) or E85 Flex Fuel
(containing 51% to 85% ethanol by volume) [17] are commonly found at gas stations. Usage of
ethanol has increased in the U.S. from 1.7 billion gallons in 2001 to about 14.4 billion in 2016 [18].
In 2018, the U.S. consumed approximately 143 billion gallons of gasoline [19]. Diesel fuel is more
common in larger commercial grade vehicles such as medium-duty, heavy-duty, and cargo, but is
also becoming more common at the passenger and light-duty markets. In 2014, 78% of medium-
duty and heavy-duty trucks sold were diesel powered, while only 1.5% of passenger and light-duty
sold were diesel powered [20].

2.2. Properties of Traditional Fuels

Various properties of these traditional fuels help understand and compare with the properties of
alternative fuels. Characteristics such as the liquid density and higher/lower heating values can be
used to define the fuel loading. The gas density can be used to understand the flammability limits.
The adiabatic flame temperature can be used to estimate the theoretical pressure rise from a
confined explosion. The laminar flame speed or burning velocity determines how quickly the
unburned mixture is consumed in a flame front. This value is affected by obstructions, temperature,
fuel concentration and, other factors which can cause turbulent flame speeds leading to the
deflagration-to-detonation transition.

Table 5: Properties of Traditional Fuels

Property

Gasoline

Diesel

Ethanol

Chemical Formula

Cs-Cia [21

Cs-Cas [21

C.HsOH [22

Molecular Weight

204 g/mol [23

|
46.07 g/mol [24]

Gas Density (25 °C, 1 atm)

]
95-120 g/mol [23]
1.227 kg/m3 [22]

1.46 kg/m3 [23

1.214 kg/m? [22

|
0.79 g/m?3 [22]
]

]
|
|
0.87-0.95 g/m3 [25]
|
]
|

Liquid Density 0.742 g/m> [22]

Boiling Point 25-215 °C [22] 282-338 °C [25 78.2°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 Speed- Stoichiometric

=1

0.33 m/s [22]

0.40 m/s [20]

0.41 m/s [22]

Adiabatic Flame Temperature

2289 K [23]

2327 K [23]

2234 K [22]

Flammability Limits (vol % in air)

1.2-7.1% [27]

0.6-6.5% [25]

3.5-15% [27]
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Each fuel has variation and uncertainty in the properties, as different sources report slightly different
values for each metric. This is because the chemical formulas and content in the fuel changes based
on regional regulations, seasonal additives, refinery additives and detergents, water content, and
other factors [28] [29]. One familiar example is winter gasoline blends verse summer gasoline blends.
The winter blend must have a higher Reid vapor pressure (RVP) than summer blends to account for
lower temperatures during the engine startup and to run smoother in colder conditions. The 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% ethanol [30]. Additionally, blends
such as E85 have a range of 51% to 85% ethanol by volume [17] contributing further to the
uncertainty or variations in the combustion properties. Since gasoline and ethanol have distinct
properties, these factors should be considered when performing risk evaluations.

2.3. Associated Hazards of Traditional Fuels

Among traditional fuels, gasoline has the lowest flash point. It also has a higher vapor pressure,
which typically causes the vapor mixture inside of a vehicles fuel tank to stay above the UFL [31].
Since the vapor pressure of ethanol is lower, in mixtures such as E85, this vapor pressure must be
considered when both designing and adding this fuel to tanks. Based on the ASTM standard
classification, the vapor pressure of E85 mixtures vary between 5.5 to 15.0 psi [17] which might
cause the vapor mixture to fall within the flammable range. Since traditional fuel tanks have a high
fuel concentration and use break-away and structurally weak plastic components, it is necessary to
prevent high pressures from building up due to vapor pressure. While internal fire or deflagration
hazard in a fuel tank might be possible, a fire hazard due to a leak is more of a concern. This is due
to the volatility of gasoline and the hot surfaces of an ICE vehicle, such as the exhaust system. The
associated HRR for gasoline peaks within seconds. Studies that have characterized pool fires for
gasoline and ethanol have shown that as the amount of ethanol in a gasoline-ethanol blend increases,
the heat flux and temperature of the pool fire decreases. A mixture with a higher ethanol content
burns slower and has a lower flame height [32]. Diesel is much less volatile than gasoline and ethanol
with a corresponding higher flash point. At normal ambient temperatures, diesel cannot be ignited
without a very strong ignition source. Therefore, a diesel spill may not present as great a risk as a
gasoline spill on the ground due to the lower chance of ignition from a higher vapor pressure. Yet
leakage into the engine compartment after an impact or failure could still lead to a fire. This due to
the hot surfaces such as the exhaust system or turbocharger assembly that has a large surface area.
Also, diesel and gasoline have comparable auto-ignition temperatures [31].

With the fire and explosion hazards known, characterizing these hazards in tunnels can be addressed
from reviewing and analyzing various incidents. There have been numerous major reported fire
events in tunnels, in which many are caused by vehicle accidents and fires [33].
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Table 6: Major ICE Road Tunnel Fire Incidents (from [34])

Year | Tunnel Information Country Comments
Los Angeles Road Multiple big-rig trucks and passenger vehicles
2007 | Tunnel Interstate 5 USA involved. Fire caused concrete spalling. 3
167 m long Built in 1975 fatalities and 10 injuries [33].
Melbourne Burnley Road Tunnel Vehfle C%HQSI?H duet IO dstlutdown ltar(lie fimcll) I
2007 | 3,400 m Built between 1996 and | Australia | | 8 & 1€ mpact ied 10 a reported Hreba
and one car bursting into flames. 3 fatalities
2000
[35].
2001 Gleinalm Road Tunnel Austria Head on crash that led to a fire in the middle of
8.3 km Completed in 1978 " the tunnel. 5 fatalities and 4 injuries [36].
2001 Gotthard Motorway Tunnel Switzerland Head on crash that led to a fire in the tunnel.
Opened in 1980 W 11 fatalities and 19 injuries [33].
Tauern Road Tunnel
1999 6 km First bore completed in Austria Vehicle crash that led to a fire in the tunnel. 12
1975. A second, parallel tube was fatalities and 49 injuries [37].
officially opened in 2011

Table 6 shows more recent fire incidents in tunnels due to ICE vehicle collisions. The main cause of
vehicular fires in road tunnels are engine fires, short circuits, ignition of flammable/combustible
materials, collisions, and other defects. Collisions are mostly due to driver error. These major tunnel
fires can result in a HRR above 20 MW. Fire temperatures can exceed 1000 °C and lead to quicker
developing and spreading fires [34].
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2.4. Pertinent Regulations and Safety Standards

Traditional fuel vehicles have robust safety standards and regulations with regard the vehicle itself
and the roadway structures on which they operate for all ICE vehicles types.

24.1. National Fire Protection Association Standard 502

NFPA 502, Standard for Road Tunnels, Bridges, and Other Limited Access Highways, provides fire
protection and life safety requirements as well as design criteria for authorities having jurisdiction
(AHJs) to use in ensuring tunnel safety. Section 7.3.2 states that a tunnel shall be capable of
withstanding the temperature exposure represented by the Rijkwaterstaat (RWS) time-temperature
curve or other recognized standard time-temperature curve that is acceptable to the AHJ, as shown
by an engineering analysis. The assumption is that every part of the tunnel should withstand these
temperature exposures, irrespective of the fire location, ventilation rate, or ventilation type [38].

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

American Society of Heating, Refrigerant, and Air-conditioning Engineers (ASHRAE) 2019 HVAC
Applications Chapter 16: Enclosed V'ehicular Facilities provides guidance on vehicular facilities that
store vehicles and through which vehicles 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
smoke control. Additionally, ventilation concepts including normal operations and emergency
operations are covered in this chapter [39].

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

National Cooperative Highway Research Program (NCHRP) Guidelines for Emergency Ventilation
Smoke Control in Roadway Tunnels Chapter 2: Road Tunnel Fires provides 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 NFPA 502. Chapter 2
provides a framework on how to understand and determine fire and hazardous materials
management in tunnels [40].

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

National Cooperative Highway Research Program Synthesis 415: Design Fires in Road Tunnels
provides review 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 detection [41].
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2.5. Research Summary of Traditional Fuels in Tunnels

This section documents the results of the evaluations regarding ICE vehicle failure 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
Table 6. The tests in Table 7 are used to understand both the characteristics of a tunnel fire (such as
temperature and HRR) and how different ventilation techniques affect these characteristics.
Whether the fire is oxygen rich or oxygen lean will affect these characteristics, and these will drive
the fire time and total damage done.

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 m?2 15-25 MW longitudinal,

semi-transversal

natural,
Zwenberg Rail 1976 Austria Gasoline Pool 24 m2 15-25 MW longitudinal,
semi-transversal

Mining 1990- Train wagons,

Rapperfijord i Norway cars, HGV, 30-40 m2 15-100 MW natural,
Gallery 1992 calibrated fires transversal
Memorial Road 1993- USA Diesel Oil Pool 60 m2 10-100 MW natural,
1995 transversal
Petrol/diesel
Colli Berici Road 1999 Ttaly oil pools, car 60 m?2 2-5 MW natural
mockup
Rosa Road 2002 Ttaly Calibrated fires, 60 m2 2-20 MW natural,
cats, van longitudinal
Pellets, plastic,
Runehamar Road 2003 Norway tires, HGV 32.5 m? 70-200 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 overpressure, standard fire
curves are used 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 for Standardization (ISO) 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 tunnel design criteria for personal vehicles and vans [43].

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 use in the petrochemical and off-shore
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industries and began to be applied to tunnels [44]. The hydrocarbon curve (HC curve) exhibits a
faster fire development and consequently is associated with faster temperature increase than the
standard ISO 834 curve. The modified hydrocarbon curve (Mod. HC curve) exhibits an even faster
fire development and is more conservative than the ISO 834 or the standard HC curve. The Mod.
HC Curve is used for stricter regulations and has a much more severe temperature gradient over the
tirst few minutes [45].

The RWS curve was developed during extensive testing conducted by the Dutch Ministry of
Transport in cooperation with the Netherlands Organization for Applied Scientific Research (TNO)
in the late 1970s. The RWS curve simulates an accident involving a gasoline tanker loaded with
45,000 liters (45 m’) of gasoline with a fire load of approximately 300 MW released over two hours.
The ISO 834, hydrocarbon, and RWS fire curves are illustrated in Figure 2. Also included in Figure
2 are the ASTM E119, Standard Test Method for Fire Test of Building Construction and Materials, and the
UL 1709, Standard for Rapid Rise Fire Tests of Protection Materials for Structural Steel, time-temperature fire
curves for comparison [406] [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 Norway [44] [48] [49]. These fire tests
were intended to analyze fires from the cargo of heavy goods vehicle (HGV) trailers, which might



contain a large fuel source for fire. The fuel load of HGV and traditional vehicles contain
hydrocarbons and hydrocarbon-based materials (e.g., tires, plastics, etc.) which form very sooty fires
where radiation is the over-riding 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 located 172 m from one entrance. Two mobile fan units were added to simulate ventilation,
providing a velocity of about 3 m/s (centetline) in the tunnel. Because of the exposure to high
temperatures, the tunnel was protected using PROMATECT-T fire protection boards 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 four tests were performed with a fire in a semi-trailer set-up. In the
trailer, four different commodities were tested, shown in Table 8. All tests produced time-
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 diameter - 6
360 wood pallets (1,200 x 800 x 150 mm)
1 20 wood pallets (1,200 x 1000 x 150 mm) 32 wood pallets and 200

74 polyethylene (PE) plastic pallets (12,200 x 6 PE pallets
800 x 150 mm)

216 wood pallets 20 wood pallets and
2 240 polyurethane (PUR) mattresses (1,200 x wood b 160
20 PUR mattresses
800 x 150 mm)
Furniture and fixtures (tightly packed plastic
3 and wood cabinet doors, housechold items) Upholstered sofa and 135

10 large rubber tires (800 kg) arm rest

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

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

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

Test 0 used a 200 L diesel pool fire with a 2.27 m diameter. Four other tests included various
commodities such as wood pallets, mattresses, furniture, and more. Comparing the diesel pool fire
with the other commodities shows that diesel might not have a large peak HRR, but 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 of a hazard in terms of the
peak HRR compared to the diesel pool fire. This also shows that since the HRR of diesel peaks
quicker than the commodities, a diesel fire might 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 highest HRR, with a peak of 200 MW. The 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 fire (i.e., power). Most other variables
(temperature, smoke, toxic gases) are correlated to HRR which can also be linked to the severity of
the fire [50]. Figure 3 illustrates the HRRs for the four large-scale tests. Figure 4 illustrates gas
temperatures in the first test, which had the highest temperatures out of the four tests, compared
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with four different standard fire curves. The 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])

Figure 4 shows the gas temperature from the wood and plastic pallets test shown in Figure 3 (labeled
Tgas,Tl) along Wlth the HC (THydrocarboﬂ) 5 RWS (T RWS), RABT ZTV (TRABT/ZTV) and ISO 834 (Tsmnda(d)
fire curves. The results from the Runehamar tunnel tests show that non-hazardous, solid
commodities can give a fast increase in temperatures to significantly higher temperatures than had

34



been measured in connection with solid material in tunnel fire tests previously [44]. The
temperatures measured in the post-flame gases downstream of the fire were high and the
measurements indicate that the flaming zone could expand up to a length of 70-100 m. 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 in considerable rock
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 2000-2001 in the Second Benelux Tunnel in the Netherlands [51]. A total
of fourteen full-scale tests were conducted. The intent of these tests was to determine conditions for
escaping motorists along with how well ventilation, detection, and suppression systems operate. A
multitude of measurements were collected such as temperature, radiant heat, smoke velocity, smoke
density, and HRRs. The first four tests were pan fires using a mixture of 60% #-heptane and 40%
toluene by mass. The next six tests consisted of cars and covered truck loads, with the loads
consisting of 800 kg of wooden pallets and four tires. Ventilation through the tunnel varied stepwise
from 0 m/s to 6 m/s. The final set of tests determined the effect of a deluge sprinkler system and
examined the effect of delayed activation, effectiveness of the sprinkler system, and if the sprinkler
system would prevent fire spread to other vehicles.

Test 1,2a, 2b, 3a,3b, 4 air velocity
Tests, 6,7 airvelocty

Pan fire 5 MW and 20 MW

Test 8,9, 10

Truck load: canvas cover

+ stacked paliets
(ca. 20 MW) Van + stacked paliets

air velocity

Test 11 air velocity

Test 12,13 air velocty Test14 air velocity

Truck load: aluminium cover + stacked pallets Open stacked paliets

Figure 5: Test Overview for Second Benelux Tunnel (from [51])

Figure 5 shows the test configurations in the Second Benelux Tunnel. The report does not specify if
any fuel was in the vehicles during the testing. Since the intent was to compare ventilation and
obstructions of ventilation, the total commodity fuel load stayed nominally the same between tests.
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Figure 6 shows the effect of ventilation on the HRR of a small truck fire. As the ventilation
increases, the peak HRR increases, but the total time from ignition to extinction decreases. This type
of testing helps provide data for determining emergency ventilation controls.

2.5.2. Modeling

Different models for tunnel fires have been created using both computational fluid dynamic (CFD)
programs and using other tools such as the zoning modeling tool Consolidated Model of Fire and
Smoke Transport (CFAST), an open-source software package National Institute of Standards and
Technology (NIST). CFAST is a zoning model that is used to evaluate the evolving distribution of
smoke, fire, gases, and gas temperatures [52].

2.5.2.1. Simulation of Tunnel Fires Using a Zone Model

Modeling by Chow et al. [53] used CFAST to understand how zoning the tunnel into multiple
sections compares with other similar CFD studies and experimental data. Various modeling has
been conducted to understand the effect of smoke movement and temperature effects [53].
Different zoning methods were used with CFAST 2.0. Five different fire simulations were used for
each zoned model: wood fire, passenger train fire, subway coach fire, truck fire, and a school bus
fire. Smoke layer and temperature predictions were created with the different zoned sections: single
compartment along with multiple compartment configurations designated as 2-room and 3-room.
Figure 7 below gives a visual for each of these configurations as well as the spatial relationship
between them.
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Figure 7: Compartment Configurations (from [53])

Figure 8 and Figure 9 below show the smoke temperature and layer height for the various zoned
configurations for the truck fire. The 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 three-room). The averages for the two and three-room 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 CFAST models were validated with a tunnel fire experiment in Norway and compared with
other models. It was determined the CFAST model gives similar results to other known fire models
such as Consolidated Compartment Fire Model (CCEFM.VENTS) on predicting the smoke
temperature and layer interface heights. The CFAST zone model is a good baseline prior to using a
more computationally heavy CFD program. By using a zoning technique as described by Chow et al.
[53], the fire environment can be predicted. This can be used to design tunnel ventilation systems
and suppression systems and where to add heat and smoke detecting devices based on the smoke
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 characteristics. A study by Haghighat et al. [54] goes over the effect of ventilation and tunnel
cross-sectional area on fluid properties down-stream of a fire using CFD data. A study by Shafee et
al. [55] determines how tunnel inclination, blockage, and ventilation effects the HRR 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 use CFD model data to determine fluid characteristics downstream
from a fire in a tunnel. The selected characteristics to study in this analysis were the average
temperature, the average density, the average viscosity, and the average velocity. How different
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parameters interact with these response variables is determined [54]. The HRR was selected based
on NFPA 502 recommended peak HRR for a bus or van. The HRR varied between 10 MW and up
to 30 MW. It was determined the overall physical fire size, regardless of the HRR and fire intensity,
did not influence the response variables downstream of the fire. The tunnel 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 of the fire source. The average velocity downstream of a
fire is dependent on both the inlet velocity and the HRR.
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Figure 10: Tunnel Dimension Effect on Average Temperature (from [54])

This study by Haghighat et al. [54] proves to be useful for understanding what parameters effect the

overall characteristics downstream of a tunnel fire for different burning vehicles. This helps analyze
tunnel design, ventilation sequences, and firefighting techniques.

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

Ethanol pools were used in a study by Shafee et al. to understand how blockage, slopes, and
ventilation rates effect the overall HRR, burning rate, and smoke back-layering [55]. The downhill
and uphill slopes effect the fire-induced buoyancy effects. This study helps understand the downhill
inclination effect on critical ventilation velocity and compares the results of this inclination with a

horizontal study. Using a small-scale or reduced-scale test, these different parameters could be
changed for each test.
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Figure 11: Mean Effect on HRR Flux (from [55])

The plot above is from Shafee et al. [55] and shows the overall effects of the inclination, blockage
ratio, and ventilation velocity on the HRR. This study shows blockage and inclination do influence
the overall HRR, but the ventilation velocity is a more important factor (45% overall mean effect) in
controlling the overall HRR. The higher the mean effect, the more sensitive the HRR is to a smaller
increase in that specific variable. The tunnel blockage effect accounted for 25% of the mean effect
and the inclination accounted for 19%. The other factors that contribute to 11% mean effect include
the blockage distance from the fire. The HRR flux decreases as that blockage distance increases
from 5 cm to 30 cm. But there is less than a 0.2 MW /m? change with a 25 cm increase in the
blockage distance. An increase in the ventilation velocity from 0.0 to 1.5 m/s multiples overall HRR
flux by four from 0.4 MW /m” to 1.6 MW /m”.
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2.6. Traditional Fuels Research Gaps

Traditional fueled vehicles have been thoroughly studied for many years, with studies on the various
time-temperature curves and how they are applied. Additionally, different studies have supported
model development as well as understanding ventilation requirements. This section went through a
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 fuels. Additionally, as engine technology advances, combustion
processes may require future work to help 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 following criteria were evaluated to determine where research gaps may exist regarding
Traditional Fuel ICE powered vehicles in tunnels.

1. Scenario Identification
2. Failure Modes

3. Consequences

4. Validation

Scenarios that lead to failure modes have been determined as engine bay fires initiated by collisions
or various vehicle defects (such as short circuits) as well as flammable or combustible materials
igniting on the vehicle. A variety of incidents involving ICE vehicles in tunnels has led to a greater
understanding of what the failure modes are. Collisions are mostly due to driver error while other
initiating events are either due to collision or defects. Experiments such as those listed in Table 7
show the failure modes of various fuel spillages along with commodities that have been
characterized in tunnels.

