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The aim of the present deliverable igtrform a critical analysis of thezards andssociated
risks for hydrogen driven vehicles and transport through tunnels or similar confined spaces.
The stateof-the-art of the research amiidelineswill be disaussedhoroughly with the scope

of identifying the knowledge gaps and technological bottlenecks for provision of hydrogen
safety in underground transportation systentge reviewincludesaspecs of the beyondthe
state-of-the-art researche.g. not yet phblished results oéxperimental studieseducedorder
engineering tools andontemporarynumerical modelsFirst, relevanto use ofhydrogenin
confined spacepropertiesaredescribed Afterwards, hazards associated to possible accident
scenarios involving hydrogegmowered vehicle in tunnels and other confined spaces
described and discussed, highlighting whberesearctiocusshould beThe availabléo date

tools to assessonsequenced differentaccident scenargare presented heresultsof these

tools applicationshould be translatedtmuseful informatiorto ensure protection of life and
infrastructurethis includes buis not limited tohazard distance3o provide holistic approach

to calculation othazards distanceareview of the harnto peopleand damagéo buildings
criteria iscarried outThe existent methodologies fQuantitative Risk Assessment (QRA) are
presentedand their suitabilityfor hydrogen applications confined spaces discussedin
conclusion thereportednformationis summarised in a concise list of knowledge gaps that yet
need to belosed ThedetailedHyTunnelCS project research programme willdse@pedvith
taking into accountheidentified gaps

Hydrogen safetyhazards, consequerss@ccident scenariassessmeinbol, unignited release,
dispersion, ventilationjet fire, thermal effectsdeflagration, detonatiorpressure effects,
hydrogen tank rupture in a firguantitative risk assessmeptevention ananitigation
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NWP Nominal Working Pressure

OECD Organisation for Economic Gaperation and Development
OEM Original Equipment Manufacturer

PA Public Address

PAH Poly-Aromatic Hydrocarbons

PCDD Polychlorinated dibenzodioxins

PIARC  Permanent International Association of Road Congresses

PNR PreNormative Research

PPP Pressure Peaking Phenomena

PRD Pressurdrelief Device

PVC Polyvinyl Chloride

QRA Quantitative Risk Assessment
QRAM Quantitative Risk Assessment Model
RCS Regulations, Codes and Standards
RSET Required Safe Egress Time

RTA Road Tunnel Association

RUD RunUp Distance
RWS Rijks Water Staat
SCBA SelContained Breathing Apparatus
SFPE Society of Fire Protection Engineers

SHT StatendHavarikommisjon fofTransport
STP Standard Temperature and Pressure
SUV Sport Utility Vehicle

TPL Thermal Protection Layer

TPRD Thermally activatedPressure Relief Device
UFL Upper Flammability Limit

VCE Vapour Cloud Explosion

Acceptance criteriaare the terms of reference against which safe desigfuel aell and/or
hydrogen (FCH) facility/infrastructure is assessedefinition based orBritish Standards
Institution, 200).

Accidentis an unforeseen and unplanned event or circumstance causing loss or injury.

Flammability range is the range of concentrations between the lower aeduper
flammability limits. The lower flammability limitLFL) is the lowest concentration of a
combustible substance in a gaseous oxidizer that will propagate a fldreeupper
flammability limit(UFL) is the highest concentration of a combustible suizst in a gaseous
oxidizer that will propagate a flame.

Deflagration is the phenomenon of combustion zone propagation at the velocity lower than
the speed of sound (s@onic) into a fresh, unburned mixture.

Detonationis the process of combustion zonegagating at the velocity higher than the speed
of sound (supersonic) in the unreacted mixture.

Fire resistance ratingis a measure of time for which a passive fire protection system can
withstand a standard fire resistance test.

Harm is physical injury odamage to health.
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Hazard is any potential source or condition that has the potential for causing damage to people,
property and the environment.

Hazard distanceis a distance from the (source of) hazard to a determined (by physical or
numerical modellingor by a regulation) physical effect value (normally, thermal or pressure)

t hat may | ead to a harm condition (ranging
equipment or environment.

Hydrogen safety engineerings application of scientific and engineeripgnciples to the
protection of life, property and environment from adverse effects of incidents/accidents
involving hydrogen.

Incident is something that occurs casually in connection with something else.

Limiting oxygen index is the minimum concentratioaf oxygen that will support flame
propagation in a mixture of fuel, air, and nitrogen.

Mach disk is a strong shock normal to the un@spanded jet flow direction.

Minimum ignition energy of flammable gases and vapours is the minimum value of the
electricenergy, stored in the discharge circuit with as small a loss in the leads as possible,
which (upon discharge across a spark gap) just ignites the quiescent mixture in the most
ignitable composition. For a given mixture composition the following paramefetke
discharge circuit must be varied to get the optimum conditions: capacitance, inductivity,
charging voltage, as well as shape and dimensions of the electrodes and the distance between
electrodes.

Normal boiling point (NBP)is the temperature at witi@ liquid boils at a pressure of 101.325
kPa.

Normal temperature and pressure(NTP) conditions are: temperature 293.15 K and pressure
101.325 kPa.

Permeation is the movement of atoms, molecules, or ions into or through a porous or
permeable substance.

Separation distance is the minimum separation between a hazard source and an object
(human, equipment or environment) which will mitigate the effect of a likely foreseeable
incident and prevent a minor incident escalating into a larger incident.

Standard temperature and pressure (STP) conditions are: temperaturgé315 K and
pressure 101.325 kPa.

Risk is the combination of the probability of an event and its consequence.
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The use ofFCH vehicleor transport otompressed gaseous hydrogen (GGhd cryogenic
liquid hydrogen (LH) in tunnelsand similar confined spacesuch as underground parks,
maintenancehops, garagesic, creates new challenges to provision of life safety, property
and environment protection tite acceptable level of riskSeveral studies ka showed that
confinement or congestion can promateresevere consequencesmpared taccidents in
the open atmospher€here is a neetb developandvalidate hazard assessment tools for the
predictionof hydrogenbehaviour in tunnelgp quantitivelyassess risks concludede.g, by

the HyTunnelinternalprojectof the European Network of Excellence HySafe (NoE HySafe)
(HyTunnetD111, 2009).

The aim of the present deliverablas to performa critical analysis ohazards and associated
risksrelevanto theuseof FCH vehicles inheunderground transportation systeifigachieve
thisaim, the following objectivesreaddressed in this deliverable

A Review and malyse hydrogen hazardis confined spaces and its sgfassetsising
experimental studies

A Reviewavailable reducedrderengineering toolsndcontemporaryCFD modelsfor
theassessment of hydrogen hazaadd associated risks tunnelsand similar confined
spaces

A Quantify harmfor people and damage fandergroundstructurescriteria, including
unprotected and protected, e.g. firemen.

A Identify the knowledge gaps and technological bottleséake addressed

A Formulate requirement® engineering tools an@FD models to be deveped and
validatedin the HyTunnelCS project, keeping in mind their applicability to accident
scenarios in road and railway tunnels, underground and-stotgy car parking, etc.

The report structurdollows the objectives ands organisedas follow. Firstly, hydrogen
propertiesrelevant to use in confined spaces are seleatetidescribed(Chapter 2) The
following chapter dlineateghe possible accident scenarios and the associated haZaels.
specific hydrogen hazards in confined spaces, e.g. the pressure peaking phenomehen, and
main hydrogersafety asset,e.its highest among other fudbsioyancy, are analysed from the
point of view of the need twhetherintroduceor notchanges taurrent requirements to safety
provisions in tunnelsand similar confined spacestc. Particular attention igaid to the
engineering toolsavailablefor hydrogen safety engineering assess pressure and thermal
effects calculate hazard distances antestparameters relevantassure an inherently safer
deployment and usef hydrogensystemsin underground transportation infrastructure
Validated CFD models are presented and discu€sademporarfCFD modes$is an essential
tool to simulateaccident consequences in complex geomédiriescenariosvherethereduced
orderengineering correlatiorend tools can hardly be applig@hapter 4presentghereview

of harmcriteria for both unprotected and protected pecmnd damageriteriafor structures
and equipmenChapter Sliscussethemethodologiesf Quantitative Risk Assement(QRA)
and thé& potentialto be appied for hydrogen applicationgn confines spacesChapter 6
summarise identified knowledge gapsto be addressed in the projechrough
complementarities and synergieseaperimental, theoretical and numerical studies
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This chapterdescriles hydrogen properties that arelevant to hazardsnd safety provisions
in tunnels and similar confined spaces.

Hydrogen is the lightest known element with an atomic mass of 1.008 g/mol. The atomic
configurationfor the most diffged isotope in natu grotium)includes a proton in its nucleus

and an electrarin hydrogen gas at normal conditions, atoms combine in diatomic molecules
through covalent bonds. Each of the two atoms is characterised by a relative spin of the nucleus.
If the spins have the same direction, the molecule is defined ashydhagen. Ircase of anti
parallel configuration with spins in opposite directions, the molecule is denominated para
hydrogen (NASA, 1997) and it has slightly different physical properties from the-ortho
hydrogen molecule. In normal and equilibrium condition, hydragieamposed by 75% ortho
hydrogen and 25% pataydrogen. With the decrease of temperature, equilibrium hydrogen
gas increases in pahgdrogen component, reaching 99.8% for liquid hydrogen at ZthK&.
transitionfrom para to orthehydrogen in cryecompressedstorage is able to receive energy
without practically changing thepressurei this helps topractically eliminate the boiloff
phenomenon, which is characteristic for A Btorage, withlittle driving per week (the
consumption of hydrogeduring driving cools it and promote change of ormpdrogen to
parahydrogen).