The consequence of these failures has led to major tunnel fires that can result in a HRR above 20
MW. Fire temperatures can exceed 1000 °C and lead to quicker developing and spreading fires [34].
Using real scenarios such as vehicle crashes or malfunctions has driven studies and experiments on
tunnel fire characteristics of ICE vehicles. Some tunnel studies just involve fuels such as diesel and
gasoline [49] [55] while other studies include other commodities or whole vehicles [51]. Typically,
experiments are compared with the standard modeled time-temperature curves in order to validate
the models. This comparison also helps understand how the model characteristics are different than
that of the experiment. Preliminary findings from traditional fuel fires are shown in the study by
Shafee et al. [55] in which a variety of parameters such as ventilation were increased to understand
how the heat release rate changed (shown in Figure 11). Additionally, Lemaire and Kenyon [51]
show that 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 compares to a cargo-type vehicle regarding tunnel
fires. The properties of gasoline, diesel, ethanol, and blends of these fuels are known and well
regulated. For example, vapor pressure is closely regulated to ensure emissions and engine startup
are controlled. This is important when designing fuel tanks systems to ensure a flammable mixture is
not developed above the liquid fuel. Typically, the concentration above the liquid fuel exceeds UFL.
Most of the failures and consequences from ICE vehicle fires in tunnels are well known through
actual scenarios and further understood through testing and modeling. Yet the following research
gaps have been identified:
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As ICE emission technology evolves, such as using technologies such as particulate filter
regeneration, recirculating exhaust gases, and running vehicles with a leaner fuel mixture,
further study of the effect 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.

Future technologies, such as compression-ignition gasoline engines or advanced forced air
induction, might also lead to increased exhaust component temperature.

As engine components advance, the ability to run hotter from leaner mixtures and higher
pressures could lead to an increase in engine 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 consumers an alternative transportation option to
conventional internal combustion engines (ICE). In these vehicles, the internal combustion engine
and powertrain system is replaced by an electrical powertrain. Plug-in hybrid electric vehicles
(PHEVs) offer an electric motor powered by batteries with an onboard combustion engine that can
charge the battery system when it gets depleted. The battery is charged through a cable connection
when the vehicle is parked and not operating. Generally, BEVs offer many benefits such as high
efficiency, no harmful tailpipe emissions, good performance, and low cost “refueling” (electricity
through charging) [56].

BEVs utilize an electrochemical storage system in which energy is converted between electrical and
chemical energy 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 electrolyte. Each of the different 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 BEV's that offer a range of energy density, power
density, cycle life, and calendar life. The lithium-ion or lithium secondary battery technology is
regarded as the most promising because of its high energy density, high efficiency, and long lifespan.
Unlike lithium or lithium primary cells that are disposable, lithium-ion or lithium secondary cells are
rechargeable, making them suited for BEVs.

Table 9: Comparison of Lithium and Lithium-lon Cells

Lithium (Primary) Lithium-Ion (Secondary)
One-time use Rechargeable
Smaller light weight applications Custom, larger scale application
Metallic lithium as the Anode Porous carbon as Anode

In addition to lithium-ion batteries, there are also lead acid, nickel metal hydride (Ni-MH), nickel
cadmium (Ni-Cd), and sodium nickel chloride (Na-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 the lithium-ion battery due to
lower specific energy or specific power capabilities [56]. 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, lithium-ion batteries are considered the most promising battery technology
due to the high energy density and light weight compared with other battery technologies mentioned
above. This is further illustrated in Figure 12 below:
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There are several different types of electrodes and electrolytes used in lithium-ion batteries.
However, Figure 13 shows the general chemistry of the battery. As shown, during recharging
operations, the positively charged lithium travels from the 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 discharging activities [58].
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Figure 13: Lithium-ion Battery Chemistry (from [59])

Technology improvements for lithium-ion battery types are the most promising. A battery system is
broken down into various sub-systems and sub-components as follows:
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e Lithium-Ton (Lithium Secondary) Cell

o Varies capacities, chemistries, form factors, manufacturers, etc.

e Module
o Houses cells in various configurations
e System Casing/Housing
o Houses complete battery system comprising of modules

e Battery Management System
o Thermal management
o Determines charging/discharging routines
o Monitors system health
o Controls State of Charge (SOC)

Different cathode chemistry varieties of the lithium-ion battery offer different battery characteristics:
lithium cobalt oxide (LCO), nickel cobalt and aluminum (NCA), nickel manganese cobalt (NMC),
lithium iron phosphate (LEFP), lithium manganese oxide (LMO), lithium polymer and lithium ion
phosphate offer different advantages and disadvantages in terms of powet, energy density (Wh/kg),
specific volume (m’/kg), safety, and calendar and cycle life. Additionally, the various electrolytes
such as ethylene carbonate (EC), dimethyl carbonate (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 are discussed in Section 3.3.2.

3.3. Associated Hazards

A catastrophic failure of the battery system can occur due to manufacturing defects, thermal abuse,
electrical abuse, or mechanical damage.

Positive terminal

: \\ '-; .

Deflected anode

Negative terminal

Figure 14: 18650 Cell Defect (from [60])
Figure 14 shows defects in an 18650 cell in both the cathode and the anode. An 18650 cell is a

designation for a cylindrical cell that compares to a 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 cause an imbalance of charge amongst cells and premature cell failure.
Thermal abuse can be caused by failing or malfunctioning cooling or thermal management systems.
Electrical abuse might occur if the battery management system incorrectly charges/discharges/cycles
the cells. Mechanical damage could occur during an impact. Other mechanical abuse such as long-
term vibrations might cause cells to have excess wear and create an internal or external short circuit.

Table 10 below gives an overview of the types of abuse testing that each standard provides guidance
on by Ruiz et al. [61]. These are general practices and examples of standards that should be used to
better understand the safety implications of these battery systems at various levels. The letter
designations are the following: C-Cell level testing, M-Module level testing, P-Pack 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 J2464 [62] J2929 [63] [64] [65]
Mechanical Shock C M PICMUPV|IC M P| - M P
Drop - - P/- - P -|JC - P - - P
Penetration C M P|- - - -1- - -1 C M P
Mechanical Immersion - M P|- - P -|- M P| - M P
Crush/crash C M P|- - P V|C M P|C M P
Rollover - M P{- - P -] - - P - M P
Vibration - - -|C M P -|C M P| C M P
External Short
Circuit C M P|- - P -|C M P| C M P
Electrical
Over
Charge/Discharge cC M P|- - P -|C M P| - M
Thermal Stability c - -/- - - -]|1C - - C M P
Thermal
Environmental | Shock/Cycling C M PICMUP -|C M P| C M P
Overheat - M P{- - P -] - - - - - -
Fire - M P|- - P -|]C M P| C M P
Emissions C M P|- - P -|C M P| C M P
Chemical
Flammability C M P|- - P -|C M P| C M P

Certain failure modes within lithium-ion cells can lead to an exothermic reaction within the sealed
cell. Examples of these failure modes include mechanical damage, manufacturing defect,
overcharging/discharging, and/or over cycling. These reactions can lead the cell into thermal
runaway. This is due to a series of exothermic reactions that increase the cell temperature, resulting
in internal generation of gases. This builds pressure in the cell and can ultimately lead to rupture and
a release of vent gas. Propagation of failure from the cell-to-cell chain reactions may occur due to
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the thermal energy release from the failed cell. This can cause the entire module, pack, and system to
go into thermal runaway. Studies such as the one conducted by Lopez et al. [60] in 2015 studied
18650 cells and prismatic cells in order to determine separation distances that would prevent cell-to-
cell thermal runaway propagation. Based on various cell and tab configurations, it was recommended
to maintain at least 2 mm of space in between cells to minimize the chance of thermal runaway
propagation.

There are examples of safety devices to help prevent failures that lead to thermal runaway. One such
example is the internal positive temperature coefficient (PTC) current limiting device used in the
18650 cells in a Tesla Roadster [67]. The only downside is that once the PTC activates, the state of
charge can no longer be measured when disposing of this cell. A study by Balakrishnan et al. [68] in
2006 goes over other safety mechanisms associated with lithium-ion batteries. Safety vents relieve
internal pressure build up in a cell that has failed. Built-in internal thermal fuses will melt when
excess current flows through the cell, leaving the cell permanently disabled. Cell charge balancing
can also be controlled by measuring and terminating charging/discharging to a specific cell in a
module. This helps protect cells in a module from being overcharged/overdischarged. These are
some examples of ways to help mitigate or slow thermal runaway between cells.

BEV Design Specifications:

Failure Mode:

. Capacity . Exothermic
*  Chemistry Overcha.rge/dlscharge reaction within Vents gas into
—> * Mechanical Damage > .
*  Cell Form Factor . cell causes confined space
*  Manufacturing Defect

. Battery Configuration thermal runaway

and Management System

*  Over-cycled

Delayed Gas No Immediate
Ignition Accumulation Ignition
Deflagration
Secondary Additional Oxygen Limited,
- 1 s -
Ignition Vent Gas Extinction of Fire \
Fully
D | d Well Ventilated Fire Lo Immediate

evelope Condition Ignition
BEV Fire

Figure 15: BEV Failure Event

Figure 15 shows how system design can lead to the generation of a flaimmable mixture and an
eventual fire or deflagration from a BEV failure. In the event a failure occurs in a BEV and based on
the confinement, the vent gas can accumulate. Based on factors such as gas species, gas
concentration, release rates, and total vent gas volume, a flammable mixture can occur. With
immediate ignition, a fire may occur that consumes surrounding oxygen and can lead to under-
ventilated fire extinction. More vent gas can be produced from other cells that have failed. Based on
confinement, this will determine if a fire scenario or deflagration/explosion scenario will exist. If the
vehicle is in a well-ventilated area, with immediate ignition, a fully developed fire may occur. If vent
gas can continue accumulating in a confined space, secondary 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 as lead-acid batteries can produce off-gas or vent
gas such as hydrogen. What makes lithium-ion batteries unique is the large variation in not only the
species of gases produced when venting, but also the variation in volume production and rate.

Literature Chemistry | SOC (%) |
Ohsaki (2005) LCO OCH | s I I - H2
Somandepalli (2014) LCO 150 [ P N e CO
Somandepalli (2014) Lco 100 | e I R
FAA Study (2016) LCO 00 | S B S THC
FAA Study (2016) Lco 0 | P I e B  CO2
FAA Sludy (2016) LCO 80 | S
FAA Study (2016) LCO 70 [ N
FAA Study (2016) Lco 60 _—_
Somandepalli (2014) LCO 50
FAA Study (2016) LCO 50 | N —
FAA Study (2016) LCO 40 | N S
FAA Study (2016) LCO 30 |
FAA Study (2016) LCO 20 |
FAA Study (2016) LCO 10 [
Kumai (1999) LCO 0 |
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Figure 16: Battery Vent Gas Species Compositions SOC (from [69])

Figure 16 by Baird et al. [69] shows the vent gas composition for various cell chemistries and states

of charge (SOC). In some cases, the state of charge is greater than 100%, indicating that the battery
has been overcharged (where current is applied and there is an increase in voltage over the nominal
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capacity). This could simulate an instance where the battery management system failed and allowed
the charging system to continue even after charging is complete. The vent gas released from these
failed lithium-ion cells contain a flammable gas mixture that contains various species such as
hydrogen (blue), carbon monoxide (orange) which is also toxic, various hydrocarbons such as
methane and propane (green), and carbon dioxide (red) which is an asphyxiant. The species
composition and vent gas volume production vary for other tests based on SOC, cathode
chemistries, cell form factor, capacity, etc. In addition, Somandepalli et al. [70] reported an estimated
vent gas production rate of 0.32 L./ Wh from a 7.7 Wh cell. This 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 100 kWh [71]. The rate at which the battery
cells fail in a module is also important to understand. This will ultimately lead to the gas production
rate which will vary based on the system parameters and the failure mode.

A deflagration hazard can exist due to lithium-ion cell failure. One example of this occurring was in
a substation explosion in Surprise, AZ, where a lithium-ion battery energy storage system failed,
releasing this flammable vent gas. The flammable vent gas ignited after a delay, and the resulting
shock wave threw multiple firefighters back [72]. Explosion hazards are based on five parameters
that must be present: oxidizer, ignition source, fuel, confinement, and dispersion of the gas. The
confinement of the gas and the amount of gas produced by a BEV battery failure will determine the
severity of the deflagration/explosion. These parameters will affect key deflagration metrics such as
flame speed and maximum overpressure.

3.3.2. Fire Hazards

In addition to the deflagration/detonation hazard, BEVs present a unique fire hazard as well due to
the potential for cascading failure. When a lithium-ion cell fails, flammable gases are usually ejected
due to the liquid electrolyte reacting during the combustion process. These gases can remain
unburned or might be ignited and burned as a jet flame. This jet flame from one cell in the battery
system can heat other cells, converting the potential chemical energy rapidly into thermal energy. If
there is enough oxygen present, fuel from the flammable gases along with heat provided by the
failed cells (as well as the potentially flammable packaging) could lead to a fire hazard.

LCO/NMC NMC LFP  cathode a1
separator cathodeiNl
3%

separator separator  foil

3% foil 3%
%

Figure 17: Cell Component Breakdown by % Mass (from [73])
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Figure 17 gives the material breakdown of each part of the cell in a study by Golubkov et al. [73].
Below, in Table 11, further breakdowns are provided for comparison.

Table 11: Cell Deconstruction Breakdown by % Mass

R . Form Ig:;icril:} Cath(.)de Catjlode Ar‘l)ode Elec:rolyte Sep';lrator Paclzaging
Factor (Ah) Chemistry (%) (%) (%) (%) (%)
Ribiere

(2012) [74] Pouch 2.9 LMO 44.0 35.0 11.0 2.0 6.0
Somandepalli Pouch 2.1 LCO 42.4 34.9 9.5 6.4 6.8

(2014) [70] : : : : : .

Golubkov | 1545, 2.6 LCO/NMC | 45.1 24.8 10.4 2.7 16.9

(2014) [73] : : : : . .

Golubkov

(2014) [73] 18650 1.5 NMC 33.4 31.8 10.2 3.2 213

Golubkov

(2014) [73] 18650 1.1 LFP 30.3 233 16.4 3.1 26.9

Not only is there the hazard of the flammable gases, but the various materials used to construct
lithtum-ion cells (such as nylon and polypropylene) can add to the fuel load. Table 11 shows the cell
deconstruction by Ribiere et al. [74] in 2012, Somandepalli et al. [75] in 2014, and Golubkov et al.
[73] in 2014. There are five major components: cathode, anode, electrolyte, separator, 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, Somandepalli et al. [75] report nylon and polypropylene
as some of the various assumed compounds 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 al. [6]. In addition to the various well-known materials 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
manufactuters. The study by Somandepalli et al. [75] provides a value of 19.31 kJ /g for the heat of
combustion of the electrolyte. A study by Zhang et al. [76] has various electrolyte heat of
combustion values, with 13.2 k] /g for EC, 20.9 k] /g for DEC, and 14.5 kJ /g for the DMC
electrolyte. This shows the range that the heat of combustion for the electrolyte might fall under,
which can be used to estimate the total fuel load.
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Figure 18: HRR Curves for various Electrolyte Compositions and Mixtures (from [77])

The HRRs of each electrolyte and various mixtures are all unique. A study by Eshetu et al. [77]
shows how the HRR peaks and characteristics vary for each individual and mixture of electrolyte.
The total heat released for the electrolyte mixture is based on the combustion conditions, mixture
ratios, and electrolytes in the mixture and can vary from 12 to 24 kJ /g, which is much lower than
some of the packaging materials.

A study by Larsson et al. [78] looked at toxic emissions from battery fires. Various tests of a variety
of cells at a SOC from 0% up to 100% were conducted to measure the HRR and the hydrogen
fluoride (HF) and phosphoryl fluoride production. The hydrogen fluoride production ranged
anywhere from 15 to 198 mg/Wh. Larsson noted the immediately dangerous to life or health
(IDLH) level for HF is 25 mg/m’ (30 parts per million) and the lethal 10 minute HF toxicity value
(Acute Exposure Guideline Levels 3) is 139 mg/m’ (170 ppm). Table 12 below gives ranges based
on the exposure time for the different AEGL levels from [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) (200 (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/Wh is scaled for a 100 kWh BEV fire, 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.

54



3.4. Pertinent Regulations and Safety Standards

BEVs have robust safety standards and practices regarding the battery system, the vehicle itself, and
the roadway structures on which they operate in.

3.4.1. National Fire Protection Association Standard 502

NFPA 502, Standard for Road Tunnels, Bridges, and Other Limited Access Highways, provides fire
protection and life safety requirements as well as design criteria for AH]Js to use in ensuring tunnel
safety. Section 7.3.2 states that a tunnel shall be capable of withstanding the temperature exposure
represented by the RWS time-temperature curve or other recognized standard time-temperature
curve that is acceptable to the AH]J, as shown by an engineering analysis. The assumption is that
every part of the tunnel should withstand these temperature exposures, irrespective of the
ventilation rate, type of ventilation, or location of fire [38].

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

ASHRAE 2019 HVAC Applications Chapter 16: Enclosed 1 ehicular Facilities provides 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
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 [39].

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 Fires provides 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 NFPA 502. This is chapter provides a framework on how to
understand and determine fire and hazardous materials management in tunnels [40].

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

UL Standard 2580 Batteries for Use in Electric 1ebicles covers requirements for electrical energy storage
assemblies including battery packs, sub-assemblies, and modules that make up the main assembly for
electric-powered vehicles. The electrical energy storage assemblies are tested to determine the ability
to withstand abuse testing and conditions. The manufacturer’s specified charging and discharging
parameters are used to test the assemblies and modules at the specified temperatures [64].

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

Society of Automotive Engineers (SAE) J2464 Electric and Hybrid Electric 1 ehicle Rechargeable Energy
Storage System Safety and Abuse Testing gives guidance on abuse testing performed to characterize
rechargeable energy storage systems and response to off-normal conditions 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 hazard mitigation efforts for specific energy storage
designs [62].
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3.4.6. SAE J2929 Electric and Hybrid Vehicle Propulsion Battery System Safety
Standard - Lithium-based Rechargeable Cells

SAE 2929 Electric and Hybrid Electric Vebicle Rechargeable Energy Storage System Safety and Abuse Testing
gives guidance 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 management and electronic controls operate. This standard focuses on evaluating the
battery system alone [63].

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

FreedomCAR Battery Test Mannal for Power-Assist Hybrid Electric V'ehicles gives guidance testing for
cycle life behavior and performance for batteries in hybrid electric vehicle applications. These tests
are applicable to the full battery system as well as using scaling to apply to cells and modules [65].
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3.5. BEV Research Summary in Tunnels

This section documents the results of evaluations regarding BEV failure in a tunnel.

3.5.1. Experiments

A large variety of experiments for BEVs in tunnels have been conducted. Additionally, real world
failures have also occurred. These 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 failed BEVs have occurred due to crash damage, factory defects, and battery
management issues while charging. One example of crash damage was during the 2011 Chevrolet
Volt crash testing. After the test was completed, the vehicle caught fire over the weekend when no
lab personnel were present. The Chevrolet Volt had been involved in a New Car Assessment
Program (NCAP) pole test three week prior to the fire. This is an impact test with a solid pole for
crash testing ratings. During the investigation, it was determined the battery was damaged but only
over time did it catch fire [80]. Additionally, a Tesla Model 3 collided with a parked tow truck in
Moscow, Russia. The BEV ignited after a short time, though the time is not specified. During the
fully developed vehicle fire there were two distinct ‘bursts’ that occurred [81].

One instance of a BEV failure due to cither a defect or battery management error occurred in Los
Angeles in 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 of foam and water was used to extinguish
the flames and the vehicle was transported to Tesla for inspection [82]. A more recent example is a
Tesla Model S bursting into flames while parked in a Shanghai parking garage [83]. An image of this
is shown in Figure 15. Another example comes from a BMW i8 hybrid that began venting inside of a
Dutch showroom. The car was quickly driven outside where it was then immersed in a giant tank of
water where it remained for 24 hours [84].

3.5.1.2. Fire Analysis of BEVs in a Road Tunnel

An experimental analysis was performed to evaluate the worst-case effects of a damaged electric
vehicle battery in a road tunnel [85]. The batteries were evaluated without the chemical and electrical
safety modules or the protective battery housing to eliminate influencing factors on the test. Because
lithium-ion batteries are the most promising battery technology, these batteries were the focus of
these experiments. The consequences of a large battery fire are large energy release, leakage, and gas
venting. Table 13 shows the characteristics of the lithium-ion batteries used in this experimental
analysis [85].
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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 hexafluorophosphate (LiPFy)
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 210 °C typical. High charge promotes thermal runaway.

Four test scenarios were evaluated to induce a fire. Three scenarios focused on mechanical damage
to the battery: wedge-shaped penetration with an explosively accelerated steel plate, blunt impact

with an explosively accelerated steel plate, and central puncturing with an explosively formed

projectile. The fourth scenario focused on thermal stress in which the battery module was exposed
to a propane gas fire until the module caught fire. Illustrations and additional descriptions can be
seen in Table 14. These experiments showed that the fire hazards of BEVs are similar to those of
conventional vehicles. However, a different hazard is introduced in the release of potentially more

severe chemical aerosols such as cobalt, lithium, and manganese which are toxic [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- F
tery module. As a result, the wedges on the underside pene- ]

. - 1
trated evenly mto the two cell rows of the battery module, ‘&‘ ¥
where they remained and caused electrical short-circuits.

- L

2 | Blunt impact: Detonation of explosive charges accelerated _ w -
a steel plate in the direction of the battery module. The = ==

1 7
r II ¥
module thus suffered a blunt impact over its entire surface : I Deiznaton Mr"
AT \

so that all cells were structuraly damaged without

damaged with a continuous penetration of all 12 cells.

penetration.

3 | Central puncturing: Battery module was shot at centrally ”—:é . 7
with an explosively formed projectile (EFP) from a * '\ ey el L_‘*
distance of 10 cm. As a result, both cell rows were to be EFPChine

the battery observed.

4 | Thermal stress: Battery module was evenly underfired i‘l :/r"1l
with a propane gas fire until the module caught fire. The z il 7 ?a’
fire source was then removed and the thermal runaway of s
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Figure 19 shows 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 cross-sectional area of 56 m” at the test site and 43 m” 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 main ventilation duct was closed during all tests to control air flow and prevent dilution [806].

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

Table 15 gives the release quantities for the four different tests listed above. Also listed is the total
test duration. It was discussed that toxic aerosols such as cobalt, lithium, and manganese are
released, which is unlike traditional ICE vehicle fires. One thing the authors noted was while
hydrogen fluoride gas was expected to be detected, no large quantities were measured. An additional
note was that the three mechanical damage tests caused each cell in the battery to go into thermal
runaway almost 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)

PH; [¢] <04 - <04 ---

F-as HF [g] 1.1 3.1 <1 <0.5

PO4-P as H;PO4 [g] <15 <15 11.3 <1

Co [g] 457 567 190 364

Li [g] 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

NO: [g] <1 <1 <1 <1

CO [¢] 76 181 97 141

CO: [g] 8500 6000 2000 7800

TVOC [g] 20 196 93 32

> Aromate [g] 1.6 8.6 3.2 3.1

Benzene [g] 1.1 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 Electric Vehicle that uses a 26 kWh, 12 module NMC lithium-ion battery [87]. Overall, the
goal was to better understand if a BEV battery system will ignite with heavy crash damage and how
much water is required to extinguish a BEV fire after thermal runaway. The first test was a drop test
from 20 meters that simulated a 70 km/h rear impact. After seven minutes, the vehicle had visible
flames appear. After 2.5 hours of free burning, the temperatures around the battery containment
ranged between 310°C to 540°C. 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
outcome, and this is good knowledge to have for emergency responders and even towing companies
hauling wrecked or damaged EVs through tunnels.

60




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, ignition occurred, and 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, re-ignition occurred that led to a fully developed car fire. It took an
additional 550 L of water to fully 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 battery pack, it was determined
that while the external fire did not cause the battery pack to ignite, it did ignite other combustibles of
the vehicle. The fire had characteristics comparable with a traditional ICE vehicle. This is unlike the
mechanical damage that caused the cells to go into thermal runaway and ignite [87].

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

Testing to compare ICE and BEV fires was performed in a 50 m long, 3.5 m high fire gallery by the
National Institute of Industrial Environment and Risks [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 with firefighting 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 was used for an ignition source for each test, and an exhaust system with a
volumetric flow of 25,000 m’/hr would collect the products for analyzing. The HRR, total heat
released (THR), and heat of combustion (Ah.) were captured for two different EV vehicles and ICE
vehicles presented in Table 16 below:

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 (M]) 6314 8540 6890 10000
Ah. MJ/kg) 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 lithium-ion batteries and is noted in other cell-level studies [78].
Additionally, the heat of combustion for the EV was less than the ICE vehicle. This could be due to
the lithium-ion battery electrolyte having a lower Ah., which lowers the overall heat of combustion
of the vehicle. The intent 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 has not been explicitly researched and developed. Currently, the
majority of modeling for batteries takes place to understand cell failures and modeling battery
management systems [89] [90]. Once a better understanding of how BEV:s 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 might occur.

3.5.3.1. Safety Test Methods for EV Batteries

A study analyzing three different failure modes in BEVs was performed by Davidsson et al. [91] to
help understand the safety that should be maintained through the whole life of the battery: assembly,
usage, servicing, accidents, and 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 vented, and the last one was not physically
affected. The fire test consisted of a battery pack with a 25-kW propane 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 measured in parts per 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, lithium-ion batteries are still being studied to understand how cells might fail and
what the impact is. With battery technology constantly changing to improve performance metrics,
the safety and consequences are also changing. This drives the need for further work which are
included in the research gaps below. There 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 limited and ranged from real world vehicle crash tests
such as the Chevrolet Volt NCAP pole test to actual reported incidents on public roadways.
Attention should be given to the size or class of the vehicle. As vehicular class increases so does the
amount of stored energy. Currently, most BEVs are passenger vehicles. As the technology and
energy density of lithium-ion cells improve, medium- and heavy-duty BEVs will be developed.
Hybrid-ICE vehicles are becoming more common using larger battery packs in each scale of vehicle
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 mitigate this is important [92].

The following criteria were evaluated to determine where research gaps may exist regarding BEVs in
tunnels.

1. Scenario Identification
2. Failure Modes

3. Consequences

4. Validation

The scenarios that lead to a failure mode have been identified by real world examples. Section
3.5.1.1 goes over the various incidents that have been reported. These involve but may not be
limited to impacts that cause mechanical damage and thermal issues such as internal cooling systems
failure that leads to cell thermal runaway as well as internal shorts and/or incorrect
charging/discharging rates and cycles that lead to a failure mode.

The failure modes can lead to an exothermic reaction in the cell(s) which leads to self-heating. This
reaction can propagate failure throughout a module and release of flammable vent gas from multiple
cells. For each of the failure modes, there are several variables that effect the magnitude of the
consequence such as the following: battery vent gas volume production, type of cell, vent gas
species, rate of failure propagation through cells and modules, whether there is a delayed ignition,
tunnel geometry, etc. The failures described in Section 3.5.1.1 and as shown in Figure 15 show
trends of delayed fire or ignition during a BEV incident. With the complexity of these vehicles, most
research is at the bench-scale to study lithium-ion cell safety. More complete evaluations on failure
modes needs to be completed as more data becomes available.

In contrast to the some of the other alternative fuels, there has not been significant research on
BEV vehicles in tunnels or BEV fires/deflagrations in general. The measurements of the
consequences include vent gas deflagration metrics, HRR, battery vent gas dispersion, and resulting
structural damage. One experiment on has been performed to understand the consequence of
mechanical impact and external fires on BEVs [91]. Yet most experiments conducted 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 bench-scale to intermediate- and large-scale tests. One
large scale test [88] shows that BEVs are very similar in terms of the fire hazard compared with
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ICEs when compared the HRR and THR. One of the differences found in this study is the
hydrogen fluoride production is over double during a BEV fire compared to an ICE vehicle fire.
Validation amongst various experiments to understand the vent gas composition has also been done
(see Figure 106).

Additional testing needs to be performed to help understand how to characterize these failures and
the consequences in tunnels. Examples would be understanding the HRR and THR of a BEV fire
and how ventilation and confinement in a tunnel effects these metrics. The following research gaps
were identified:

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 concentration as well as ambient conditions for
well-known 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 cell propagation, 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 the effects 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 significant in terms of BEV vehicles in
tunnels such as mechanical damage or cell defects.

Evaluate different BEV classes (light, medium, and heavy duty), including how the deflagration
metrics and fire characteristics scale up, as well as how does propagation of failure between 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 modeling efforts through direct comparison to experimental results, especially
since the battery vent gas contains multiple species (hydrocarbons, carbon monoxide, hydrogen,
carbon dioxide).

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

Assess required ventilation rates for battery off-gas without ignition (deflagration hazard) and
fire effluent from combustion of battery system (toxicity hazard).

64



4. NATURAL GAS VEHICLES

4.1. Overview of Technology

The natural gas vehicle (NGV) is an alternative fuel vehicle that uses compressed natural gas (CNG)
ot liquefied natural gas (LNG). Natural gas is comprised primarily of methane (with concentrations
ranging from about 85% to 96% by volume) and 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 light- to heavy-duty vehicles. Natural gas (NG) can be used to run internal
combustion engines (ICE) as a dedicated fuel or as a bi-fuel mixed 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 2019 there were a reported 27.7 million NGVs on the road [93]. Also, as
seen in Figure 20, over the years CNG has become a less expensive alternative compared with more
popular fuels such as gasoline and diesel in dollars per gasoline-gallon-equivalent (GGE). With fast-
fill stations for retail use and time-fill for commercial use, there are a variety of refueling options for
the range of consumers [94]. Fast-fill stations use a series of storage tanks that store high pressure
CNG that is then used to fast-fill a vehicle 20-gallon equivalent tank in less than five minutes, for
example. A time-fill station fills directly from the compressor rather than using high pressure tanks
and requires less fueling equipment at the expense of longer fill times.

According to the DOE Alternative Fuels Data Center [95] as of 2019 there are 945 CNG and 71
LNG fueling stations in the continental U.S. Stronger global demand for cleaner burning fuel drives
rapid growth in CNG and LNG [96]. Due to the existing fleets of NGVs and the forecasted
continued growth [97] we are reviewing the hazards associated with NGV’ specifically in the context
of accidents that might occur in tunnels.
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Figure 20: Cost of common fuel types over an 18-year span (from [98])
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4.2. Properties of Methane and Natural Gas

To obtain the energy density required for onboard storage, CNG is stored as a pressurized gas while
LNG is stored cryogenically (see Figure 21). NG under standard conditions is roughly half as dense
as air and has a range of chemical properties shown in Table 17. Additionally, methane properties
are listed since some experiments and models discussed below are for pure methane gas. The energy
released upon ignition (heating value) 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
surrogate. Liquid methane has an expansion ratio of 621.3 which is the ratio of volume occupied by
one unit of mass in liquid form to that in gas form. The energy density of NG (both CNG and
LNG) per unit mass is approximately 43 M]/kg. This is similar to that of gasoline which is 45 M]/kg
[99]. The energy density per unit volume for CNG (at 250 bat) is 9 MJ /L versus the 22.2 MJ/L for
LNG at -162 °C compared with 34.6 MJ/L for conventional gasoline [100]. Figute 21 below shows
the density contour for methane. Two points on the graph are highlighted — the density 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
Gas Density 0.657 g/L, 25°C, 1 atm 0.7-0.9 g/L, 25°C, 1 atm
Relative Vapor Density 0.5536 0.5809-0.7468
Liquid Density 422.62 g/1, —162°C 470 g/1, —162°C
Melting Point —182.5°C —182.0°C
Boiling Point —161.50°C —162.0°C
Auto-ignition Temperature 580°C 723°C
Flammability Limits (vol % in air) 5-15% 4.3-15%
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Figure 21. Density contours for methane (created using data from [101])
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4.3.

Associated Hazards

The primary safety hazards associated with natural gas is the same as most other fuels, namely
flammability and uncontrolled 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
detail later. Naturally occurring NG is odotless and for safety reasons the gas is odorized prior to
distribution. According to [102], the odorized gas is detectable at concentrations as low as 0.3% by
volume in air. As shown above in Table 18, the lower flammability limit (LFL) is 5.3% (vol% in air).
Thus, a leak is detectable by odor at concentrations roughly 15 times lower the concentration
required for combustion. Flammability properties of methane along with other common fuel types
are shown in Table 18. Note that these properties vary based on lab testing uncertainties along with
regional and various seasonal additives.

Table 18: Flammability Properties of Hydrogen and Other Fuels

Property Hydrogen Methane Propane Gé:(}))l(i;le
Flammability in LFL 4.0% 5.0% 2.1% 1.2%
Alr (vol”o) 271 | UFL 75.0% 15.0% 9.5% 7.1%
Most easily ignited mixture in air
(vol%) 29% [103] 8.5% [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] 0.011-0.017 m] | 0.28-0.30 m] | 0.25-0.26 m] 0.8 mJ
Autoignition Temperature [110] 500 °C 580 °C 455°C | 246 —280°C

Figure 22 and Figure 23 graphically represent the minimum ignition energy and flammability limits
(FL) of methane compared to other fuel types. As shown methane has a similar minimum ignition
energy to other hydrocarbons when the concentration lies within the FL.
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Flammability Limits for Various Fuels
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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 dissipate upwards and away 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 unless there exists a restrictive surface above the release
leading to an accumulation of gas at the surface. At this point, the flammable mass must be
dissipated through proper ventilation and air flow, otherwise the hazard can linger for quite some
time. This hazard is reviewed in detail in Section 4.5.

Note that due to the high storage pressures of CNG and the small flammable range, this lowers the
chance of ignition. This was confirmed with modeling in a study by Zalosh et al. [112] that
compared flammable gas dispersion of CNG and gasoline fuel leaks in a tunnel. Using the CFD
code Fluent, the models showed that leaked CNG from vehicle storage containers dilute to levels
outside of the FL shortly after release. Additionally, Zalosh concluded that CNG fueled vans are
much less likely to ignite compared to those of gasoline when there is ventilation of 0.10 m/s or
higher in a tunnel. This is based on the model results having a smaller flammable vapor cloud
compared with the gasoline vapor clouds shown in the dispersion model results.

LNG releases, similar to CNG, can also produce flammable vapor clouds contained by restrictive
structures. But in the case of an LNG vehicle release, the vapor cloud has the potential to be larger
because of the typically larger amount of LNG stored onboard a vehicle [31]. In the event of a
release at the bottom of an LNG container, the liquid will cool the surface below which could allow
an LNG pool to form which will prolong the dissipation period. In addition, the density of recently
vaporized LNG is higher, reducing buoyant dispersion. Initially the vapor is much heavier than air
but as the gas temperature warms up and the density decreases, it will become lighter than air. Both
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 (see 4.5.1). Specific to LNG, liquefied fuels come with the risk of a boiling liquid
expanding vapor explosion (BLEVE). BLEVE corresponds to a rapid heating of the super cooled
liquid causing a rapid change in phase. As LNG vaporizes, its volume increases over 600 times. If
the rate at which the gas is released is less than the rate of expansion, the vessel can over-pressurize
and rupture. According to [31] 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 this is roughly -93 °C
[31].

4.4, Pertinent Regulations and Safety Standards

NGYVs 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

NFPA 502, Standard for Road Tunnels, Bridges, and Other Limited Access Highways, provides fire
protection and life safety requirements as well as design criteria for authorities having jurisdiction
(AHJs) to use in ensuring tunnel safety. Section 7.3.2 states that a tunnel shall be capable of
withstanding the temperature exposure represented by the Rijkwaterstaat (RWS) time-temperature
curve or other recognized standard time-temperature curve that is acceptable to the AHJ, as shown
by an engineering analysis. The assumption is that every part of the tunnel should withstand these
temperature exposures, irrespective of the fire location, ventilation rate or type [113]. With regards
to NGVs in tunnels, appendix G.2.1 states that CNG fuel systems have a superior safety record than
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 Chapter 16: Enclosed 1 ehicular Facilities provides 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
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.

4.4.3. 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 Fires provides 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 NFPA 502. This is chapter provides a framework on how to
understand and determine fire and hazardous materials management in tunnels [40].

4.4.4. National Fire Protection Association 52

NFPA 52, Vebicular Natural Gas Fuel Systems Code, provides design, installation, operation, and
maintenance requirements for CNG and LNG fuel systems, storage containers, and dispensing
systems [114].

4.45. National Fire Protection Association 55

NFPA 55, Compressed Gases and Cryogenic Fluids Code, provides storage, use, and handling requirements
for both compressed and cryogenic liquid hydrogen in portable containers, cylinders, and tanks.
Sections 10 and 11 deal with bulk hydrogen compressed gas systems and bulk liquefied hydrogen
systems, respectively [115].
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4.4.6. National Fire Protection Association 57

NFPA 57, Liguefied Natural Gas (LNG) 1 ehicular Fuel Systems Code, provides storage, use, and
handling requirements for liquid natural gas fuel in storage containers [116].

4.4.7. National Fire Protection Association 59A

NFPA 59A, Standard for the Production, Storage, and Handling of Liquefied Natural Gas (LNG), provides
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 J1616, Recommended Practice for Compressed Natural Gas 1 ebicle Fuel, provides recommended
practices for fuel systems on vehicles that are powered by CNG [118].

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

SAE 24006, Recommended Practices for CNG Powered Medium and Heavy-Duty Trucks, provides

recommended practices for construction, maintenance, and operation of CNG powered medium-
and heavy-duty trucks [119].
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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 pressures of natural gas onboard NGVs, compromised fuel containers could
produce large flammable masses. This flammable mass is unlikely to ignite without an external
ignition source [112].

Multiple studies review the outcomes of ignited NG vapor clouds and high-pressure jets. An
experiment determined that congestion had a strong influence on the maximum overpressure
produced by the combustion of vapor clouds (see section 4.5.1.1) [120]. The occurrence of DDT,
even in confined environments with obstructions was shown to be highly unlikely [121] [120] [122].
Specifically, Harris et al. [122] showed that even over the length of a 45 m pipe with repeated
obstructions, DDT for NG did not occur. A strong correlation for heat transfer to a ceiling based
on the flame height to ceiling distance was shown for large scale flames impinging on a ceiling (see
Section 4.5.1.1) [120]. Royle et al. [123] studied the distribution of overpressure resulting from the
ignition of NG contained in a congested region. An array of sensors was used to obtain the pressure
as a function of distance from the ignition source for an uncontained but congested explosion. More
details are provided in the sections below.

45.1.1. Vapor Cloud Explosions in a Long-Congested Region

A series of large-scale natural gas vapor clouds were ignited in a 3 m x 3 m x 18 m long region with
variable congestion by Lowesmith et al. [120]. The aim of the study was to determine the risk of
DDT when flame speed was accelerated by congestion. Flame speed and overpressure values were
measured. Initial flame speed prior to entering 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 a 26 m long enclosure. The enclosure contained two regions, a
congested region of 18 m length and 3 m x 3 m cross section and a free region of 8.25 m length and
3 m x 2.8 m cross section (W x H). The entire enclosure was filled with a gas mixture of air and
methane at 1.16 and 1.09 equivalence ratios. These mixtures were ignited in the free region at
variable locations to obtain specific flame speeds prior to congestion. The congested region was
formed from 12 racks (designated R1-R12), spaced 1.5 m apart, supporting alternately six or seven
horizontal pipes, each 0.18 m diameter. This created a cross-sectional area blockage ratio of 0.36 to
0.42. Images of the enclosure are shown in Figure 24.
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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 as NG-hydrogen mixes were
evaluated. Lowesmith et al. carried out two tests pertaining to NG air mixtures. These correspond to
test numbers VCEO1 and VCEO4. The test details are highlighted in Table 19:

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, Lowesmith et al. report a maximum witnessed flame speed of ~130 m/s and max
overpressure of 0.34 bar. For the high initial speed test VCEO04, the flame speed accelerated to a
maximum of 300 m/s with an over-pressure value reaching 2 bar. These results are graphically
shown in Figure 25.

®m VCEO1 IP data A VCEO4 IP data
—— VCED1 video —— VCED4 video
(a) 400 i
350 1 & "
—_ A b \ A A
w300 A N
= 250 1,/ \ / \ \ S
= a J \ \/
2 200 4
(=N
ﬁ 150 1+
- L -
E 100 - o -
B 50 1
] T T T - T T
0 2 4 & 8 10 12 14 16 18 20
Distance through Congestion (m)
(B) 2500
5 —&— VCEO1
E 2000 1 — VCED4 jra— a,
g —
=2 -
® 1500 - —"
E i
o
L 1000 o
O F
E
S 500 *
E
m
= [} - - T T T - T T T
0 2 4 6 8 10 12 14 16 18 20

Distance through Congestion (m)

Figure 25: Spatial variation of flame speed and overpressure within the congestion region [120]

Lowesmith et al. explain that despite the high flame speeds and amount of obstructions, the
transition to detonation did not occur. This aligns with the work of Harris and Wickens [122] who in
a similar study only witnessed deflagration as the flame front accelerated along the length of a highly
congested 45 m tube. For cases where methane-air combustions yield DDT severe test conditions
are required. The experiments ran by Zipf et al. [124] demonstrated DDT under the conditions of a
uniform pre-mixed gas, 0.5 cross-sectional area blockage ratios, 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 conditions are unlikely to develop from a
NGV release in a tunnel due to non-uniform mixing, a lack of confinement/blockage, and no high-
energy ignition sources. Thus, the chances of DDT occurring are unlikely.
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4.5.1.2. Heat Transfer to Ceiling and Impinging Diffusion Flame

This experiment was designed to study heat transfer from impinging buoyant natural gas jet flames
by Kokkala et al. [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 2.9 to 10.5 kW were
studied. Figure 26 displays the experimental setup.
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Figure 26: Experimental Configuration (from [125])

As shown, the 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 apparatus was surrounded by double screens on all sides.
The fuel for the diffusion jet was reported to contain 96% volume of methane gas, which is a typical
concentration for CNG.