Density of hydrogen at normal conditiofiéTP)is as low as 0.083kg/m? (far below than air
density of 1.205 kg/fat the same coiittbns). To achieve higher capacities, hydrogen is stored
atgaseous form dtigh pressure or as chgmmpressed or liquidydrogen Hydrogen critical
temperature and pressurare respectively 33.15 K and 12.96 bar, which correspond to a
density equal to 31.26 kgAThe triple pointis given for a temperatudd 13.8 K and pressure

of 0.072 bar. The temperature at the normal boiling p@iiP) is 20.37 K(P=1 bar)and
density is 70.90 kg/M(NIST website, 2019). A phase change from liquid to gas would cause
an expansion of the gas with an increase of volume by approximately 850 times. The expansion
ratio is high as well for hydrogen stored at high pressure, e.g. hydrogen at 25 MPa yields an
expansion ratio equal to 240 (College of the De26@]). In case of hydrogen release in an
enclosure, either as a liquid or as hjglessure gas, the overpressure may rise to a level
sufficient to destroy the structure.

Hydrogen gas is colourless, adtess and tasteless. These characteristics make a hydrogen
leak difficult to detectHigh-pressurehydrogen leak can be recognisedsome caseby
specific hissing sound:he high purity level needed for use of hydrogen in fuel cells prevents
the additimm of chemical compounds to scent the gas, as done with mercaptans for scenting
natural gas. Despite these properties, hydrogen igaxic and dangerous effects on health
related to high concentration of hydrogen are mainly associated to deficiencyyehdging

1 The critical temperature of a substance ishighest temperature at which is possible to liquefyvth®or ofa

substance

2The critical pressure of a substance is the pressure required to liquefy a gas at its critical temperature.
3 The triple point of a substance is the temperature and pressuhéch there is coexistence tiie substance
three phases (gas, liquid, and solid) in thermodynamic equilibrium

Pagel7 of 154



Grant Agreement No: 826193 tg%el
D1.2 Report on hydrogen hazards and risks in tunnelsiamithr confined spaces

norttoxic at high concentration hydrogerverthelessan causeasphyxiation in confined
space.

The small size of the hydrogen molecules leads to a high diffusivity of the gas, with values of
hydrogen diffusivity in air ranging from $10° m?/s, as reported by Alcock et al. (2001), to
6.810° m?%/s (Baratov et al., 1990). This value is higher thamany other substances. For
instance, hydrogen diffusivity in air results to be approximately 3 times the coefficient for
methane (HyRespons2015). The diffusivity of hydrogen through gypsum boarcswell
fiunexpec tlehdoP iy’ at toomgemperatur@yang et al., 2013)Thiscan be used in
hydrogen safety engineering of garages and other confined fffaeé®ard could keep heat

but mitigate hydrogen accumulatidrprover ventilationdesign is applied

The heat capacity of hydrogen is similar to that of other diatomicsgdsspite its low
molecular mass (ISO/TR 15916:2004). The specific heat aefdbkonstant pressurgis (in
kJ/kg/K): 14.85 (NTP), 14.304 (STP), 12.15 (NBP). The specific heat efat Hoiling point

is 9.66 kJ/kg/K (BRHS, 2009). The specific heat atstant pressure of liquid palgydrogen

is 3=9.688 kJ/kg/K. The gas constant of hydrogen is 4.1243 kJ/kg/K (i.e. the universal gas
constant divided by the molecular weight). The specific heats mtaf fydrogen at NTP is
1.39 and at SIM4B5 (Makovd202)i ons 929 i s

Thermal conductivity of hydrogen is significantly higher than that of other gases: tat GH
0.187 W/m/K at NTP, whereas at N&Rs 0.01694 W/m/K for GEland 0.09892 W/m/K for
LH2 (Molkov, 2012).

Speed of sound in gaseous togkn is 1304 m/s at NTP and 356 m/s at NBP for gaseous
hydrogen and 1119 m/s for liquid hydrogen (NISWebsite 2019). Speed of sound in
stoichiometric hydrogeair mixture is 404 m/s (HyResponse, 2815

The main hydrogen safety asset, i.e. its highest on The Earth buoyancy, confers the ability to
rapidly flow out of an incident scene, and mix with the ambient air to a safe level below the
lower flammability limit (LFL) of 4% by volume of hydrogen in aindeed, hydrogen has a
density of 0.0838 kg/M(NTP) which is far below than air density of 1.205 k§janthe same
conditions. The unwanted consequences of hydrogen releases into the open atmosphere, and in
partially confined geometries, where no condisido allow hydrogen to accumulate exist, are
drastically reduced by buoyandwg.case of release in a tunnel, the increase of the ceiling height
may create safer conditions the tunnel users for buoyant releases o{HyTunnetD111,
2009).The strategyfor inherently safer release in confined spagbkich would exclude the
accumulation of hydrogen above LFL, is to redackameter of release to the value that would
guarantee that hydrogen concentration in a jet méllreduced below 4% by volume when
hydrogen reaches the ceiling of the confined structure like a tufimelsimilarity law can be

used forhydrogen safety engineering in such cgdéslkov, 2012)

Contraryto hydrogenheavier hydrocarborsanform a huge combustible cloudsuallyin a

form of pancakebeing heavier than ail’he most knowncases of disastrowsxplosions of
hydrocarbons arElixborough in 1974 (Health and Safety Executive, 1975) and Buncefield in
2005 (Buncefield Investigation, 2010). In many practical situations, hydrotanay pose
stronger fire and explosion hazards than hydroddms statement is valid if hydrogen is
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handled properhby professionals in hydrogen safetyydrogen high buoyancy affects its
dispersionn air considerably more than its high diffusivity.