The thermal readings taken off the ceiling plate consisted of thermocouples for surface temperature
and both Gardon type and Schmidt-Boelter type heat flux gauges which provided material
independent heat flux readings. The configuration of these sensors on the ceiling plate are shown in
Figure 27.
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Figure 27: Configuration of thermal sensors on ceiling plate (from [125])

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

As shown, the rate of heat transfer is varying with the ratio of the flame height to ceiling height. The
gradient of heat transfer begins to steepen at the point where Hy/H reaches unity and plateaus
around Hg/H > 1.5. Regardless of the flame power, the maximum heat transfer rate was measured
to be approximately 60 kW /m> In other wotds, for the worst-case scenario, the maximum expected
heat flux is around 60 kW /m? for the type of leak sizes and studied. Thus, tunnels capable of
withstanding a 60 kW /m?*heat flux over the duration of a NGV fuel release should have a low risk
of failure from an impinged 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 carried out by Royle et al. [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 region is shown in Figure 29. 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 interfere with free field overpressure [123]. 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 grid was covered in a 23 um 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 which are all included in some of the figures and tables below. For this section, only
results pertaining to methane alone are discussed. Section 6.5.1.7 discusses the hydrogen 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. For ignition 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 array of low- and high-pressure pressure
sensors. The location of the pressure sensors can be seen in Figure 30. All pressure sensors were
positioned 500 mm above the ground except for the far field pressure sensors, which 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 adjacent wall. Table 20
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 the paper [123].

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 temperature (°C) 4.8

Relative Humidity (%) 85.1
Atmospheric Pressure (kPa) 97.71
Mean Oxygen Concentration (%) 18.71
Partial Oxygen Pressure (kPa) 0.1871
Partial Nitrogen Pressure (kPa) 0.7059
Partial Water Vapor Pressure (kPa) 0.0076
Partial Fuel Gas Pressure (kPa) 0.0994
Mass of Methane (kg) 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 values. Figure 31 displays an image of the
explosion immediately after ignition.

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

Figure 32 and Figure 33 show the measured overpressure values at various locations for all mixtures.
Recall that NatHy_02 corresponds to the hydrogen-free methane gas. Pressures were reported in the
near-field (within and just outside of the grid) and far-field 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 the near field, overpressure values were 11 to 15 kPa. Inside of the rig, overpressure reached 11.8
kPa and 1.4 kPa just outside the rig. At 32 m away, the overpressure was 1.2 kPa. Referring to Table
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 glass. Note that this experiment represented the ignition of a pre-
mixed, near-stoichiometric 18 m’ region with a high level of congestion—both the stoichiometric

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 exists on simulations evaluating the risk and consequences of CNG and LNG
releases. In one paper specific to CNG vehicles in tunnels, the goal was to capture the likelihood and
worst-case scenarios associated with failures of a NGV. The dispersion of CNG was simulated with
Fluent to compute the effect ventilation had on mitigating flammable masses (see Section 4.5.2.1).
Other simulations have been used to evaluate the release of CNG from a bus in a tunnel, the
hazardous overpressures from the combustion of these releases, as well as the flame lengths for
several failure scenarios (see Section 4.5.2.2). In Section 4.5.2.3, overpressures were calculated due to
the combustion of NG vapor clouds in tunnels, along with a risk analysis study. We also summarize
modeling that compared the risk associated with equivalent CNG and LNG vehicle failures in terms
of harm and lethality distance (see Section 4.5.2.4). In this work, both the flammable and non-
flammable effects on occupants within the tunnel were considered. 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 worst-case scenarios where full instantaneous fuel releases of commercial
vehicles occur with no tunnel ventilation and perfect mixing, hazardous overpressures can develop.
However, the likelihoods of the worse-case scenarios are implausible, and 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 transient dispersion of vapor or
gas clouds produced during an accidental fuel release by Zalosh et al. [104]. The purpose of this
study was to determine the effect ventilation speed had on flammable volume formation and
dissipation. Gasoline and CNG releases were compared, sourced from CNG vans with equivalent
fuel capacity/driving range to conventional gasoline. For CNG, 24 kg of gas stored at 20,684 kPa
(3,000 psig) was released through a 6.35 mm (%/4”) pipe under choked flow conditions. For gasoline,
a tank of 35 gallons was released in a liquid state through a 12.7 mm (%2”) pipe. The gasoline pooled
and subsequently evaporated forming a vapor cloud. The specifics of the vaporization and flow
models can be found in [112].

Zalosh measured the average velocity profile during “low traffic”” conditions for several tunnels in
Boston, including the Rutherford Avenue, Storrow Drive, and Prudential tunnels. The velocity
profiles for each tunnel was measured using a hotwire probe on a telescopic pole at various heights
(~1 - 5.5 m). During measurements, one lane was closed so readings could be taken from the center
of the tunnel. The probe was also moved along the length of the tunnel to obtain the variation along
the length. Table 21 provides the tunnel dimensions as well as the cross-sectionally averaged
velocities for 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 1219 x 152 x 5.4 1.24
Avenue
Storrow Drive 304.8x9.1x15 1.00
Prudential 224.0 x 18.3 x 4.6-7.1 1.10
Tunnel

Average 111

The CNG release rate was calculated as choked isentropic flow, as described in detail in [112].
Gasoline was assumed to be 53 % pentane, 22% hexane, and 25% benzene which results in a vapor
pressure of 5.3 psia at 20 °C and a viscosity of 5.0X107 kg/m-s.

Fluent was utilized to simulate the dispersion of the two fuels when the van was located at the center
of the tunnel. The dispersion models simulated the release occurring inside a computation domain
of 100.0 X 8.25 X 4.27 m (I. X W X H). The size and shape of the flammable cloud was defined by
the lower flammability limit (LFL) for each fuel. The LFL is 5.0 % by volume in air for CNG while
the LFL is 1.6 % by volume in air for gasoline vapor. The volume of the flammable region was
measured from the release point (van location) to the end of the computational domain set for the
model. Figure 34 displays the volume of flammable region obtained for each fuel as a function of
ventilation 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 volume when there is minimal
ventilation (0.1 m/s). As the ventilation speed increases, so does the gasoline pool evaporation. This
relation can be seen in Figure 35. Note that the CNG release rate is constant because the flow is
choked regardless of the ventilation speed.
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Figure 35: Gasoline Vapor and CNG Release Rates vs Ventilation Velocity (from [112])

The gasoline release rate, on the other hand, increases as the ventilation velocity increases due to
increased evaporation. This increase in severity begins to reduce as ventilation speed increases
beyond 0.2 m/s. The CNG release rate is independent of the ventilation velocity. Note these values
are much lower than the measured average vapor release. Overall, with enough ventilation, CNG
releases produce smaller flammable masses than that of gasoline when released in a naturally
ventilated tunnel during low traffic ventilation velocity. Zalosh et al. [112] concludes that a CNG
vehicle poses a smaller overall flammable region.

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

Venetsanos et al. [126] CFD was used to study the effects of a compressed gas release from a
commercial vehicle in urban areas. One urban area simulated was a tunnel with a single deck city bus
located centrally along the length. Variable releases from both hydrogen and CNG fuel tanks were
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 displayed in Table 34. The specific CFD solvers utilized were ADREA-HF for
dispersion and REACFLOW for combustion.
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Figure 36: Fuel tanks configuration for both CNG and CH2 gas (from [126])

The tanks contained a total of 168 kg at 20 MPa of CNG. This is representative of a standard CNG
bus. The main vent lines are controlled by thermally activated pressure relief devices (TPRD). As
shown, each TPRD is attached to a manifold connected to 4 tanks (2 TPRDs per set of 8 tanks).
Multiple release scenarios were evaluated by varying TPRD orifice size and tank evacuations. A
summation of storage parameters is shown in Table 22. Note this study and the figures below have
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

CHy 20 168 1000 125 168 21

The computational domain was modeled as a tunnel of 212 m length with a cross-sectional area
displayed in Figure 37. As mentioned, the bus was located along half the length of the tunnel in a
centralized location. Besides the bus, the tunnel was assumed to be empty and the walls were
modeled as smooth surfaces. Additionally, the air was assumed quiescent to represent a worst-case
scenatio.
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Figure 37: Tunnel Cross Section (from [126])

Two release cases were evaluated for CNG. Table 23 lists 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”

2 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®

3 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 for Case 1, where only one cylinder was released through a single TPRD, are shown in
Figure 38. The left frame shows the flammable mass and the right frame the total available energy.
The available energy was computed by multiplying the released mass of fuel by the lower heat of
combustion. The flammable mass was calculated from the amount of fuel/air mixture released
which was within the FL. Figure 39 displays the results for Case 3, where all 8 cylinders released
through all 4 TPRDs simultaneously. This case may be 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 between Figure 38 and Figure 39. For Case 1, both the flammable mass
and available energy maintained lower values and dissipated rapidly in time. For Case 3, the
flammable mass and available energy reached dangerous levels which persisted over the length of the

simulation.

It was assumed the Case 1 overpressures would be negligible because the total flammable mass was
less than 0.5 kg. For Case 3, the overpressure values are displayed in Figure 40. The overpressure
was calculated assuming that the cloud was ignited after 40 seconds, corresponding to maximum
flammable mass. The ignition point was assumed to be at the 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 these overpressure values, it is important to keep in mind what pressure values
correlate to what level of property damage or human hazard. The tables listed in Section 1.2 help
understand the damage and tenability thresholds. Case 3 scenario yields overpressure values capable
of rupturing eardrums and creating harmful glass splinters up to a distance 80-100 m from the
ignition point. Note that the range for the eardrum rupture threshold reported in Table 1 is 16.5-
19.3 kPa. Venetsanos et al. [126] states that the blast wave maintains its strength for long distances
inside of tunnels due to the high levels of confinement compared with urban environments where
blast waves decay quicker. In addition to overpressure, Venetsanos et al. [126] reported the fireball
length along the tunnel, the results for each scenario are displayed in Table 24.
Table 24: Combustion results within tunnel (from [126])
Scenario Effect
Case Fuel Pressure (MPa) Energy (MJ) Fireball Overpressure
Length along the tunnel (m) Peak overpressure (kPa)
| H, 20 346 62 23
35 377 58 2.3
70 448 47 23
NG 20 19 S s
3 H, 20 3890 2207 425
35 3900 285" 150
70 NM NM NM
NG 20 5380 198 45

Notes: S: 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 3, the NG combustion produced a flame length which traveled nearly the length of the
tunnel, 198 of the total 212 m. The flame length for Case 1 NG combustion was reported to be
negligible. It is worth noting that in this study, Case 3 represents an implausible scenario of rapid
and complete fuel release, ignition when the peak flammable mass is present, and static air within the
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tunnel. This study further identifies the importance ventilation plays on mitigating risk during an
accidental release of fuel in a tunnel.
45.2.3. Natural Gas Vehicle Explosion Risk in Tunnels

Middha et al. [127] used CFD modeling to 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 and H2 vehicles were studied in the simulations but this section will only make
comment on results pertaining to CNG. As mentioned, both a CNG car and bus fuel release was
modeled. The CNG car and bus parameters are described by Middha et al. as follows:

1. City 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. Car with 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
Section 4.1.

As for the tunnels, two different cross sections were evaluated, rectangle and horseshoe shape, see
Figure 41 for cross-sectional dimensions. Both tunnels were modeled with a length of 500 m.
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Figure 41: Tunnel cross-sectional dimensions (from [127])

In addition to the cross-sectional dimensions and length, the geometry of the modeled tunnel
included vehicles. The tunnels were dual lane with traffic running a single direction. The 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 center of the tunnel length in separate lanes. The same geometry
was used for both the car and bus release. The releases were assumed to be choked flow. The mass
flow rate of the CNG for choked flow at 200 bar is displayed in Figure 42. Note that this was
computed assuming a discharge coefficient of 0.8 and a 6 mm opening.

87



06

— H2, 350bar
= 05 - - - - H2, 350bar, ideal
2 | — H2, 700bar
o 04 - - - H2, 700bar, ideal
= —— CH4, 200bar
03
-3
<
@ 02
3
e 0]
00

time (s)

Figure 42: 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.

A dispersion model simulating the release of the fuel systems was carried out. Table 25 lists the
maximum flammable gas cloud size for each configuration as well as the equivalent stoichiometric
cloud or the Q9 quiescent cloud. This is a scaled smaller stoichiometric gas cloud that represents the
same explosion load as the non-homogenous larger cloud. It is scaled based off the weighted
volume expansion, flammable volume, and laminar burning velocity. The flammable cloud and its
stoichiometric and Q9 equivalents along with the maximum pressures for the combustion of the
flammable gas clouds are listed in Table 25 below:

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

g Maximum equivalent Max. pressute for max. equiv.
Maximum flammable gas AL c :
onE stoichiometric flammable cloud Q9 Quiescent/Pre-
cloud size in m3 (kg) loud size in m> o b
Vehicle/Release | Inventory gas cloud size in m3 (kg) ignition turb.
Characteristics (kg) : :
Horseshoe | Rectangular | Horseshoe | Rectangular Maxerlum Q9 Maximum
Equivalent overpressure
Tunnel Tunnel Tunnel Tunnel
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 26 2.1 (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 damage to people and property within the tunnel. Referring to Table 1, these
overpressures fall between the threshold for injury from flying glass and in the pre-ignition
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turbulence case up to potentially serious wounds from flying glass near 50% probability. The data
presented in Table 25 were combined to create a frequency of exceedance curve for overpressures
during combustion of CNG vapor clouds, shown in Figure 43. Overpressure values outside the
hazardous range (less than 0.1 barg) are much more likely than higher overpressures that can be
hazardous to tunnel occupants.

1.00

—+— H2, Horseshoe Tunnel
-#— H2, Rectangular Tunnel

H2, Horseshoe Tunnel
(Smaller bus release)

Worst-case pressure range for

ignition of real cloud within the jet
< > H2, Horseshoe Tunnel

(Low wind only)
-#— "H2, Horseshoe Tunnel
(High wind only)"
NG, Horseshoe Tunnel

0.10 1

Frequency per incident

0.01

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Pressure (barg)

Figure 43: Exceedance curves for overpressure values per fuel type (from [127])

45.2.4. Harm effects of Cryo-compressed hydrogen versus natural gas

Zhiyong et al. [128] evaluated CNG, LNG, and cryo-compressed hydrogen in terms of harm,
lethality, and separation distances. Both flammable and non-flammable effects were considered. The
potential hazards to people included cold hazard effects from cryo-release, thermal effects from
combustion with both immediate and delayed ignition, and overpressure or projectile effect due to
explosion. The simulated comparison was completed by coupling methodologies from several prior
works. Specifically, dispersion was modeled by Witlox et al. [129], jet fires by Cook et al. [130], and
overpressure from explosion by Tang et al. [131].

Two quantifications metrics were applied: a harm criterion which corresponds to a 1% probability 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 document [14] which
states which states that a temperature of -40°C corresponds to harmful effects. The thermal effects
on people within the flammable mass region during ignition or in direct contact with an ignited jet
flame is considered fatal. In terms of heat radiant heat transfer, harm is quantified by thermal dose
units, which is a combination of heat flux intensity and time of exposure. From the literature [132]
values for a dangerous thermal dosage range from 420 (kW/m?*? to 1655 (kW/m?)*>. The lower
value was utilized to remain on the conservative side of harm analysis. Additionally, for flash fires,
no standard criterion is present but Marangon et al. [133] suggests that a flash fire occurring even at
2 LFL could have lethal effects.

The modeling assumption for each fuel type as well as other release conditions are summarized in
Table 26. Conservative model choices were selected for release situations, such as the release
direction was assumed to be hotizontal and in the downwind direction with respect to a 5 m/s wind.
Additionally, the release orifice was set to 10 mm diameter which corresponded to an expected leak
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size in the connecting parts of the fuel systems where leaks are more likely to occur. The release
height was also assumed to be 1 m from 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 temperature (°C) -210 15 -152
Release inventory (kg) 5.6 28.8 28.8

Release direction

Horizontal and downwind for continuous release

Release hole size (mm) 10
Atmospheric Pressure (atm) 1
Wind velocity (m/s) 5
Result output height (m) 1

Also note the fuel capacities were selected based on equivalent mileage instead of energy density.
The results are shown in Figure 44 where the two graphs display the harmful and fatal distances for
each incident per fuel type based on an assumed instantaneous release of the inventory, which is
implausible. The non-flammable effects are without ignition of the flammable cloud, whereas the
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 non-flammable effects, LNG posed long distance hazards due to the potential for cryogenic
injuries. For flammable effects, overpressure damage from flash fires or vapor cloud explosions
were larger with LNG compared to CNG when ignition was delayed. The hazards associated with
LNG are intuitive due to the low storage temperature (111 K) and the larger volume of stored fuel
forming larger flammable masses. For CNG the risk of physical explosion and thermal hazards are
higher due to the high storage pressure and high heat flux associated with a jet fire (see Figure 45
below). As mentioned in Section 4.3, it should be noted that BLEVE 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.

Below Figure 45 shows 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 the high storage pressure, CNG will release at a more rapid rate and thus produce higher
hazard distances for continuous releases. Li [134] shows that LNG vehicles pose their own unique
hazards which exceed CNG in risk in specific situations. It should be understood there is a low
probability of a BLEVE, and instantaneous releases are implausible.

45.3. Analysis

Scenario identification as well as probabilistic risk assessments have been carried for CNG vehicles
in the context of vehicular failure on the roadways. To our knowledge, there are no specific
evaluations of NGV risks within tunnels including event sequence diagrams. However, a study
comparing a CNG powered buses related hazards to that of current conventionally diesel-powered
buses showed that CNG posed higher probabilistic risks.

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

The analysis carried out by Chamberlain and Modarres [135] compared the fire safety risk associated
with a CNG bus against that of a more conventional diesel-fueled bus. Since the data involving
critical failures of heavy-duty CNG vehicles is limited, a probabilistic risk assessment (PRA) was
performed with a two-step approach. The first step was to perform a qualitative risk analysis (QRA)
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followed by quantitative PRA. The QRA was used to determine the possible fire scenarios that
should be further studied in the PRA.

Chamberlain and Modarres identified the associated fire-safety hazards used to assess the risk of
using CNG fuel:

e Tire potential from fuel leakage.

e Explosion potential from uncontrolled dispersion and mixing of CNG in the presence of an
ignition source.

e Impacts and missile-generated hazards due to fuel being stored at high pressure.

e Chemical hazards (gas toxicity, asphyxiation potential, and higher hydrocarbons in CNG
may be considered neurotoxins even though CNG is relatively nontoxic).

e Flectrostatic discharge.

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
consequence. From there, 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 as well as the supporting

infrastructure (such as fueling stations) was included in the evaluation. Figure 46 represents 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 scenario was categorized, and a ranking
matrix was created for CNG systems. Based on a variety of inputs regarding the expected
occurrence frequency, scenatios, ignition potential, etc. detailed in the literature, the results in terms
of frequency per year, per distance traveled, and total risk are shown in Table 27.
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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 x10°° 35x 1072 14.94
Operator error 3.6 x 1077 3.7 x 1073 1.54
Total mean fire fatality risk 22 x 1073 23 x 107! 100

From this QRA Chamberlain and Modarres approximated the total mean fire risk to be 2.5 times
larger for CNG buses compared to diesel-powered buses. The overall results identified CNG buses
as higher risk in terms of fire and explosion hazards due to failure rates of relief valves, CNG
cylinders, and piping. This conclusion differs compared to the study by Zalosh et al. [112] which
compared CNG and gasoline vans. The CNG vans were shown to pose lower risks regarding
flammable gas dispersion compared to the flammable vapor dispersion from a gasoline leak from an
equivalent van. The difference is comparing CNG with gasoline and diesel. Zalosh concludes CNG
is a lower risk than gasoline while Chamberlain and Modarres concludes 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, including LNG and CNG, compared to gasoline
and diesel fuels [136]. As part of this analysis, data was collected about the physicochemical
properties of natural gas and general petroleum and transportation information. Subsequently, the
technical properties of the alternative fuels were ranked, safety data and vehicle accident statistics
were reviewed, and specific accident scenarios were evaluated. One of the accident scenarios
evaluated was a vehicle collision with fuel loss in a tunnel. An expert panel estimated the
probabilities of different outcomes for the different alternative fuels compared to gasoline and
diesel. Table 28 shows the results of the risk analysis. These probabilities are just expert judgement
rather than data. As shown, the natural gas (both liquid and compressed) was estimated to be less
likely to result in a fire with or without injury, or more likely to not ignite, and less likely to result in
an explosion when compared to gasoline [130].

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 experiments conducted that evaluated the consequences of
ignited NG vapor clouds and high-pressure jets and the relevant variables. Specifically, the
likelihood of DDT, overpressure, and heat transfer of NGV accidents were evaluated. Also, there
were a variety of literature studies that evaluate the risk and consequences of CNG and LNG
releases. Specifically, modeling studies evaluated dispersion, failure modes, overpressure, and flame
lengths. Analytical studies evaluated scenario identification through probabilistic risk assessments
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 a tunnel. One study showed that hazards associated with a CNG-powered bus posed higher
probabilistic risks that that of a conventional diesel-powered 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 scenarios where 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 experiments, even in confined
environments with obstructions. Also, a strong correlation for heat transfer to a ceiling based on the
flame height to ceiling distance was shown for large scale flames impinging on a ceiling [120].

The following criteria were evaluated to determine where research gaps may exist regarding NGV’s
in tunnels.

1. Scenario Identification
2. Failure Modes

3. Consequences

4. Validation

The scenarios that lead to a failure mode have been identified as impacts to the vehicle or failure of
the TPRD, hardware degradation or failure, and operator error which may lead to a release of fuel.
Based on the vehicle and fuel composition state, a BLEVE scenario can be a risk. Failure modes
include immediately ignited releases or delayed ignition of releases that might accumulate in tunnels.
Component-level failure modes are beyond the scope of this document. Regulations on valves,
pressure containers, and other overall fuel storage/delivery systems govern these risks. The failure
modes are broken down for a CNG vehicle by Chamberlain and Modarres [135] as the following:

e Tire potential from fuel leakage.

e Explosion potential from uncontrolled dispersion and mixing of CNG in the presence of an
ignition source.

e 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 combustion, but the chances of this yielding
significant damage or DDT occurring are very low [121] [120] [122]. Furthermore, [137] showed that
with proper ventilation, the risk from overpressure during a combustion are significantly mitigated.
In terms of heat transfer, 60 kW /m?* was shown to be around the maximum expected rate for a jet
fire impinging on the ceiling. It was shown this applies to flames of a wide range of power [125].
Additional consequences of these failure modes include impacts/projectile-generated hazards due to
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fuel being stored at high pressure, chemical hazards (gas toxicity, asphyxiation potential, and higher
hydrocarbons in CNG may be considered neurotoxins even though CNG is relatively nontoxic),
peak overpressure due to ignition ranging from 30 to 45 kPa based on the pressure of the release
and release amount as shown in [126] and [127], and fireballs that can reach nearly 200 m down a
tunnel based on the tunnel geometry and the release pressure [120].

Initial observations show that flammable cloud formation for CNG becomes negligible as
ventilation increases [112]. The harmful and lethal effect distance of CNG for a continuous release
event is significantly lower than an LNG release. A risk analysis for a CNG bus system shows the
highest risk comes from degradation of the system and components [135].

Despite the large quantities of studies carried out pertaining to the risks and hazards associated with
NG, research gaps were identified. As discussed thoroughly in Sections 4.5.1 and 4.5.3, the
consequences of scenarios have been evaluated and validated in multiple experiments and
simulations. Research gaps regarding consequences are the same as for scenario identification:
limited evaluations of NGVs specifically in tunnels have been carried out. Several specific research
needs include:

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

e Experimental studies of NG dispersion and overpressure in actual or scaled down tunnels
(similar to HyTunnel evaluations).

e Partially pre-mixed (realistic extents of pre-mixing) ignition in tunnels to determine
maximum overpressure.

e Large scale NG flames heat transfer analysis. So far only lab-scale or simulated data found in
the literature.

e Validation of 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 or formation of a
larger flammable vapor cloud. Table 29 (below) shows the approximate equivalent ambient gas
volumes of stored NG per vehicle class.

The vehicle class groups used were those defined by the Federal Highway Administration [138]. The
storage volumes used for this approximation are representative of a typical tank size based on
vehicle class. The actual storage volume varies from vehicle to vehicle within the same class based
on design choices of the manufacturer. Since the vast majority of LNG vehicles are large scale
commercial vehicles, the approximate LNG tank sizes are based off reported values from this
vehicular class.
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Table 29. Natural gas fuel amounts by vehicle class.

FHWA Class - CNG

Characteristic Mass

Characteristic Ambient Unmixed Volume

2 22.0 kg 34 m?
3 132.0 kg 201 m?
4 225.0 kg 343 m3
5 125.0 kg 191 m3
7 550.0 kg 838 m3

FHWA Class - LNG

Characteristic Mass

Characteristic Ambient Unmixed Volume

5 or greater

200.0 kg

305 m?

5 or greater

250.0 kg

381 m3

Per the Federal Highway Administration, class 2 represents SUVs, pickups and utility vans, 3
delivery trucks and vans, 4 passenger buses, and 5-7 represent a wide range of multi axle commercial
trucks. CNG classes 4 and 7 vehicles typically have multi-tank configurations. The listed LNG
configurations consist of variously sized single tanks. There are many combinations of tank number
and size variations and the values listed above are only representations of some typical
configurations listed on select manufacturers websites [139] [140] [141].
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5. PROPANE VEHICLES

5.1. Overview of Technology

What is commonly called propane is liquefied petroleum 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 presented). Propane
vehicles offer consumers an alternative transportation option to conventionally fueled vehicles.
Propane vehicles are available as both dedicated and bi-fuel types. In dedicated propane vehicles,
propane is the sole energy source. In bi-fuel propane vehicles, there are two separate fueling systems
that allow the vehicle to use either propane or gasoline. Generally, propane vehicles are comparable
to conventionally fueled vehicles in terms of power, acceleration, cruising speed, and driving range.
There are several different types of propane vehicles currently in operation, including light, medium,
and heavy-duty vehicle classes. Lower maintenance costs, good performance in cold-start
conditions, and low carbon and low oil contamination characteristics make propane vehicles popular
for trucks, taxis, street sweepers, and school buses [142].

5.2. Properties of Propane Storage

Generally, propane is stored under pressure in a two-phase state. When a storage tank is full, the
propane is largely liquid with some gaseous vapor. The gaseous vapor in the storage tank is what is
used as fuel.

ﬁc Vapour \

(Gas)

— - —————

Liquid LPG

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

The key properties that make propane an attractive auto fuel is its high-octane value and
compatibility with spark-ignited internal combustion engines. Propane naturally occurs as a three-
carbon alkane gas with the chemical formula C;Hs. Propane can be liquefied through moderate
pressurization at 1,220 kPa (177 psia) [144], which increases its energy density by a factor of 270
over the gaseous form [145]. In terms of vehicle usage, the propane fuel must consist of at least 90%
propane, no more than 5% propylene, and no more than 2.5% other gases such as butane and
butylene [1406]. Table 30 shows some of the physical and chemical properties of propane [147].
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Table 30: Physical and Chemical Properties of Propane (from [147])

Property Value
Chemical Structure CsHs
Energy Density 23,648 MJ/m>
Stoichiometric Air/Fuel Ratio 15.5
Gas Density at 15 °C 1.85 kg/m3
Liquid Density at 15 °C 505 kg/m?3
Auto-ignition Temperature 450 °C (724 K)
Specific Gravity at 15 °C 0.85
5.3. Associated Hazards

There are two main safety considerations related to propane vehicles. The first is tank over-
pressurization due to either tank overfill or environmental changes. To address this issue, propane
vehicles are equipped with overfill prevention devices (e.g., bleed valves) and pressure release
devices to vent the tank if pressure rises beyond safe levels [146]. The second safety consideration is
ignition of propane fuel that has either been released through the overfill prevention device/
pressure release device or released from a vehicle crash. Propane 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 pits. Unlike hydrogen and natural gas, propane vapors will dissipate primarily
based on air movement rather than buoyancy and will dissipate faster in windy conditions than in
still conditions [146]. Table 31 shows relevant flammability properties of propane.

Table 31: Flammability Properties of Propane

Property Propane

Flammability LFL 2.1%
Concentration in

Air (vol%) [27] UFL 9.5%
Most Easily Ignited Mixture in Air (vol%) 4% [105]
Adiabatic Flame Temperature [107] 2250 K
Buoyancy (ratio to air) 1.52
MIE [108] [109] 0.25-0.26 m]
Autoignition Temperature [110] 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 roadway structures on which they operate.

54.1. National Fire Protection Association Standard 502

NFPA 502, Standard for Road Tunnels, Bridges, and Other Limited Access Highways, provides fire
protection and life safety requirements as well as design criteria for authorities having jurisdiction
(AHJs) to use in ensuring tunnel safety. Section 7.3.2 states that a tunnel shall be capable of
withstanding the temperature exposure represented by the Rijkwaterstaat (RWS) time-temperature
curve or other recognized standard time-temperature curve that is acceptable to the AHJ, as shown
by an engineering analysis. The assumption is that every part of the tunnel should withstand these
temperature exposures, irrespective of the fire location, ventilation rate or type [113].

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

ASHRAE 2019 HVAC Applications Chapter 16: Enclosed 1 ehicular Facilities provides 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
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.

5.4.3. 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 Fires provides 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 NFPA 502. This is chapter provides a framework on how to
understand and determine fire and hazardous materials management in tunnels [40].

54.4. National Fire Protection Association Standard 58

NFPA 58, Liguefied Petroleum Gas Code, provides storage, use, and handling requirements for liquid
propane fuel in storage containers [148].
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5.5. LPG Research Summary in Tunnels

This section documents the results of the evaluations regarding propane vehicle failure in a tunnel.

5.5.1. Experiments

This literature survey includes limited experiments that evaluate the hazard of propane vehicles in a
tunnel. Because of this, other experiments are reviewed that have relevance to propane vehicles in
tunnels and can help characterize the hazard.

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

Brzezinska and Markowski [149] performed a series of full-scale experiments to help understand
emissions and flammable cloud formation in order to help validate models using the CFD code Fire
Dynamics Simulator (FDS) by NIST. While the focus of these experiments are releases into parking
areas such as garages, it is still a confined space and characteristics and take-aways can be applied to
help understand the hazard in a road tunnel. An event 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 as the ignition sources and safety systems such as detection and ventilation. This can
be seen below in Figure 48:

|_Initiating event | Release mode | Cutoff of multivalve | Immediate igniion | Detection & Ventilation | Delayignition |  Outcome event |
Y 1. Flash fire/Explosion
Instantaneous release from tank
(rupture of tank)
¥ 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 shown in Figure 49 below:
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Figure 49: Experimental Setup (from [149])

The experiment was conducted in a test setup with dimensions of 23.7 m X 4.2 m and a height of 6
m. Semiconductor-type gas sensors are used to measure the concentration of LPG vapor. A total of
0.17 L of LPG was fitted in the car for each test. The ventilation system draws 0.61 m*/s of air.
Table 32 below gives more details for each individual test:

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

Test Set # Diameter of Release Release 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 below in Figure 50 with emissions from the 6 mm hole.
The color scale at 4 x 107 kg/m’ (red) corresponds to 10% 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 dissipating. 10 cm above 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 equivalent CFD simulation in Figure 51 below (at 3 m from the
source on the left, or 3L) with emissions from the 6 mm hole.
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Figure 51: Concentration LPG Comparing Simulation vs. Experimental Results (from [149])

104




The results show very similar magnitudes and characteristics when comparing the model with the
experimental data. Both the 10 cm and the 30 cm measurements off the ground 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 and Wu [150] studied the effects of ventilation and smoke development due to a propane
fire in a tunnel. Tunnel slopes from 0° to 10° wete used to help develop a slope factor for smoke
development and movement. A model tunnel with a height of 244 mm with an arch shape cross
section which comprises a semicircular head on walls splayed out at 7 © per Oka and Atkinson [151]
shown in Figure 52.

(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
floot. The flow rate ranged from 2 to 10 L/min. This corresponded to a 15 to 75 MW fire. The
propane output velocity was about 0.4 to 2 cm/s. Understanding the gradient of a tunnel with a fire
downhill is important in designing emergency smoke control to keep evacuation routes clear of
smoke. The critical velocity is explored to help understand the minimum required ventilation
velocity that does not allow the smoke to back flow past the fire. This can be shown in Figure 53
below:
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Figure 53: Critical Velocity vs. Tunnel Slope (from [150])

The critical velocity is a function of the slope of the tunnel 0, the volumetric flow of propane, and
the dimensionless variables Q* and V*. These transitional values are determined via Froud scaling as
shown by Oka and Atkinson [151]. In Figure 53 the black squate 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 the line ‘a’ indicates SES (Subway Environment Simulations) computer program predications
from a former methane experiment whereas the line ‘b’ indicate the predications based on this work.
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]M'Vn",‘a; [1 +0*0149] for Q* >0.12

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

Figure 54 shows the critical velocity relationship in a tunnel as a function of the slope of the tunnel
0, the volumetric flow of propane V*, and the transitional value Q* as well as the tunnel height H
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 (see Section 5.5.2.1).
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Also, the propane vehicle explosion in a tunnel was modeled and the explosion load and
consequence were evaluated (see Section 5.5.2.2). Additionally, refer to Section 5.5.1.1 for CFD
modeling information.

5.5.2.1. LPG Dispersion Analysis

A hazard analysis of LPG, LNG, and gasoline fueled vehicles, was performed for the Massachusetts
Highway department by Zalosh et al. [137]. The study evaluated the release rates and subsequent
dispersion from a LPG fueled vehicle in a tunnel with various types of ventilation systems. The
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 the van. The cross-section of the tunnel is rectangular with
dimensions of 8.25 m wide by 4.27 m high. Both transverse and longitudinal ventilation was
evaluated for release from tanks with and without excess flow valves, which limits the fuel release
rate to 100 g/s [137].

The fuel release rates and fuel vaporization histories were calculated using a mathematical model
similar to the work by Webber and Jones in 1987 [152] that evaluated the relevant phenomena (see
Figure 55). The vaporization rate calculated from the mathematical model was input into a CFD
simulation (Fluent) that calculated the vapor dispersion as a function of ventilation type [137].
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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 ventilation. In the case of longitudinally
ventilated tunnels, the vapor cloud is smaller than that of gasoline 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 gasoline. The growth and decay of the vapor cloud with 20
cfm per lane foot normal transverse ventilation showed that LPGs growth rate is like gasoline and
slower than LNG. Each result is further summarized in below [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 the 840 m’ at 100
LNG Avg: 0.344 260 sec ceiling at 100 sec 43 m sec
. 3
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 m> at 420
A Ave: 0.398 >500 sec 0.5m 69 m at 353 sec sec
Gasoline Max: 0.339 800 m” at 570
B Ave: 0,139 980 sec 0.45 m 80 m at 589 sec sec
CNG Max: 078 1 540 sec | 0.551t00.82m 50 m at 80 sec 530 m’
Avg: 0.35
5.5.2.2. Explosion Risks and Consequences for Tunnels

Weerheijm and van den Berg [153] developed engineering models to quantify the explosion load and
consequence of an LPG explosion in a tunnel. The release rate of the gas, the duration of the flow,
geometric parameters, and ventilation are inputs to a CFD code developed by TNO. The result is a
model of gas dispersion and gas cloud size concentration as a function of time. The explosive loads
for the gas explosion are then estimated by relating the cloud length and concentration to the
overpressures of an equivalent stoichiometric cloud. The development of a flammable cloud is
dependent on the ratio between the ventilation air speed and the leak rate of the LPG. The
explosion strength is largely dependent on the length of the flammable cloud. Moreover, detonation
could occur if the flammable cloud is sufficiently long [153].

The first case modeled a nearly full vessel in which a boiling liquid expanding vapor explosion
(BLEVE) may occur. The tunnel cross-section rectangular with dimension of 5 m by 14.4 m (72 m?).
In the area around the bursting vessel (within 8 m), the explosion results in a high-pressure impact

with the tunnel lining (600-800 kPa). The flow is then redirected in the axial direction of the tunnel
and the magnitude of the pressure is reduced. The second case evaluated a blast load resulting from
the rupture of a neatrly empty LPG vessel. This case resulted in similar phenomena as the BLEVE;

however, the magnitude of the pressure impact with the tunnel lining in the area around the bursting
vessel (within 6 m) was much lower (200-500 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 Section 5.5.3.1). Additionally, refer to Section 5.5.1.1 which includes a risk
informed failure tree.
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5.5.3.1.

A comparative risk analysis was performed by Los Alamos National Laboratories 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 properties of LPG
and general petroleum and transportation information. Subsequently, the technical properties of the
alternative fuels were ranked, safety data and vehicle accident statistics were reviewed, and specific
accident scenarios were evaluated. One of the accident scenarios that was evaluated was a vehicle
collision with fuel loss in a tunnel. An expert panel estimated the probabilities of different outcomes
for the different alternative fuels compared to gasoline and diesel. Table 34 shows the results of the
risk analysis. These probabilities are just expert judgement rather than data. As shown, the LPG was
estimated to be more likely to result in a fire without injury or not ignite, and less likely to result in

LANL Risk Analysis

an explosion when compared to gasoline [130].

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 was shown that studies of LPG vehicles in tunnels is limited.
Experiments that explicitly evaluate the hazards of propane vehicles in tunnels were scarce.
However, there were other experimental studies included that may have relevance 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
vehicle [149]. Also, the effects of ventilation and smoke development due to a propane fire in a
tunnel were evaluated [149]. Modeling studies have been conducted on the release rates and
dispersion from a propane vehicle and the consequence of an explosion [137] [153]. Additionally, a
risk analysis was performed which ranked the probabilistic outcomes of a tunnel accident for
different fuel types, including propane [1306].

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 geometry. Initial findings show how much ventilation makes a difference on the
overall concentration of a LPG spill. Figure 50 shows how after nearly two minutes the LPG
concentration is 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 of gasoline [130].
Dispersion properties are very similar to that of gasoline as well [137].

The following criteria were evaluated to determine where research gaps may exist regarding LPG
vehicles in tunnels.

1. Scenario Identification
2. Failure Modes

3. Consequences

4. Validation

In terms of scenario identification and failure modes, explicit studies on these topics were not found
for propane vehicles. However, the failure modes can be determined from the event tree in Figure
48 by Brzezinska and Markowski [142]. These include release scenarios that lead to flash fires or
explosions based on the amount of fuel released, ventilation and cloud dispersion, as well as when
there is ignition. Also, a limited scenario 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, there are several variables that effect the magnitude of the
consequence: LPG quantity released, ventilation, obstructions, ignition time, tunnel geometry, etc.
The measurements of the consequences of the failure mode include overpressure, HRR, dispersion,
and resulting structural damage. The study by Brzezinska and Markowski [142] completed 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 and to use the model for other release
events.

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

e TFully evaluate the initiating events that are risk significant in terms of LPG vehicles in
tunnels.
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Evaluate different classes of LPG vehicles, including buses, and multiple LPG vehicles.

Evaluate the HRR, temperature, and structural damage resulting from different failure
modes.

Evaluate the effect that overpressure, 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 of an LPG vehicle failure.

Investigate thermal consequences of failures, which have not been reported for many of the
studies included in this literature survey.

Perform additional validation of modeling efforts through direct comparison to experimental
results.