Pure hydrogen is positively buoyant above a temperature of 22 K, i.e. over almost the whole
temperature range of its gaseous state (BRHS, 2009). Buoyancy provides comparatively fast
dilution of released hydrogen by surrounding air bel&lv. Inthe open atmspherenly small

fraction of released hydrogen would be able to deflagnatiee vicinity of the release where
hydrogen concentration is within the flammability limitsi\deed, a hydrogeair cloud
evolving from the inadvertent release upon the failure of a storage tank or pipeline liberates
only a small fraction of its thermal energy in case of a deflagration, which is in the range 0.1
10% and in most cases below 1%t total energy of released hydrogen (Lind, 1975; BRHS,
2009). This makes safety considerations of hydrogen accident with large inventory at the open
quite different from that of other flammable gasesl vapoursvith often less or no harmful
consequenceat all.

Caution should be taken in applying gaseous hydrogen buoyancy observations to releases of
hydrogen vapours at cryogenic temperatures. Hydrogen vapotgsyddbw temperature can

be denser than air at NTP. Usually the condensation of atmospluenidity will also add

water to the mixture cloud, firstly making it visible, and secondly increasing the molecular
mass of the mixture even mdidolkov, 2012)

Combustion of fidrogen ina clean atmosphengroducesan invisible flameThis could make
difficult the detection of the flamby eyesin an accident scenarionless dust and other
substances from the surrounding are entrained in thagdgburn with visible radiatiotndeed

it is expected that in many asthe flame itself high turbulence level anldot cmmbustion
productswill cause variations tthe surroundingthatcanbe used to detect the presence of the
flamevisually and by detector3he temperature giremixed hydrogeflame can reacB403

K for stoichiometricmixture, which is somewhathigher thanother fuels(BRHS, 2009) A
stoichiometric mixture is composed by 29\&8 % of hydrogen and@0.41 vol % of airwhich

is assumed to be composed by 21 vobPexygen and 7%ol % of nitrogen Mixtures with
hydrogen concentration below the stoichiometric value are deéfingkkard, otherwise for
higher valueghey aredefineda srichd. The minimum amount of oxygeto have flame
propagation at NTP conditions is 5 vol(%ASA, 1997)

The lower heabdf combustion of hydrogen is12.93 MJ/kg. The higher heat of combustion is
141.86 MJ/kgand it includes the water vapour heat of condensatiyadrogen heat of
combustion is much higher than other fuels commonly used eutioenotive field as showed
in Tablel. Therefore, hydrogen fires imaccident scenario involvingCH vehiclemayhave
temporaryheat release ratkie to hydrogegreder compared to a conventional carg. at the
moment of initiation of thermally activated pressure relief device (TPRI3rgédiameter
However, the massf hydrogencontained in an onboard storage systeonld belower than
other conventional fued, which could lower the overall energy releas€de duration of
automobile fire could be up te2hours while release of hydrogen will take usually a shorter
time of order of minutes or tens of minut&@sTPRD activated in a right tim and being not
blocked during an accidenthe effectof hydrogen releaskas not beemuantifiedyet for
differentfire conditions.Thereforetheresearchn this projeciplans toaddress this issue
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The flammability rangeof hydrogen is 45% (LFL-UFL). It means that mixture with
hydrogen concentration in air included within this range beignited andwill sustainflame
propagation The flammability rangeof hydrogenis significantly widerthanother fuels(see
Tablel). It must be underlined thalh¢ flammability limits depend on the direction of flame
propagationTablel gives flammability limitsfor upward flame propagatiammly. The range
narrowsdown for a horizontaflame propagatio to 60-7.13% for LFL and65.7-71.4%for
UFL. LFL and UFL change to 8:9.43% and68-74.5% respectivelyor a downward flame
propagation(Coward and Jones, 1952)he fammability range expands linearly with the
increase of temperatur8s an example, a rise of temperature from'@@o 400'C leads to
expansion of th@ammability rangeo 1.5-87.5%.

Tablel. Combustiorproperties ohydrogen and other common automotive faglsormal conditions
(College of the Deser2001%; Baratov et al., 1999 Molkov, 2012 Alcock et al., 200%).