Additional attention should be given to the size or class of the vehicle. As vehicular class
increases so 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 (FCEVs) are part of a comprehensive portfolio of technologies
and can offer consumers an alternative transportation option to conventional options such as
internal combustion engines (ICEs). Fuel cells are more efficient than combustion technologies and
FCEVs qualify as zero emission vehicles, emitting no pollution — only water vapor and air through
the tailpipe. Additionally, these vehicles offer fast fueling times, and comply with both
manufacturer’s requirements and consumer expectations for driving range [154]. There are several
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 duty FCEVs, production
of light-duty hydrogen FCEVs has been ongoing since the Hyundai ix35 fuel cell vehicle rolled off
of the assembly line in February of 2013 [155]. An infrastructure of refueling stations has been
developed both regionally in the U.S. and in several locations internationally [156]. As of late-2019,
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 47,000 in 2024 [98].
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 battery electric vehicles, 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 fuel cell-powered forklifts operating in commercial warehouses
and distribution centers by companies such as Amazon, Coca-Cola, FedEx, Kroger, Walmart, and
more as of late-2019 and over 20 million hydrogen fuelings to date [157] [158] [159]. Buses and
medium-/heavy-duty vehicles have utilized hydrogen fuel cell technology for public transportation
and commodity distribution [160]. The implementation of hydrogen for these larger scale vehicles is
expected to increase due to the difficulty 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 fuel can either be a compressed gas or a low-pressure cryogenic
liquid. Hydrogen is the lightest gas (~1/14 as dense as air) and at standard temperature and pressute
exists in the form of a hydrogen molecule with two atoms: H». Liquid hydrogen has a boiling point
of -252.88 °C and is much more dense than gaseous hydrogen [161]. Gaseous hydrogen can be
stored in high pressure tanks to provide large amounts of energy; however, even more energy can be
stored in low pressure cryogenic liquefied form. Hydrogen has an expansion ratio of 1:848, which
means that gaseous hydrogen at atmospheric conditions occupies 848 times more volume than
liquid hydrogen [162]. Table 35 shows physical and chemical properties of hydrogen [163].
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Table 35: Physical and Chemical Properties of Hydrogen (from [163])

Property

Value

Molecular weight

2.0159

Gas Density

0.08988 g/L @ 0°C, 1 atm

Relative Vapor Density

0.07

Liquid Density 70.8 g/L @ -253°C
Melting Point -259.35°C
Boiling Point -252.88°C
Auto-ignition Temperature 500°C

Flammability Limits

4-75% (vol % in air)

6.3. Associated Hazards

The primary safety hazard associated with hydrogen is that it is flammable. Hydrogen properties
require that the fuel delivery system be designed to mitigate all relevant safety hazards. Table 36
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%
Concentration in

Air (vol%) [27] UFL 75.0% 15.0% 9.5% 7.1%
Easily Ignited Mixture in Air (vol%) 29% [103] 8.5% [104] 4% [105] 2% [106]
Adiabatic Flame Temperatute [107] 2483 K 2236 K 2250 K 2289 K
Buoyancy (ratio to air) 0.07 0.54 1.52 4
MIE [108] [109] 0.011-0.017 mJ | 0.28-0.30 mJ | 0.25-0.26 m] 0.8 mJ
Autoignition Temperature [110] 500 °C 580 °C 455°C | 246 —280°C

Although hydrogen’s lower flammability limit is comparable to the other fuels, it has a much higher
upper flammability limit. Also, its minimum ignition energy is an order of magnitude lower than the
other fuel types. This introduces the possibility of ignition even from weak electrostatic discharged.
Sources such as NFPA 77 [164] 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.
Figure 56 illustrates 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 much wider range of concentration.
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 reaches some fraction 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 and how air flow might be altered [166]. 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 because it is more buoyant 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 regulations regarding the fuel storage system,
the vehicle itself, and the roadway structures on which they operate.

6.4.1. Global Technical Regulation No. 13

The Global Technical Regulation No. 13 (GTR #13) establishes vehicle requirements for hydrogen
FCEVs that can attain equivalent levels of safety as those for conventional gasoline powered
vehicles. GTR#13 is intended to be applied globally. However, it is up to specific regulatory bodies
in each country to adopt the GTR. Because of the large number of countries implementing
hydrogen vehicles and developing their jurisdiction-specific 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, many of those present 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 device which, in the event of a
fire, releases the hydrogen to prevent the vessel from over-pressurizing. Current storage systems
have pressures of up to 10 ksi (70MPa). GTR #13 provides requirements for the integrity of
compressed and liquid hydrogen motor vehicle fuel systems, including pressure cycling tests, a burst
test, a permeation test, and a bonfire test. The pressure cycling test evaluates a container’s durability
to withstand, without burst, 22,000 cycles of pressurization and depressurization. The burst test
evaluates a containet’s initial strength and resistance to degradation over time. The bonfire test
evaluates the ability of the container’s thermal pressure relief device to open in a fire scenario
(localized and engulfing) [167].

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 Vehicle Safety 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 be unified for FCEVs
[113].

6.4.2. National Fire Protection Association Standard 502

NFPA 502, Standard for Road Tunnels, Bridges, and Other Limited Access Highways, provides fire
protection and life safety requirements as well as design criteria for authorities having jurisdiction
(AHJs) to use in ensuring tunnel safety. Section 7.3.2 states that a tunnel shall be capable of
withstanding the temperature exposure represented by the Rijkwaterstaat (RWS) time-temperature
curve or other recognized standard time-temperature curve that is acceptable to the AHJ, as shown
by an engineering analysis. The assumption is that every part of the tunnel should withstand these
temperature exposures, irrespective of the fire location, ventilation rate or type [113]. With regards
to hydrogen vehicles in tunnels, appendix G recommends on-board detection and incident shutoff
systems be provided in fuel-cell vehicles.

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

ASHRAE 2019 HVAC Applications Chapter 16: Enclosed 1 ehicular Facilities provides 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 Chapter 2: Road Tunnel Fires provides 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 NFPA 502. This is
chapter provides a framework on how to understand and determine fire and hazardous materials
management in tunnels [40].

6.4.5. National Fire Protection Association 55

NFPA 55, Compressed Gases and Cryogenic Fluids Code, provides storage, use, and handling requirements
for both compressed and cryogenic liquid hydrogen in portable containers, cylinders, and tanks.
Sections 10 and 11, specifically, deal with bulk hydrogen compressed gas systems and bulk liquefied
hydrogen systems, respectively [115].

6.4.6. National Fire Protection Association 2

NFPA 2, Hydrogen Technologies Code, establishes the necessary requirements for hydrogen
technologies. This includes requirements associated with general fire safety, explosion protection,
fueling facilities, fuel cell power systems, hydrogen generation systems, combustion applications,
laboratory operations, and enclosed spaces [168]. All hydrogen requirements from other NFPA
documents, including NFPA 55, are included by reference in NFPA 2 to provide a single source of
hydrogen requirements 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

Several experiments have evaluated the consequences of a hydrogen FCEV failure in a tunnel. A
series of experiments were performed to determine what would happen if hydrogen is released from
the onboard pressure vessel. It was determined that spontaneous ignition is the most likely
consequence (see Section 6.5.1.1). Qualitatively, this is the least severe and most likely consequence
to a hydrogen release in a tunnel. However, there were also several experiments performed to
evaluate more severe consequences. Multiple experiments were conducted to evaluate deflagration
of hydrogen within a tunnel. These experiments investigated the consequences to delayed ignition of
the released hydrogen, considered a worst-case 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 ignite. An immediate ignition scenario involves less
accumulation of hydrogen involved in the ignition event. The concentration of hydrogen and
presence of ventilation had a significant effect on the measured pressure pulses (see Section 6.5.1.2).
A variety of quiescent and steady-state hydrogen ignition experiments were performed to evaluate
the effect of congestion, hydrogen release rates, along with ventilation rates on overpressure. In
general, congestion increased overpressure; however, low hydrogen leakage rates and increased
ventilation air velocity resulted in lower overpressure (see Section 6.5.1.4). Also, deflagration was
examined in stratified hydrogen layers to evaluate the potential of self-sustained detonation in flat
layer hydrogen-air mixtures. The results indicated that a DDT was possible, however, a minimum
layer thickness and sufficient congestion was required (see Section 6.5.1.5). A series of fire
experiments and simulations of a car carrier in a tunnel loaded with hydrogen FCEVs simulated the
HRR and showed similar results when compared to the experimental results (see Section 6.5.1.6).
Also, experiments have been performed to validate the results of CFD models (see Section 6.5.1.3).

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 shock formation and mixing associated with rupture of a burst disk between
compressed hydrogen and air [169]. Several different variables were evaluated through these
experiments, including rupture pressure and internal geometry downstream of the burst disk. The
rupture pressure of the burst disk was evaluated with both commercial and in-house manufactured
disks with different rupture pressures. The majority of experimentation was performed outdoors,
with ambient conditions (between 280K and 305K, with between 60-90% relative humidity). Figure
57 shows a schematic of the experimental configuration [169]
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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 geometries. These experiments demonstrated that
spontaneous ignition of compressed flammable hydrogen repeatedly occurs at the range of pressures
seen in FCEV applications, given that sufficient mixing occurs as well. The short mixing time scales
are provided by the pressure boundary failure geometry, multi-dimensional shock-boundary, the
shock-shock interactions, and the molecular diffusion. Continued combustion can occur because the
turbulent free jet hydrogen flames can be stabilized at sufficiently high jet velocities. The reflected
shock and shock-shock interactions determine the minimum compressed hydrogen pressure at
which spontaneous ignition occurs. Due to the repeatability of the ignition and the characteristic
time scale, it was determined that alternative ignition sources, such as electrostatic discharge, did not
contribute to these experimental results [169].

6.5.1.2. Large-scale Hydrogen Deflagrations and Detonations

A scaled down tunnel was used to perform spark-initiated deflagration tests using homogeneous
hydrogen mixtutres by Groethe et al. [170]. A 1/5-scale tunnel was used to perform multiple
experiments with varying released quantities of hydrogen with and without ventilation. This was
done to simulate the release from a fuel cell vehicle or storage cylinder on a hydrogen transport.
Additionally, selected tunnel tests contained obstacles representing traffic to investigate turbulent
enhancement. The cross-area blockage ratio was 0.03. Figure 58 and Figure 59 show the tunnel
facility and model vehicles in the tunnel, respectively. Hydrogen was contained in a 37 m’ 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 volume. Prior to the spark ignition, the
plastic barriers were cut. Additional experiments evaluated different release rates of hydrogen both
with and without forced ventilation [170].
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Tunnel

Figure 59: Model of Vehicles in Tunnel (from [170])

The results of the experiments showed that the 9.5% homogeneous hydrogen mixture produced
pressure pulses that were too small for sensors to detect. When the hydrogen content in the mixture
was increased to 20% and 30%, the pressure pulses measured 35 kPa and 150 kPa, respectively. It
was shown that the presence of the vehicles had an insignificant effect on the deflagration as shown
by the pressure pulse, but that ventilation during a release reduces the hazard dramatically. Also,
release of hydrogen through a source like the vehicle fuel tank safety release valve produced very
lean hydrogen concentrations which created very small pressure pulses [170]. Figure 60 below 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 results. The scaling on how the overpressure changes with the size of tunnel and
vehicle would need to be further investigated. As noted by Groethe, the tunnel has a larger aspect
ratio than a normal tunnel, which might affect how these results scale up. This directly correlates to
the /D ratio or the length of the tunnel compared to the effective hydraulic diameter. Additionally,
to compare with the other literature, the location of the overpressure measurements would need to
be well known and using known scaling laws such as Hopkinson Blast Scaling and Sachs Blast
Scaling could be used to help understand the total explosive 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 are negligible [171].
Additionally, how effects of confinement that could lead to turbulent flame speeds might not carry
over at full scale. Further understanding these scaling laws would allow for better comparisons
between experiments. Studies such as the one by Tamanini [172] provide additional insight on
various scaling methods for sizing deflagration vents which helps understand important scaling
factors.

6.5.1.3. Releases from Hydrogen Fuel-cell Vehicles in Tunnels

In order to validate the dispersion/deflagration modeling described later in Section 6.5.2.4 a set of
experiments were performed at the SRI Corral Hollow Experiment Site (see Figure 58) by Houf et
al. [173]. A set of scaled tunnel tests were performed to approximate the full-scale dimensions of the
tunnel from the modeling effort. The hydrogen mass, release rate, initial tank pressure, and TPRD
release diameter were scaled to approximate the modeling parameters. Figure 61 shows a
comparison of the peak overpressures from the experiments with the results from the model
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simulations. The peak overpressure from the experiments is in good agreement with the modeling

results [173].
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Figure 61: Comparison of Experimental and Modeling Results (from [173])

Figure 62 shows a comparison of the hydrogen concentration at discrete locations within the tunnel
as a function of time. As shown, the predicted and measured values are generally in good agreement
[173]. While the simulation does approximate the overpressure there are some points in the data that
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 performed by Kumar et al. [174] at the Health and Safety Laboratory to
evaluate the influence of congestion and ventilation flow rates on the over-pressure produced from
ignition of hydrogen stoichiometric clouds. Quiescent experiments were performed in a sealed
enclosure with a stoichiometric hydrogen/air mixture and different congestion
volumes/configurations. The congestion configurations consisted of different arrangement of pipes
with variable spacing and orientation. Arrangement A is the tight configuration, consisting of 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 other row. Arrangement B is the loose configuration,
consisting of 3 rows of pipes with a spacing of five pipe diameters between pipes, and the same
orientation of pipes as Arrangement A. Figure 63 shows the configuration of the ignition
experiments. The enclosure (left) shows two modules; however, for the ignition experiments, a total
of six modules were combined to give the enclosure a total length of 14.9 m and a volume of 93.1
m’. The arrangement of the tight congestion setup is also shown (right) [174]. A single obstacle
setup is used in each experiment which is shown in Figure 63.

Enclosure with two modules with approx Cubical cage with obstacle arrangement A
volume 31 m’ (0.45 m side:

Figure 63: Configuration in Ignition Experiments (from [174])

Table 37 and Figure 38 show the results of the quiescent ignition experiments. A non-uniform
pressure field resulted from these hydrogen ignition experiments. An increase in the volume of
hydrogen/air mixture increased the maximum explosion overpressure. However, as shown in the
table below, an initial increase in the congestion level increased the maximum explosion
overpressures (from none to congestion configuration B). Further increase in congestion (from
configuration B to configuration A) resulted in a reduction in overpressure [174].

Also, a set of steady-state experiments were performed with various hydrogen leak rates and
ventilation flow rates (while also evaluating congestion arrangements A and B). Ventilation in the
enclosure was produced through a variable speed fan producing suction through an end plate with
324 circular holes to create a homogeneous flow. Table 37 shows the results of the steady state
ignition experiments. As shown, the maximum explosion overpressures increased with increasing
hydrogen release rate and decreasing ventilation air velocity. At the lowest leakage rates, the highest
explosion overpressures were seen for the more congested configurations. However, at the highest
hydrogen leakage rates, the highest explosion overpressures were seen for the less congested
configuration (except at the lowest ventilation rate) [174].
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Table 37: Results of Steady State Ignition Experiments (from [174])

Overpressure from Transducer (mbar)
Hydrogen : :
Air Congestion
HEkTE Velocit Configuration C ted
Rate y g Enclosure Left- v 10 r;rgfesce Enclosure Right-
Hand Wall olume Lage Hand Wall
Wall Center
A 28.2 124.2 63.5
1m/s
B 16.2 63.4 19.6
A 13.6 66.6 12.6
1.5¢/s 2m/s
B 8.8 20.6 7.5
A 12.1 39.5 10.5
4m/s
B 6 13.1 5
A 32.4 123.3 55.4
1m/s
B 27.5 106 46.6
A 23.2 117.7 39.6
2.0g/s 2m/s
B 25.7 66.3 46.6
A 14.1 53.6 14.7
4m/s
B 394 25.4 28.9
A 48.9 255.8 71.2
1m/s
B 48.5 136.9 91.7
A 37.3 222.5 66
4.0 g/s 2m/s
B 48.1 196.4 85.8
A 26 160.4 39.2
4m/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
TG Sonlsonates Enclosure Left- Enclosure Right-
Hand Wall Hand Wall
None 28.2 24.7
0.098% of total enclosutre volume B 37.2 42
A 27.4 242
None Over-range 85
0.55% of total enclosure volume
B Over-range 114.6

6.5.1.5. Deflagration and Detonation of Hydrogen Under a Tunnel Ceiling

A set of experiments were performed at Research Centre Karlsruhe in Germany by Friedrich et al.
[175] that examined deflagration in stratified hydrogen layers to evaluate the potential of self-
sustained detonation in flat mixture layers. Figure 64 shows the main experimental set up used in
these evaluations. The chamber had dimensions 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 m. The hydrogen concentrations used in these experiments ranged between
15% and 25% (by volume in air). Also, variation in obstacles and hydrogen layer thickness were
evaluated [175].

[llustration 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 were observed. The
experiments with obstacles showed three distinct combustion regimes. The obstructions in the
ceiling may have added turbulence to the flame propagation, which would make the explosions more
severe. These results indicate that ceiling design and mitigation measures in tunnels are important
which can be understood in the volume and layer height matrix shown in Figure 65 [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 a carrier loaded with hydrogen FCEVs in a
full-scale tunnel were conducted to calculate heat release and smoke generation rates by Seike et al.
[176]. As shown in Figure 66, the experimental tunnel is 80 m long, 12.4 m wide, and 7.36 m wide
with a horseshoe cross-section. The total HRR of the carrier loaded with hydrogen FCEVs was
determined from the experimentally obtained temperature variation near the fire [176].

0Om 35m 80 m

R —
Longitudinal velocity

S

‘4 TFire sources (carricr and 4 loaded vehicles)

Pool fire

Figure 66: Experimental Tunnel Configuration and Carrier (from [176])

The total HRR was also estimated through numerical simulation. The individual HRR of each part
of the car was calculated and summed to determine the total HRR. The different parts of concern
were the carried vehicles without fuel, the hydrogen fuel which was approximately 17.6 m® of low-
pressure hydrogen and another case of 43.6 m’ of high-pressure hydrogen, the rear wheels, the
drivet’s seat in the carrier vehicle, and a 1 m* gasoline pool fire. The methodology of estimating the
HRR of each part and superimposing them to obtain the total HRR was then compared to the
expetimental results. As shown in Figure 67, for a vehicle containing 43.6 m’ of compressed
hydrogen, the numerical method and experimental results are in fairly good agreement [170].
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Figure 67: Comparison of Experimental & Simulated HRR for High Pressure Case (from [176])

This methodology was extended to predict the HRR of a carrier loaded with eight hydrogen FCEVs.
It was determined that, when compared to a large bus fire, the HRR was larger after 10 minutes and
the maximum HRR was 1.5 times greater [1706].

6.5.1.7. Vapor Cloud Explosions from Ignition of Gaseous Mixtures in a Congested
Region

A series of studies were carried out by Royle et al. [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 region is shown in Figure 68. 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 interfere with free field overpressure [123]. 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 grid was covered in a 23 um 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.

127



Figure 68: Congestion region or grid where gas was filled then ignited (from [123])

Hydrogen gas was mixed with air to form a stoichiometric ratio of 1.2 which reportedly produces
the highest 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 to hydrogen alone are discussed. Section 4.5.1.3 discusses 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. For ignition a 2.25 ] 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 array of low- and high-pressure pressure
sensors. The location of the pressure sensors can be seen in Figure 69. All pressure sensors were
positioned 500 mm above the ground except for the far field 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 adjacent wall. Table 39
lists the initial conditions prior to ignition. The pure hydrogen is labeled as NatHy_01. For the
results of hydrogen/methane mixture experiments, we refer the reader to the paper [123].

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 temperature (°C) 11.0

Relative Humidity (%) 30.7
Atmospheric Pressure (kPa) 97.72
Mean Oxygen Concentration (%) 13.59
Partial Oxygen Pressure (kPa) 0.1359
Partial Nitrogen Pressure (kPa) 0.5127
Partial Water Vapor Pressure (kPa) 0.0041
Partial Fuel Gas Pressure (kPa) 0.3474
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 values. Figure 70 displays an image of the
explosion immediately after ignition.