Fuel Hydrogen| Methane | Propane| Gasoline
Higher heating valide MJ/kg 141.86 55.53 50.36 47.5
Lower heating valug MJ/kg 119.93 50.02 45.6 44.5
F]ammablllty range concentration in 4-75 5315 2996 176
air®, vol %

Autoignition temperatufe 'C 510 537 470 230-480
Minimum ignition energy mJ 0.017 0.28 0.25 0.23-0.46
D_etonablllty range concentration in 11590 | 63135 3.1.7 11.33
air, vol %

The mnimum temperature required to initiate a combustion reaction for-@figiser mixture

in absence of an external source of ignition is defioygte standardutaignition temperature
which is in factthe ignition by the hotsurfaceof flask At atmospheric pressuréhe aute
ignition temperature of hydrogen in air is 51D (Baratov et al., 1990 herefore contact of
hydrogenrair mixture with an object at such temperature may lead to the ignition of the mixture.
However, the temperature would increas®if exanple, a hot pipds used for ignition instead

of internal surface of flask.he smaller the pipe diameter the higher will be temperature of the
pipe able to ignitéydrogerair mixture.

The minimum ignition energyMIE) of a hydrogerair mixture depends oits composition.
The absolute MIE is given for a stoichiometric mixture and is equal & 1This value i46
times lower thanfor methane and 56 times lower th&or petrol. MIE increags for
compositionsdifferent from stoichiometric up to 3 orders ahagnitude for hydrogen
concentration close to the LFL and UERno et al., 2007)

The wide flammability range and low ignition enenggnderhydrogenvery easy to ignite.
Ignition sources may includsparks from mechanical or electrical equipmeriteating
equipmentstatic electricityetc.

Figurel shows tle laminar burning velocity'Y, as function of hydrogen condeation in air
asreportedby Zimont and Lipantikov (1995) fathe experimental studies by Karpov and
Severin 1980, and byTse et al. (2000) and Lamourex et al. (200 he maximum burning
velocity is reacheahot for stoichiometric mixture budbr a mixture with 40.1% hydrogen in
air. This isdue to the high molecular diffusivity of hydrogen in air (Molkov, 2012).
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Figure 1. Laminar burning velocity of hydrogeair mixture (Molkov, 2012).

The flame propagatiowvelocity for a hydrogemir mixtureincludes along burning velocity,
the effect of combustion producexpansionlt can be calculatefbr onedimensional flame
propagatione.g.in a tubefrom its closed endn the assumption of constant pressus”™Y
“Y'O, whereO is the expansion coefficignwhich is the ratio of the fresh mixtudensityover
theone ofthe burnt mixtureThe ratio can bas high as 7.2 for a stoichiometric mixture.

Theflame propagation speedn reach a maximugiven by the speed of sound of combustion
products,which is 975 m/s for a stoichiometric mixture (BRHS, 2009)the hydrogen
concentration iswithin the range 18-:59.0 vol %, the mixture may detonatdSO/TR
15916:2004, leading to a worst case accident scenarios with combustion zone moving into the
unburnt zone with a velocity higher than the speed of scAdlodck et al.(2001)reported an

even wider range, 139%. The limits depend strongly on the experimental set up dimensions
and characteristicélydrogen detonability range is wider than for other fuels;Tsdde 1.

When heatlossesfrom a flame are comparable with the heat generdgedombustion
(reactions in the flame}he flamecanquench. Hydogen flames are difficult tquench,and

they are characterised by short quenchlistancese.g.0.5 mm for a stoichiometric hyogen

air mixture (Kim et al., 2001)urthermore conventional flame suppression syssesuch as

water sprays, mayduce turbulence and be ineffective, becaus&é®hydrogenrair mixture

ability to burn around the water dropleBetails on the current knowledge on the effects of

fire suppression systems on hydrogen fires is given in HyTu#®8eD1.1fi Repor t on
assessment of effectiveness of conventional safety measures in aoddrgpansportation
systems and similar confined spaceso.
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This chapter describes the hazadieracteristic fothe useof hydrogendriven vehicles in
tunnels and other confined spacEachsection describing hazard andindelying physical
phenomea specifes possibleassociate@dccident scenargoThe effect of confinement ahe
accident consequenced! be underlined

An unintended hydrogen releasé hydrogen maybe caused by either a failure of FCV
equipmentduring an accidentr unschedule@pening of theTPRD. If initially the release is
unignited there is still a possibility that it wille ignited, after a certain delay, if an ignition
source is present indhpath of the releask a hydrogen release occursconfined spacéhe
consequencesanbe more severe compared witiose fromreleasesn the open airas a
significantflammable clouatan be build uprheconsequences candangepeople, structures
and environmentand they depend on the characteristics ofabeidentscenarioand the
confined space typologyrhe hazards associated to unignited releasegresented in the
following sectionsfocusing orthe specific hazardss®ciated to a release in a tunnel or other
confined spaced.o avoidthe buildup of dangerous flammable mixtutee hydrogen safety
strategies and engineering tools should be applied. They include but not limited for unignited
releases to reduction oflease diameter (internaiameter ofpipes and pressure in supply
lines proper ventilation system accounting for potential release rate of hydrogen.

Hydrogen is not a poisonous gas. Howeitsrreleaseand accumuladin in a confined space
cancreatean oxygerdeficient atmospherdhis could leado asphyxiatiorof people Effects

on human beings areticeablefor concentration of oxygen below 19¥uman respons®
differentoxygen depletion levels given inTable2, along with the corresponding hydrogen
concentration in normal conditions (HyResponse, Bp16Gxygen concentration should b
checked before entering the accident scen€fisstdesponders should wearselfcontained
breathing apparatus. However, it must be noted that if the oxygen depletion is caused by the
dilution of hydrogen in air, there is the risk of ignition of thenflnable mixture.

Table2. Human response to oxygen depletion and corresponding hydrogen concer{gationin
normal conditionsKlyResponse, 20b5BRHS 2009)

H> concby | Oz conc by . .
vol % vol % Physiological effect
0-9 1921 No specificsymptoms
Decreased ability to perform task&ssibleearly symptomsn persons
9-28 1519 . : :
with heart lung or blood circulation problems
2842 12-15 Deeper respiration, faster pulse, poor coordination
— . . . . 5
42-52 10-12 Dizziness, _pooyudge.ment, slighthyblue lips Risk of death below 11%
tolerance time 30 min
Nausea, vomiting, unconsciousness, ashen face, fainting, mental f
52-62 8-10 . :
with a tolerance of 5 min
62-71 6-8 Unconsciousness in 3 min, death in 8 min. 50% deatb@¥drecovery
with treatment in 6 min, 100% recovery with treatment-i i#in
Coma in 40 s, convulsions, respiration ceadeathor permanent brail
71-86 3-6
damage
86-100 0-3 Death within 45 s
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High-pressure hydrogen jet can cut bare skin or other tiSEue.releases of pressurised
hydrogenevenfromas ma | | |l eak may penetrate a personé
prevent skin damage. Scott (1983) reported tfas pressurised at 20 MPa easily penetrated
working gloves and clothing. Aliew centimetres from the leak, a pressure of 0.7 MPa is
sufficient to penetrate the skin. The impact and trapping of the gas may cause stop of the blood
circulation, which would lead to tissue necrosis (Cadwallader and Zhao, 2016). Pressure of 4.4
MPa is suffcient to cause incision of the skin (Brauer, 2008)s knowledge is important for

first responderand applicable to both the opemasphere rad confined spacaccidents

Severe cold burns can be causedhi skin or tissue when it enters in contact either with
cryogenic or liquid hydrogen or with cold surfaces. In case of a prolonged exposure, the
damage to the skin or tissue may result in a frostbite.

Onboardhydrogenstorage systems operatenatminal working pressure (NWRp to 700 bar

In real lifeit can beup to1.25 of NWP and even higher in fire conditioAsceleaseat sucha
high pressureoriginates an undexxpanded jet. At the nozzle exitelacity is sonic, and
pressure is higher than the atmospheric tmenediatelydownstreanthe nozzle exit the jet
expands to the atmospheric presgreugh a complex shock structufiée critical pressure
ratio between sutsonic andsonic flowregimesatthe nozzle is 1.9 for ST&dconditions of

no lossesn the release tubdt is calculatedas 0 j 0 1 opijg ! ,Where6~y andf)o
arethe pressurgin the storage vessahdat the nozzlerespectivelyand’ is the specific heats
ratio. Thus, the simple rule taudely evaluatepressure at the nozzle exit is to divide storage
pressure by 1.9, i.e. it is about half of the storage pressure.

Since pressure at the nozzle exit is higher than ambient, the gaxparsd eutside the nozzle,
forming a series of shock waves while reaching the atmospheric pressure. Several theories have
been developed to simplify thexpansiornprocess for engineering calculationfsthe release

rate and characteristid@reviousapproabes are described in the following pap&isch et al.

(1984) described the gas behaviour and concentration decay through an expanded jet originated
by a corresponding source, called psedaaneter or notional nozzle, with section equal to the

area occuied by the mass flow rate released from the real neutteuniform sonic velocity

at ambient temperature and pressure. The scheme of theaxpderded jet and the related
nomenclature are given Figure2. Thenotional nozzlenodelwas based othe conservation

of momentum in the expansion region (Birch et al., 1987). Wihiikstious studieslescribed

the gas behaviour as ideal, Schefer et al. (2007) used a soridach et al. (1987approach

but introdueed the AbelNoble equation of stater real gago take account of the nadeal
behaviour ohydrogengiven the high storage pressure.

Theunderexpanded jet theottyy Molkov et al. (2009) also emplegthe AbetNoble equation

of state. The flow at the actual nozzle is chocksdin previous theorieghen the flow
undergoes an isentropic expansioom the nozzle exito the notionalnozzle exit, where
ambient pressure and uniform velocity equal to the local speed of sound are reached. The
system of equations to evaluate the flow characteristics is closed by the conservation of mass
andconservation oénergyequations A complete desgtion of the model is availablkeom
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the referred publicationThe difference with previous theories is in the use of energy
conservation instead of momentum conservation equatitnchocked flow at the notional
nozzle exit. The last assumption is @able having in mind huge namiformity of flow
velocity behind the Mach disk. The previous theories based on the momeanhsgarvation
equation end up with velocity at the notional nozzle higherttmatocalspeed of soundrhis
creates additional ditulties at using parameters at the notional nozzle for CFD simulations
of high-pressure jet dispersion.