Figure 70: Image of pure methane combustion right after ignition (from [123])

Figure 71 and Figure 72 show the measured overpressure values at various locations for all mixtures.
Recall that NatHy_01 corresponds to the hydrogen gas. Pressures were reported in the near-field
(within and just outside of the grid) and far-field (further out from the grid) regions.
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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 field, values were well over 100 kPa and up to 450 kPa based on the distance parallel to
the wall. At 32 m away, the overpressure drops to less than 20 kPa in the perpendicular direction
and just above 50 kPa in the parallel direction. Referring to Table 1, 100 kPa is the fatality threshold
for direct blast effects. Anything above 200 kPa has a 99% probability of fatality from direct blast effects.
Note that this experiment represented the ignition of a pre-mixed 18 m’ region with a high level of
congestion— both the stoichiometric mixture 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 hydrogen jet flame hazard in tunnels. Modeling was used to support a risk analysis of a
hydrogen FCEV accident in a tunnel. 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 suspended tunnel ceiling (see Section 6.5.2.1). Furthermore, a CFD evaluation
showed that the flame resulting from hydrogen release had the potential to damage tunnel
equipment and structure (see Section 6.5.2.6). In another study, CFD modeling was performed in
support of the evaluation of explosion risk of hydrogen vehicles (both cars and buses). A dispersion
analysis determined realistic cloud sizes and hydrogen concentrations expected after a tunnel
accident of various hydrogen vehicles (assuming delayed ignition). It was determined that the
resulting overpressure is insignificant in terms of risk to human life (see Section 6.5.2.2). Another
effort involved a turbulence modeling study evaluating hydrogen release and combustion, variable
tunnel ventilation, and variable delayed ignition time. These results showed that larger ventilation
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 (see Section 6.5.2.5). Also, a
series of CFD 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 Section 6.5.2.7). 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
6.5.2.3 and 6.5.2.4).
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6.5.2.1. Hydrogen FCEV Tunnel Safety Study

CFD, heat transfer, and solid mechanics modeling was performed by Sandia National Laboratories
[113] in support of the risk analysis of a hydrogen FCEV accident in a tunnel. The scenario modeled
in support of the risk analysis was a hydrogen vehicle in an accident exposed to a resulting fire (see
Section 6.5.4 for 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 tunnel ceiling. The analysis
was divided into 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 simulations. Sierra is divided into different
modules that can interact with each other. The 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 members. The 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 diameter that can be
modeled is 5.25 cm. This is conservative because the velocity was kept constant for the larger
diameter, so the mass flow and total heat release are larger than what is expected for the realistic
2.25 mm tank orifice diameter. While the velocity could be decreased in order to compensate for the
larger release diameter, the flame impingement would be underestimated [113].

These boundary conditions served as input to Aria to calculate the temperature profiles across the
structural members. Specifically, 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 gases. The temperature profiles on the structural members were input into Adagio
to calculate the deflection due to thermal strain on each structural member. A simplified analysis was
also performed to determine if the stainless-steel hangers can hold the concrete panels when the
hydrogen jet is impinging the stainless-steel bar surface. Note that the different tunnel structures
(Central Artery North Area or CANA tunnel and Ted Williams Tunnel) were each evaluated with
and without ventilation [113].

Table 40 shows a summary of the maximum temperature and deflection for the CANA and Ted
Williams (T'W) structures. The worst-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
localized concrete spalling in the area where the hydrogen jet flame impinges the ceiling. If the
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 steel temperature even when the ventilation was not
on. Therefore, the steel structure is not expected to be compromised. Also, the epoxy remains at
ambient temperature and so should not degrade or fail due to this exposure. The maximum
deflection of the steel hanger is 7 mm, 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 spalling [113]. Table 40 shows the results of the
modeling. Fach jet flame fire curve is created with ventilation (V) and without ventilation (NV). The
hydrocarbon and ISO 834 curves are discussed in Section 2.5.1 in 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 (((9)) (mm) (MPa)
Hydrocarbon ~750 ~5 -
1SO 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
W (V) ASTM A36 - - 172.37

6.5.2.2.

CFD modeling was performed by Middha and Hansen [127] in support of the evaluation of
explosion risk of hydrogen vehicles (both cars and buses) in a tunnel (see Section 6.5.4.1 for
additional details) [127]. The objective of the modeling was to predict a quantitative explosion risk
for hydrogen vehicles in tunnels. All the scenarios described in Section 6.5.4.1 were evaluated using
the CFD code FLACS. Both NGV and H2 vehicles were studied in the simulations but this section
will only comment on results pertaining to Ho. The H» car and bus parameters are described by
Middha and Hansen as follows:

Hydrogen Vehicle Explosion Risk in Tunnels

1. Compressed hydrogen gas city bus with 40 kg H, stored in 8 cylinders (two sets of 4 each) —
5 kg per cylinder at a storage pressure of 350 bar. The vehicle was represented as a
rectangular block (12.0 m x 2.55 m x 2.9 m) with the distance to the top of the tanks being
3.1 m.

2. Compressed hydrogen gas car with 5 kg Ha stored in 1 cylinder at a storage pressure of 700
bar. The car was represented as a simple rectangular block (5.0 m x 1.9 m x 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
Figure 73 for cross-sectional dimensions. Both tunnels were modeled with a length of 500 m.
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Figure 73: Tunnel cross-sectional dimensions (from [127])

In addition to the cross-sectional dimensions and length, the geometry of the modeled tunnel
included vehicles. The tunnels were dual lane with traffic running a single direction. The tunnel was
assumed to be full of cars and buses spaced out evenly by 1.5 m. The vehicle distribution was a
repeated pattern of six cars follow by one bus. The vehicles were placed such that one bus and one
car were at the exact center length wise of the tunnel in separate lanes. The same geometry was used
for both the car and bus release. The releases were assumed to be choked flow. The mass flow rate
of the Hs for choked flow at 350 and 700 bar is displayed in Figure 74. Note that this was computed
assuming a discharge coefficient of 0.8 and a 4 mm opening.
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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 carried out. Table 41 lists the
maximum flammable gas cloud size for each configuration as well as the equivalent stoichiometric
cloud or the Q9 quiescent cloud. This is a scaled smaller stoichiometric gas cloud that represents the
same explosion load as the non-homogenous larger cloud. It is scaled based off the weighted
volume expansion, flammable volume, and laminar burning velocity. The flammable cloud and its
stoichiometric and Q9 equivalents along with the maximum pressures for the combustion of the
flammable gas clouds are listed in Table 41 below:

Table 41: Summary of gas cloud & overpressure for various vehicles in both tunnels (from [127])

c Maximum equivalent Max. pressure for max. equiv.
Maximum flammable gas e ] :
.. stoichiometric flammable cloud Q9 Quiescent/Pre-
cloud size in m3 (kg) loud size in m?3 (k el b
Vehicle/Release | Inventory gas cloud size in m3 (kg) ignition turb.
Characteristics (kg) . .
Horseshoe | Rectangular | Horseshoe | Rectangular Maxltflurn Q Maximum
Equivalent overpressure
Tunnel Tunnel Tunnel Tunnel
Volume (m?3) (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 H2 Gas 700
bar (vent up) 5 281 (1.14) 273 (1.21) 4.42 (0.07) 4.31 (0.09) 4.4 0.05/0.10
Car H2 Gas 700
bar (vent down) 5 268 (1.33) 308 (1.39) 17.75 (0.29) 8.77 (0.18) 17.8 0.11/0.34
Bus H2 Gas 350
bar 5 213 (0.89) 190 (0.81) 2.16 (0.04) 1.94 (0.04) 2.2 0.05/0.10
Bus H2 Gas 350
bar 20 1795 (7.46) 3037 (13.97) | 27.46 (0.45) | 24.67 (0.49) 27.5 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 presented in Table 41
were combined to create a frequency of exceedance curve for overpressures during combustion of
gaseous hydrogen clouds, shown in Figure 75. Overpressure values outside the hazardous range (less
than 0.1 barg) are much more likely than higher overpressures that can be hazardous to tunnel
occupants. This is important information to perform a risk analysis, but the method 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 hydrogen/air mixtures in a model of a tunnel were
simulated through CFD modeling techniques by Tolias et al. [177]. The ADREA-HF CFD code was
used for this modeling. The purpose of this modeling was to baseline the results from the ADREA-
HF CFD code with that of the experiment discussed in Section 6.5.1.2. Specifically, the time-
dependent overpressure data generated from the CFD modeling was compared directly with the
experimental data. The two cases that were examined were the empty tunnel and tunnel with
simulated traffic with a homogeneous hydrogen/air mixture with a 30% hydrogen concentration by
volume. While this experiment used this concentration for each scenario, more plausible
concentration would need to be used in future work. Figure 77 shows the experimental and
computational overpressure results at different locations along the tunnel. As shown, the
computational results are in general agreement with the results of the experiment. Therefore, the
CFD code was able to simulate the combustion process and estimate the resulting overpressures.
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Figure 76: Overpressure Results without Vehicles (from [177])
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6.5.2.4. Releases from Hydrogen Fuel-cell Vehicles in Tunnels

Houf et al. [173] modeled the consequence of hydrogen TPRDs being activated, the flammable gas
venting to the environment and the time-delay to ignition within a tunnel. Multiple simulation tools
were used to perform the evaluation. To model the TPRD releases inside ventilated tunnels, Sandia’s
computational fluid mechanics code, Fuego, was used. An FCEV was modeled with three separate
tanks, each containing 1.67 kg of hydrogen at 70 MPa. For these simulations, high-pressure
hydrogen gas was vented simultaneously from three separate onboard tanks through three separate
TPRD vents located on the bottom of the FCEV. Figure 78 shows a diagram of the tunnel model
layout with transverse ventilation. The evolution of the hydrogen/air mixture was modeled after
blowdown from the TPRDs on the FCEV. A Sandia developed code, NETFLOW, was used to
model the transient nature of the tank blowdown [173].

Ventilation exhaust vent
to overhead plenum
Tunnel ceiling

Tunnel sidewall

< Tunnel floor
“| .+ Ventilation supply vent

Figure 78: Tunnel Model with Transverse Ventilation (from [173])

Figure 79 shows the simulation results of the hydrogen release and mixing in the tunnel model. Note
that the solid lines are the total flammable volume in both the tunnel and ventilation plenum, and
the dashed lines represent the flammable volume in the ventilation plenum only. As shown, a range
of ventilation rates were evaluated, and the flammable volume decreases with increasing ventilation
rate. Also, the flammable volume disperses quicker with a higher ventilation rate [173].
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Figure 79: Simulation Results Showing Evolution of Flammable Hydrogen Volume (from [173])

A FLACS model was developed to perform ignition overpressure simulations for the simulations
evaluated in Fuego. Figure 80 shows the results from the simulation modeling at different ignition
times and locations of the ignition source after the beginning of the TPRD release. As shown,
overpressure peaks at an ignition delay of around 5 seconds [173]. Referring to Table 1, ignition
delays of about 4 to 8 seconds result in overpressures approaching or above the fatality threshold
level. These results show the importance and sensitivity to various ignition locations and delays.
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Figure 80: Simulation of Peak Ignition Overpressures vs. Ignition Delay (from [173])
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6.5.2.5. Hydrogen Release and Combustion in Subsea Tunnels

Turbulence modeling was used to evaluate hydrogen release events from vehicles in subsea tunnels
by Bie and Hao [178]. As part of this study, variable tunnel ventilation conditions and the resulting
hydrogen cloud sizes, as well as delay in ignition time, were assessed to fully characterize this risk.
The partially averaged Navier-Stokes turbulence model was used to research the hydrogen release
and combustion phenomena as it related to the risk inside highway tunnels. The physical tunnel used
as the basis of this modeling effort was the Bay subsea tunnel, a three-lane highway. The model of
the tunnel was 13.5 meters wide, 5 meters high, and 500 meters long. A typical mid-sized hydrogen
FCEV was modeled containing 4.955 kg H, at 70 MPa. Varying ventilation conditions of 0 m/s (no
ventilation), 1 m/s, 3 m/s, and 6 m/s were evaluated with five monitoring points spaced at 5 meter
horizontal intervals (see Figure 81) [178].

Y

Ventilation direction

Figure 81: Subsea Tunnel Model with FCEV and Monitoring Points (from [178])

4 N\

- 13.5m -

Figure 82: Subsea Tunnel Model Cross Section (from [178])

Figure 83 and Figure 84 show the longitudinal and traverse hydrogen concentration contours at
three seconds after event initiation for different ventilation conditions. As shown, the ventilation
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rate has a significant influence on the hydrogen distribution after the TPRD release event. The
upstream monitoring points showed less hazardous concentrations of hydrogen than the
downstream monitoring points [178].

5

(d) 6m/s

Figure 83: Longitudinal H2 Distribution Various Ventilation Conditions (from [178])
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Figure 84: Traverse H2 Distribution Various Ventilation Conditions (from [178])
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Figure 85 and Figure 86 show the overpressure history for different ventilation conditions at ignition
times of 3.1 s and 6.1 s, respectively. There are four monitoring points (P1, P2, P3, and P4) that
measure the overpressure. P1 was arranged 5 m away from the leakage location along the direction
of traffic, P2 was arranged 10 m away from the leakage location along the direction of traffic, P3 was
arranged 5 m away from the leakage location in the inverse direction of vehicle, and P4 was arranged
10 m away from the leakage location in the inverse direction of vehicle per Bie and Hao [178]. The
literature specifies that P1 and P2 are downstream, while P3 and P4 are upstream [178].
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Figure 85: Overpressure History at Ignition Time of 3.1 Seconds (from [178])
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Figure 86: Overpressure History at Ignition Time of 6.1 Seconds (from [178])

The overpressure shown in Figure 85 and Figure 86 shows the peak overpressures for the upstream

locations (P3 & P4) are appreciably reduced with ventilation from 10-12 kPa at 3.1 seconds down to
7.5-8 kPa and 12 kPa down to 9 kPa at 6.1 seconds. Only P2 downstream shows a small reduction in
the overpressure measured comparing with and without ventilation.
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6.5.2.6. Hydrogen Jet Flame Hazard in Tunnels

An evaluation of the possible fire scenarios of hydrogen cars in tunnels was conducted to assess the
implications on a tunnel ventilation system. To accomplish this, CFD simulations were evaluated on
a tunnel with a length of 102 m and a cross-section of 5 m by 5 m. Fluent was used to simulate the
smoke flow in the tunnels after a fire. Figure 87 shows the tunnel geometry and boundary conditions
of the CFD case. As shown, the hydrogen FCEV is located 40 m from the air inlet [179].
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Figure 87: Tunnel geometry and Boundary Conditions of CFD Model (from [179])

Two scenarios were evaluated: a) 6 MW hydrogen fire with 2.5 m/s ventilation, and b) 30 MW
hydrogen fire with 2.5 m/s ventilation. This study selected these two specific scenarios based on
realistic hydrogen release conditions from a hydrogen car. Hydrogen was released at a rate of 0.05
kg/s and at a velocity of 10 m/s which resulted in a 6 MW hydrogen fire lasting about 1 minute in
the first scenario. In the second scenatio, hydrogen was released at a rate of 0.25 kg/s and a velocity
of 50 m/s, which resulted in a 30 MW fire for a shorter duration. The results of the CFD evaluation
show that the ventilation in the 6 MW fire can fully eliminate the backlayering of smoke. However,
this is not true of the 30 MW fire. Moreover, the 30 MW fire resulted in the flame reaching the
tunnel ceiling and spreading under the ceiling for large distances. This could result in serious damage
to the tunnel equipment and structures along the ceiling [179].

6.5.2.7. Diffusion of Leaked Hydrogen in Tunnels

A series of CFD simulations were performed to evaluate diffusion of leaked hydrogen in tunnels
[180]. Multiple tunnels with variations in slope, leak location, cross-section geometry, ventilation
rate, and ventilation type were evaluated for a 60 m’ (unmixed, approximately 5 kg) hydrogen leak.
In the vehicle tunnel simulations (Case A), long model tunnel and an underwater model tunnel were
evaluated. Figure 88 illustrates the differences between these tunnels. Each tunnel was evaluated
with varying ventilation flow rates [180].

Long model tunnel E %Ifﬁ;ggcgelﬁﬁ:ng vehiele {5 derwater model tunnel mm Hydrogen leaking vehicle
( Horseshoe shape with rising and down slope ) " Direction of vehicle traffic ( Rectangular shape with trough slope ) E %Lﬂ%g:g?zl:hide traffic
_——_'-_—"-—___—ﬁ‘————*‘——_
- £ v
I.g - L_ e R | IQ — - O
[ —" Ty ——— =\ -  ——0
" 2% 2% o 5%
10m = 50m = 10m I 50m |

Figure 88: Case A Simulation Tunnel Geometries (from [180])

145



The general flow modeling software code STAR-CD was used in the calculation model. It was
found that in tunnels without ventilation, the geometry effects hydrogen diffusion. The slope of the
long tunnel model resulted in hydrogen collecting in the tunnel for several dozen minutes. In tunnels
with the underwater model tunnel slope, hydrogen is rapidly cleared from the tunnel. For each Case
A tunnel geometry with ventilation, the hydrogen is removed by the ventilation flow within several
dozen seconds. In the Case B simulations, there is a brief time in which hydrogen with a
concentration at about LFL flows into the power collector. For the Case C simulations, there is no

concern about inflow of hydrogen at concentrations greater than LFL since that time is very short
[180].

Figure 89 illustrates the tunnel evaluated in the Case B simulations. In these simulations, an

electrostatic dust collector is in a branch off the main tunnel. The location of the leaked hydrogen is
varied [180].
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Figure 89: Case B Simulation Tunnel Geometry (from [180])

Figure 90 illustrates the tunnel evaluated in the Case C simulations. In these simulations, an
underground ventilation facility is in a branch off the main tunnel and air is released through a
vertical shaft opening to the outside. The location of the leaked hydrogen is varied [180].

PROSTAR 3.10 PROSTAR 5,10

Hydrogen VN
leaking vehiele e Hydrogen

Traffic direetion Tratfie direction leaking vehicle

FSE0.00
CHIDDEN FLOT

=

Ventilation velocity Ventilation veloeity

Figure 90: Case C Simulation Tunnel Geometry (from [180])
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6.5.2.8. Gaseous release, dispersion, and combustion for automotive scenarios

Venetsanos et al. [126] CFD was used to study the effects of a compressed gas release from a
commercial vehicle in urban areas. One urban area simulated was a tunnel with a single deck city bus
located centrally along the length. Variable releases from both hydrogen and CNG fuel tanks were
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
tanks connected as displayed in Figure 91. The specific CFD solvers utilized were ADREA-HF for
dispersion and REACFLOW for combustion.
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Figure 91: Fuel tanks configuration for both CNG and CH2 gas (from [126])

The tanks contained a total of 40 kg at 20, 35, and 70 MPa of H,. This is representative of a standard
CGHa; bus and the 70 MPa case exceeds normal bus configurations. The main vent lines are
controlled by thermally activated pressure relief devices (TPRD). As shown, each TPRD is attached
to manifold connected to 4 tanks (2 TPRDs per set of 8 tanks). Multiple release scenarios were
evaluated by varying TPRD orifice size and tank evacuations. A summation of storage parameters is
shown in Table 42. Note this study and the figures below have results for hydrogen and methane.
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Table 42: Storage Configurations Details (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

CHy 20 163 1000 125 168 21

The computational domain was modeled as a tunnel of 212 m length with a cross-sectional area
displayed in Figure 92. As mentioned, the bus was located along half the length of the tunnel in a
centralized location. Besides the bus, the tunnel was assumed to be empty and the walls were
modeled as smooth surfaces. Additionally, the air was assumed quiescent to represent a worst case
scenario.

3.70 0.85

T ” T

Figure 92: Tunnel Cross Section (from [126])

Two release cases were evaluated for CNG. Table 43 lists the descriptions of all cases, Case 1, and 3
were selected since Case 2 lies between them.

Table 43: 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 Matural gas—21
causes a single PRD to trigger®

2 Vehicle in service (automatic valves open) and Gas from all cylinders released through 1 outlet Hydrogen—40
one random PRD fuse fails open OR Fire Natural gas—168
causes a single PRD to trigger®

3 Fire causes all PRDs to trigger simultaneously” Gas from all cylinders released through all 4 outlets Hydrogen—40

Natural gas—168

“It is assumed that the fire does not ignite the gas. Anecdotal reports by various research and lesting organizations indicale 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 for Case 1, where only one cylinder was released through a single TPRD, are shown in
Figure 93. The left frame shows the flammable mass and the right frame the total available energy.
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The available energy was computed by multiplying the released mass of fuel by the lower heat of

combustion. The flammable mass was calculated from the amount of fuel/air mixture released
which was within the FL. Figure 94 displays the results for case 3, where all 8 cylinders released
through all 4 TPRDs simultaneously.
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Figure 93: Flammable mass and available energy of released gas in Case 1 (from [126])
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Figure 94: Flammable mass and available energy of released gases in Case 3 (from [126])

Note the change in scales between Figure 93 and Figure 94 For Case 1 both the flammable mass and
available energy maintained lower values and dissipated rapidly in time. For Case 3 the flammable
mass and available energy reached dangerous levels which persisted over the length of the
simulation. It was assumed the Case 1 overpressures would be negligible because the total flammable
mass was less than 0.5 kg. The overpressure values are displayed in Figure 96. The overpressure was
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calculated assuming that the cloud was ignited after 40 seconds, corresponding to maximum
flammable mass. The ignition point was assumed to be at the center of tunnel at the top of the bus.
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Figure 95: Overpressure values up and down tunnel of the bus for release Case 1 (from [126])
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Figure 96: Overpressure values up and down tunnel of the bus for release Case 3 (from [126])
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When reviewing these overpressure values, it is important to keep in mind what pressure values
correlate to what level of property damage or human hazard. The tables listed in Section 1.2 help
understand the damage and tenability thresholds. Case 3 scenario yields overpressure values capable
of rupturing eardrums and creating harmful glass splinters up to a distance 80-100 m from the
ignition point. Note that the range for the eardrum rupture threshold reported in Table 1 is 16.5-
19.3 kPa. For the 35 MPa scenario, the overpressure goes into the threshold for fatality per Table 1.
Venetsanos et al. [126] states that the blast wave maintains its strength for long distances inside of
tunnels due to the high levels of confinement compared with urban environments where blast waves
decay quicker. In addition to overpressure, Venetsanos et al. [126] reported the fireball length along
the tunnel, the results for each scenario are displayed in Table 44.