Figure 2. The undeexpanded jet scheme.

The European Regulations type-approval of hydrogen vehicles require TPRD to be installed

on hydrogen onboard tanks to release its content in a fire event and therefore prevent the
catastrophic consequences of tank rupture. When a blowdown of hydrogen through TPRD is
initiated, tenperature inside the tank decreases due to gas expamsimtreases due to heat
transfer through the tank wall (two competing processd® heat transfer through the tank

wall and the wall degradation are affected thgsetwo competing processes. Theall
degradation front propagation slows down in conditions of blowdown compared to the case of
closed vessel (Dadashzadeh et al., 2017)uSkeflarga TPRD diametecouldcauseserious
issuesgespecially in confined space. Thassuesincludethe pressure peaking phenomenon

that could demolish the structure with insufficigant aredy overpressure@ndlong jet fires,

which could affecbehaviourin a fireand load bearingambility of elements of underground
constructiorelements. They angresated in detail in sections 3.1.5 and 3.2.2, respectively.

Inherently safer design of a tafilPRD system is a challenging task with various parameters
and processes involved, including tank volume, storage pressure, TPRD release diameter,
TPRD initiating tme, conductive heat transfer through the wall, convective heat transfer from
the ambience/fire to the wall and from the wall to the gas inside the tank, wall material
degradation due to the fire, etc. Experimental parametric study of these phenomena is an
expensive taskif possible at all. Computational Fluid Dynamics (CFD) is an alternative
contemporary method to essentially decrease or even avoid the expensive experiments.
However, CFD simulations are not time efficient (Bourgeois et al., 2015).

To predct the pressure and temperature change inside a pressurised tank during a blowdown,
theunderexpanded jet theonyas developed by Molkov et al. (200#)d will beexpandedn

this project Thetheory isbased on AbeNobel equation ofeal gastate mass and total energy
conservation equations The theory performancewas compared against blowdown
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experimentsHowever, thistheoryd i d n 6 t heatriranksfer dheough the wallhus, the
comparison with xperiments was limited to onltyvo idealisedcasesadiabatic discharge (no

heat transfethrough the wal)l and discharge under the constgastemperature conditions.

The effect of various heat transfer boundary conditions on the blowdown dynamic was
investigated by (Schefer et al., 2007). It was concluded that the heat transfer due to
ambience/fire plays a significant role during the blowdown.

The application of undeexpanded jet theorypoy Molkov et al. (2009)to blowdown
phenomenomas further developed by Dadashzadeh et al. (2017) to account for the conductive
heat transfer through the tank wall caused by the convective heat transfer at the external side
of the wall (either ambient conditions or fire) and tduavectiveheat transfeat the internal

side of the tank wall between the gas and the plai conductiveheat transfer through the

wall with a phase change (degradatiofifle TPRD release orifice size and its activation time

are taken into consideratioas free not predetermed parametersFigure 3 shows
schematically a tan&nd the problenformulation for heat transfer

T

7 Tamb N

/ "— External surface of the wall: convection (ambience-wall external surface)
\
\

\5 Wall: conduction (tank wall, i.e. CFRP, liner)

T i
W (liner) l/— Internal surface of the wall: convection (wall internal surface-inside gas)

\\ AR .
\\Ttank Tu (int) //

Figure 3. Schematic diagram of a pressuistank: (1) internal tank space with gas, (2) actual nozzle
exit of TPRD, (3) notional nozzle exit.

The modified by heat transfenonadiabaticunderexpanded jet theory (Molkov et al., 2009)

is usedhowto calculatenydrogenparameters at the TPRD exit and at the notional nozzle exit.
Conductive heat transfer through the tank wall is calculated by exploiting one dimensional
unsteady heat transfarquation using the finitdifference method (Patankar, 1980). To
calculate the heat transfer coefficient for the natural and forced convection, Nusselt number
correlations are applied (Woodfield et al., 2008). The-aiabatic blowdown model of
Dadashzaeh et al. (2017¢ancalculate pressure and temperature dynamics inside a tank for
arbitraryconditions.Figure4 demonstrates the measured and calculated pre$3gteg4a)

and temperatureF{gure 4b) for both the adiabatic blowdown model ané tioradiabatic
blowdown model. The simulated gas pressure with-adtiabatic blowdown model
(Dadashzadeh et al., 2017) is in an excellent agreement with the expefigaré4a). It is

more accurate compared to the adiabatic model (Molkov et al., 2088)if its prediction of
pressure dynamics during blowdown is not .bHdwever, the performance of these two
versions of the model in the prediction of temperatiifiers drastically. The nonadiabatic
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modelprediction ofgas temperature inside the tankésurat€Figure4b) within 6% deviation

from measured value§he former adiabatic models not ableto predict the temperature
performance with characteristic minimurimstead, as expected the temperature decreases
monotonicallywhenthe adiabatic blowdown model applied