Table 44: 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° 425
35 3900 285" 150
70 NM NM NM
NG 20 5380 198 45

Notes: S: 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. 35kPa: Severe building damage, i.e. unusable.

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

For the Case 3 model, the hydrogen combustion produced a flame length which traveled farther
than the length of the tunnel, 220 m for the 20 MPa and 285 m for the 35 MPa case of the total 212
m. The flame length for Case 1 hydrogen combustion was reported as 58 m for the 20 MPa and 47
m for the 35 MPa. It is worth noting that in this study, Case 3 represents an implausible scenario of
rapid and complete fuel release, ignition when the peak flammable mass is present, and static air
within the tunnel. This study further identifies the importance ventilation plays on mitigating risk
during an accidental release of fuel in a tunnel.

6.5.3. Analysis

Multiple analyses have been performed to evaluate the risk associated with hydrogen vehicles in
tunnels. One analysis was performed to characterize the most likely consequence of an accident by
developing an event sequence diagram and further characterizing severe consequence scenarios. It
was shown that the most likely consequence is no additional hazard from the hydrogen (see Section
06.5.4). Another assessment was performed to evaluate the consequence of a delayed ignition of
hydrogen released from several different types of vehicles (both cars and buses with compressed
hydrogen, as well as a car with LH fuel). It was shown that the maximum pressure loads resulting
from ignition from a hydrogen cloud would be insignificant (see Section 6.5.4.1). Another analysis
evaluated the possible incidents and consequences of hazardous events in a tunnel for several
different alternative fuel vehicles. This analysis showed that although the HRR is higher for
hydrogen when compared to other fuels, the overpressure is relatively low (see Section 6.5.4.1).
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6.5.4. Hydrogen FCEV Tunnel Risk Analysis

A risk analysis was performed to estimate what scenarios were most likely to occur in the event of a
hydrogen FCEV accident in a tunnel by Ehrhart et al. [113]. An event sequence diagram for a
hydrogen vehicle accident was developed for a hydrogen FCEV accident in a tunnel, including all
outcomes along with associated values and probabilities. Figure 97 shows the event sequence
diagram developed in the risk analysis.
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Figure 97: Event Sequence Diagram for a Hydrogen FCEV in a Tunnel (from [113])

Each event was evaluated to determine whether the respective scenario warranted further
characterization with heat transfer and CFD models. Based on an evaluation of the risk of each
scenario (both the likelihood and consequence), the scenario evaluated further with modeling was a
hydrogen vehicle in an accident exposed to a resulting fire. A typical hydrogen FCEV was
considered in this analysis, with a 125 L, 70 MPa tank of hydrogen with a typical TPRD orifice of
2.25 mm. Note that due to computational limitations, the smallest reasonable tank orifice diameter
that can be modeled is 5.25 cm. This is conservative because the velocity was kept the same for the
larger diameter, and so the mass flow and total heat release are larger than what is expected for the
realistic 2.25 mm tank orifice diameter. Taking this into account, the worst-case scenario is based on
a 5.25 cm release diameter with a constant velocity of 700 m/s. Consetvative assumptions were
made in terms of the hydrogen fuel released from the TPRD, including having the vehicle flipping
over in the crash to orient the jet flame toward the ceiling of the tunnel. Three Boston tunnels with
different structural configurations were investigated: the CANA Tunnel, the Ted Williams Tunnel,
and the Sumner Tunnel [113]. See Section 6.5.2.1 for information on the CFD, heat transfer, and
solid mechanics modeling used for this risk analysis.
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The results show that the most likely consequence is no additional hazard from the hydrogen,
although some factors need additional data and study to validate. This includes minor crashes and
scenarios with no release or ignition. When the hydrogen does ignite, it is most likely a jet flame
from the pressure relief device release due to a primary hydrocarbon fire. This scenario was
considered in detailed modeling of specific tunnel configurations. Localized concrete spalling may
result where the jet flame impinges the ceiling, but this is not expected to occur with ventilation.
Structural epoxy remains well below the degradation temperature. The total stress on the steel
structure will not be compromised. It is important to note that this study took a conservative

approach in several factors, so observed temperatures should be lower than predicted by the models
[113)].

6.5.4.1. Hydrogen Vehicle Explosion Risk in Tunnels

An assessment was performed to evaluate the risk of explosion for hydrogen vehicles in tunnels. For
all accident scenarios, the hydrogen release is attributed to the activation of the pressure relief
device. Two different hydrogen vehicles were evaluated: 1) a city bus with 40 kg H; at a storage
pressure of 350 bar, and 2) a car with 5 kg H» at a storage pressure of 700 bar. Additionally, two
different tunnel layouts (horseshoe and rectangular) and several longitudinal ventilation conditions
were considered. The following hydrogen release scenarios were evaluated [127]:

1. Hydrogen Passenger Vehicle (vent up) releasing 5 kg of Hj for 84s

2. Hydrogen Passenger Vehicle (vent down) releasing 5 kg of H» for 84s
3. Hydrogen Bus releasing 5 kg of H, for 147s

4. Hydrogen Bus releasing 20 kg of H» for 147s

5. Hydrogen Passenger Vehicle releasing 10 kg of LH2 for 900s

The ignition probabilities and intensities were developed from information relevant to the oil and
gas industry. Initially, stoichiometric gas clouds of different sizes are considered to explode to
calculate the maximum overpressure near the tunnel ceiling [127]. As a refinement, dispersion
modeling was performed to determine the gas cloud size and hydrogen concentration that can be
realistically expected. CFD modeling was used to evaluate both the dispersion and explosion
simulations for each of the scenarios described previously (see Section 6.5.2.2).

The worst-case deterministic evaluation of each of the scenarios involved the tunnel filling with
stochiometric hydrogen gas clouds of varying size. This showed unacceptable results in terms of
very high overpressures. However, a dispersion study was performed to determine a more realistic
gas cloud from hydrogen release and their subsequent ignition. This more realistic evaluation
showed that the worst-case overpressures were reduced by two orders of magnitude. Moreover, a
probabilistic study was performed that reduced the expected risk of an explosion due to a hydrogen
vehicle even more. The maximum pressure loads (between 0.1 barg [threshold for skin laceration
from flying glass] and 0.3 barg [serious wounds from flying glass near 50% probability]) predicted by
the simulations could be significant [127].

6.5.4.1. Fire and Explosion Hazards in Tunnels of Alternative Fuel Vehicles

An analysis of the possible incidents and consequences of hazardous events in a tunnel was
evaluated for several different alternative fuel vehicles, including gaseous and liquid hydrogen
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vehicles by Li [134]. The likelihood of the events was not evaluated, but event trees were defined for
both liquefied fuel vehicles and compressed gas vehicles (see Figure 98 and Figure 99).
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Figure 99: Compressed Gas Vehicle Event Tree for Incidents in Tunnels (from [134])

Each event was evaluated through simple modeling to determine the potential consequence. An
analysis of spilled fuel fires for liquid hydrogen vehicles showed that the heat release rate per unit
fuel area of liquid hydrogen is around 60 times higher than ethanol and methanol. For jet fires, the
analysis showed that the heat release rates for hydrogen vehicles were significantly higher than those
of compressed natural gas tanks, while the flame length was only slightly greater. Figure 101 shows
the peak overpressure as a function of distance resulting from rupture of the pressure vessel. As
shown, the overpressure decreases rapidly within the first 50 m [134].
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Finally, the peak overpressure resulting from a gas cloud explosion was evaluated for both gaseous
and liquefied hydrogen. The overpressures for each case were relatively low when compared to the
other alternative fuels such as natural gas due to the small fuel mass for the hydrogen case which
leads to lower explosion energy [134].
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6.6. FCEV Research Gaps

Through this literature study, it was found that there are several existing studies that evaluate the
failure modes and consequences associated with hydrogen fuel cell electric vehicles (FCEVs) in
tunnels. There have been multiple experimental studies that have investigated overpressures
resulting from delayed hydrogen ignition, HRR, hydrogen dispersion, and thermal effects of jet fires.
Modeling studies have been conducted on the consequences of release, including hydrogen
accumulation followed by ignition and the resulting overpressure. Also, risk analysis has been
conducted on the thermal effects on tunnel components from a jet fire rather and identification of
release events that could occur. Additionally, analysis has been performed to quantify probabilities
and likelihoods for these various events.

Conclusions about important variables can be derived from comparison of the different literature.
As ventilation increases, the overpressure decreases in a congested area [173] [174]. However, CFD
results of a tunnel including vehicles as blockage show that the overpressure stays about the same.
This could mean that ventilation is a stronger factor in varying the overpressure. The exceedance
curve shown in Figure 75 shows the various hydrogen leak scenarios and the frequency of each one.
In the event of a leak, the layer height and concentration were used to create a matrix to understand
how different leak scenarios might lead to various deflagrations or even detonations [175].

Although significant work has been accomplished, there are still areas that should be evaluated
further. The following criteria were evaluated to determine where research gaps may exist regarding
hydrogen FCEVs in tunnels.

1. Scenario Identification
2. Failure Modes

3. Consequences

4. Validation

In terms of scenario identification included in this literature survey, the scenarios that lead to a
failure mode have been identified as impacts to the vehicle or failure of the TPRD, hardware
degradation or failure, and operator error which may lead to a release of fuel. Fault trees for both
liquid and gaseous fuel release can be seen in Figure 98 and Figure 99. Failure modes were addressed
through several studies evaluating the mechanism and consequences associated with hydrogen
FCEVs in tunnels. The failure modes with potentially hazardous consequences identified in the
scenario identification effort included a release with either immediate or delayed ignition.

The measurements of the consequences of the failure mode include overpressure, HRR, hydrogen
dispersion, and resulting structural damage determine the extent of the hazard. There are several
variables that effect the magnitude of the consequence: hydrogen quantity released, ventilation,
obstructions, ignition time, tunnel geometry, etc. Results of the consequences include overpressures
that range from 34 kPa [127] to over 100 kPa [126], HRR that can peak near 16 MW [1706], and
fireballs that can exceed 250 m long [126]. Also, validation of the results has been achieved through
comparison studies between the modeling and experiments with regard to various consequences like
HRR [176].

The research of hydrogen FCEVs in tunnels has evaluated, in some manner, a significant
combination of failure modes, consequences, and influencing variables. Despite this, the following
research gaps were identified:
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e Temperature and thermal effects to structures. A diagnostic to the consequence of a failure
mode is temperature or thermal effects. Although this has been addressed in a single
modeling/analysis report, additional research should be conducted on this topic.

e Ventilation effects. The study of spontaneous ignition was conducted at ambient conditions
outdoors. The effect that ventilation in a tunnel has on the results could be evaluated.

e Hydrogen-specific fires. The power associated with the fires in Section 6.5.2.6 should be
related to specific hydrogen vehicle types (e.g., cars, buses, etc.).

e The effect of deflagration/detonation on structural components of a tunnel for each of the
different hydrogen vehicle classes.

e The effect of overpressure effects on life safety to people within the tunnel.

e The extent to which hydrogen can accumulate due to partial confinement and restriction,
rather than complete confinement.

e Additional attention should be given to the size or class of the vehicle. As vehicular class
increases so does the amount of stored fuel. Several different classes of vehicles were
evaluated in the studies, including hydrogen cars and buses, liquid hydrogen cars, and
multiple hydrogen cars on a cargo truck.

The International Conference on Hydrogen Safety (ICHS) in 2019 showcased a variety of topics for
hydrogen safety [181]. As the papers are published from this event, some of the identified research
gaps may be addressed. Some of these gaps as well as others will be addressed in the output of the
current HyTunnel-CS project [182]. The intent of this project is to perform research regarding
hydrogen powered vehicle safety in tunnels and confined spaces. The goal is for hydrogen vehicles
entering underground environments to maintain comparable risk as fossil fuels. Experiments in
tunnels, modeling using tools such as CFD, and analysis using risk assessment methodologies will be
covered in this project.

The HyTunnel-CS project has identified the following work packages (WP) to address research gaps:
WP1 — The state-of-the-art in safety provisions for underground transportation systems and
accident scenarios prioritization

WP1 will review the state-of-the-art in safety provisions for underground transportation systems and
the accident scenarios prioritization will aid at identifying the knowledge gaps in both safety science
and regulations, codes, and standards to be addressed

WP2 — Effect of mitigation systems on hydrogen release and dispersion in confined spaces

An intensive experimental program empowered by theoretical and numerical studies will be performed
under this work package. The work addresses the knowledge gaps highlighted in WP1 and the
development of novel engineering solutions for the prevention and mitigation of accident involving
hydrogen releases.

WP3 — Thermal and pressure effects of hydrogen jet fires and structure integrity

Under this work package jet fires will be investigated through a comprehensive set of experimental,
theoretical, and numerical studies to improve the principal understanding of hydrogen jet fire on life
safety provisions in underground transportation systems and their structural integrity.
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WP4 — Explosion prevention and mitigation

WP4 investigates explosion prevention and mitigation through numerous experimental tests realized
in tunnels and other confined spaces and theoretical and numerical studies on accident scenarios
involving hydrogen tanks. The aim of the WP is to provide engineering tools to evaluate the associated
hazards, as well as innovative preventive and mitigation solutions and to improve the principal
understanding of hydrogen explosion hazards in tunnels and similar confined spaces using
complementarities of theoretical, numerical and experimental studies.

WP5 — First responders’ intervention strategies and tactics for hydrogen accidents in
underground transportation systems and risk assessment

Under WP5, the research findings from WPs 2-4 will be translated into suitable information,
guidelines, and recommendations for first responders intervening in an accident involving hydrogen-
powered vehicles in tunnels or other confined spaces. This includes examining and supplementing
available knowledge in such a way that it can be taught to all first responders and can also be practically
applied by them.

WP6 through WP8 —Outreach/Dissemination, Management, and Ethics are not summarized since
these are not technical research gaps.
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7. CONCLUSIONS

In this report, as a result of requests from multiple stakeholders across government and industry,
including code officials, Sandia National Laboratories has completed a preliminary assessment of
safety research and incidents for the use of alt fueled vehicles in tunnels. While a lot of research for
traditional fuels has been completed through studies, modeling, and experiments, alternative fuels
have limited tunnel research that has been completed. Various experiments have been completed to
understand release of hydrogen, natural gas, and propane in both the gaseous and liquid form into
confined space which can be applicable to alternative fuels in tunnels. These studies and experiments
can be used to understand the hazard characteristics of alternative fuels in tunnels.

7.1. Battery Electric Vehicles

Overall, BEVs have a variety of research gaps listed due to the complexity of scaling battery systems
to power the various classes of vehicles. Additionally, the wide variety of cell chemistries, battery
pack designs, and battery management systems makes it difficult to assess specific safety metrics for
BEVs as a whole. One large-scale test [86] showed that BEVs have comparable HRR and THR to
ICE vehicles, but with a higher hydrogen fluoride production during a fire. Specific modeling for
BEVs in tunnels has not been conducted, and modeling for lithium-ion batteries is still at the cell
and module level. A tunnel experiment conducted looked at various failure scenarios and the effect
inside a tunnel downstream of the failed battery cells [86]. The release quantities were measured
which included toxic aerosols such as cobalt, lithium, and manganese. There is some analysis
conducted to further understand the consequences. Data from mechanically and thermally failed
modules was analyzed to understand the fire effluents and required ventilation in the space [91]. A
systems safety approach from the cell level, to modules, battery system, and complete BEV should
be studied to further understand how the components and sub-components interact. Using a system
safety V-diagram to define testing and safety requirements for each system level (cell, module, and
battery system) would help further understand how to safely design these systems. This will directly
tie into understanding consequence metrics for further evaluations in tunnels. Future work
characterizing fire spread within a BEV and tactics to slow or stop thermal propagation would be
beneficial.

7.2. Natural Gas Vehicles

Multiple studies for both CNG and LNG powered vehicles have been conducted, including
experiments to understand flame speed and overpressure and the effects of congestion on these
hazard metrics. Vapor cloud explosions and heat flux from flames have also been studied. Modeling
to understand CNG dispersion has been conducted for various tunnels. An FMEA of CNG-
powered buses has also been completed to understand the risk of these vehicles. However, the
majority of these studies involve CNG only, showing the need to further understand LNG hazards
and the differences for this liquefied fuel. Continuous release of LNG compared to CNG showed
that the harmful and lethal distances for CNG exceed those for LNG due to the higher storage
pressures. Further studies to understand and compare the hazard difference between LNG and
CNG should be considered. A variety of tunnel studies have used CNG release quantities that are
considered equivalent to the amount of CNG used in a city bus and passenger car. Other classes of
vehicles should be further studied for release characteristics for both CNG and LNG.
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7.3. Propane Vehicles

There are relatively few studies evaluating the failure modes and consequences associated with LPG
vehicles in tunnels. A scenario identification study was conducted that estimated the likelihood of
different consequences of a tunnel accident through expert elicitation, but a more rigorous
evaluation of failure modes should be completed. One study focuses on creating and using a failure
tree to inform release scenarios for an LPG vehicle. This then helped inform the experimental setup
where six different tests using different ventilation and releases were used. The experimental data
was then compared with a CFD model for validation. This model can be further used to understand
the gaseous dispersion characteristics of propane from vehicles failing in tunnels and other confined
spaces. Additionally, experiments have been conducted to determine the effect of ventilation and
tunnel slope on smoke dispersion in a tunnel using a propane fire. Modeling helps understand the
dispersion and evaporation phenomena of an LPG spill.

7.4. Hydrogen Fuel Cell Vehicles

A variety of studies and experiments have been completed for hydrogen fuel cell electric vehicles,
specifically in tunnel applications. Just as for CNG, batteries, and other fuels, industry plans to use
hydrogen fuel cells for larger class vehicles (e.g. class 8 trucks). Therefore, studies to understand how
the increase of vehicle class affects the hazard should be considered. Consequence models for tunnel
safety studies have been conducted using CFD models and should be further used to evaluate larger
classes of vehicles. Future work and studies to improve characterization of the risks include the
HyTunnel-CS project [182]. This project will use experiments in tunnels, modeling using tools such
as CIFD, and analysis using risk assessment methodologies. Through this work, over-conservatism
will be reduced which will help increase effectiveness of safety systems along with cost savings of
tunnel and confined space safety systems.

7.5. Closing Remarks and Future Work

In this report, Sandia National Laboratories has compiled the first comprehensive overview of key
studies and experiments to date on the safety of alternative fuel vehicles specifically within tunnels.
While there have been various studies at different levels of rigor and complexity, and several real-
wortld incidents with alternative fuel vehicles in tunnels, it is clear that hazards can never be
completely prevented regardless of the type of vehicle or fuel being used. Different classes of
vehicles and the different hazards represented by each fuel need to be considered during
development of regulations. The phase of the fuel (solid, liquid, or gas) plays a role in the hazards
associated with each fuel type and should be considered when determining tunnel design
specifications required.

These studies help to develop relevant information on how best to construct, site, and maintain
tunnels and other enclosed spaces and determine key specifications such as ventilation requirements,
etc. to enable the safe use of emerging technologies. Analysis of these studies will also enable
research gaps to be identified and research prioritized to close the gaps. This overview will allow
stakeholders, AHJs, and tunnel owners to actively participate in the discussions on further studies
and tunnel regulations. As more studies and experiments are conducted, they will help to provide a
complete analysis of the hazards and recommendations for the use of alternative fuel vehicles in
tunnels and other confined spaces such as parking garages and locomotive tunnels.
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