800 —

-+ KIT experiment N\ KIT experiment
700 ---Simulation-adiabatic model (Molkov et al., 2009) 270 -\ 1---Simulation-adiabatic model (Molkov et al., 2009)
—Simulation-Ulster non adiabatic model \ \a|—Simulation-Ulster non adiabatic model
600 AN
- ~ 220 Y I
E 500 \\ ﬁ/ ‘\\\ _..4»—"'"_":3-/'_'
o 400 5170 N
2 \ : .
g 300 \ & 120 .
8 200 \ 2 el
< 70 =
100 \1 s SN
0 ‘ 20 T
0 25 50 75 100 125 150 175 200 225 250 275 300 0 25 50 75 100 125 150 175 200 225 250 275 300
Time (s) Time (s)
(G (b)

Figure4. Simulations versus experimental data for the adiabatic blowdown model (Molkov et al., 2009)
and the noradiabatic blowdown model (Dadashzadeh et al., 2017): (a) pressure inside the tank; (b)
gas temperature inside the tank.

The nonadiabatic blowdown modlallows tocalculateaccuratel\nydrogerparametersguring

the whole process of relea3éus,it should be integratddto analytical models and numerical
modelsto accurately predicte.g.the effectiveness of ventilation systems in underground
facilities when hydrogen release conditions are changing. Furthermore, taeliabatic
blowdown model should be further developatd validatedo include different conditions
surrounding a storage tank, e.g. firedeed|t is notyetclear,depending othetime of TPRD
initiation after the fire startw affect the hjh-pressure tankvhat isTPRDexit diametemvhich

will guarantee the releasé hydrogen from the tank without its rupture in a {mapture is not
excluded if time of initiation is comparatively large aredease diameter is comparatively
small). The project will look forprevention or mitigation technology to exclude tank rupture
in a fire with devastating consequences aggravatezbbfinement of the tunnel and similar
confined spaces.

The informationon the pressure peaking phenomenan be found irthe bookby Molkov
(2012)and recent publications of Ulster Universitg vehicles hydrogen isiost commonly
stored today as a compressed gas in tanks which are required@yntingission Regulation
(EU) No 406/2010to be equipped with pressure relief devices (PRDBich is usually TPRD
TheTPRD is fitted to the fuel tank and starts to reldgsiFrogen whemtemperature of about
11C°C is reached, e.g. in fire conditions. THRRD can provide rapid release of hydrogem

large orifice diameter is used, thus minimising the possibility of tank explosion during too long
exposure to fire. High masflow rates froma TPRD ar e probably HfAaccep
However, the hazards resulting from a rapid rel@aseomlike enclosurese.g. garages and
maintenance shopare differentand cannot be acceptéal providelife safety and property
protection

Let us consider a hypothetical scenario involving a release from a typical onboard hydrogen
storage tank at 35 MPa, through a 5.08 mm d
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(Brennan et al., 2010T.he releasesiassumed to occur vertically upward in the centre, 0.5 m
above the floor, of a small garage of size LxWxH=4.5x2.6x2.68/&E J2579, 2009and
volume of 30.4 rwith a single vent equivalent in area to a typical brick LxH=25x5 cm located
close tothe ceilng. A conservative approach is taken, i.e. a constant mass flow ra@@t39

is applied (ignoring a pressure drop in the storage tank) aft@iPiR® opening.

The study(Brennan and Molkov, 2@) describes the pressure peaking phenomenon model
accouning either aconstant mass flow rate blowdown.The systems of equatiopsovided

by the authors was used to calculdte transient pressure load in the vented enclcosude
scenariadescribed abovand it is givenin Figure5. It can be observeldow the overpressure
within the enclosure resulting from the injection of hydrogen reaches a level above,10 kPa
capable of rupturing the gara{eaker et al., 1983)within only 1 s. Evacuation of people in

this time is impossible and this life safety issue has to be yet addressed by car manufacturers.
There is only one engineering solution that is the reduction of mass flofwaiatd PRD i.e.
reduction of releaseaameter (pressure cannot be redutcekleep driving range competitive to
todays fossil fuel vehicl@sThis n turn will require higher fire resistance level of onboard
storage tanks compared to current@.5 minutes for type 4 vesséistephenson, 2005)

If the garagevould notbe destroyed by overpresstirst, the ovepressure within the garage,

for the scenariounder consideratignvould reach gpeakin excess of 50 kPa. This maximum
pressure then drops off and tends towards a steady state vakidecally lower, and equal

to that predicted by the simple steady statiéice equationslIt should be noted that this
represents a worsiase scenario with constant mass flow rate. Therefore, continuation of a
constant mass flow rate release for 6@cudedin Figure5 is to illustrate the time frame

before steady state conditions are reached when the garage is occupied by 100% of hydrogen.

In this case,lte maximum pressure is reached in less than 10 s. Within this time the entire
garage would be destroyed with missiles flying around and creating more danthdjée

threat These are consequences of pressure build up without even considering the ignition of
released hydrogeifhe pessure peaking effect of unignitadd ignitedhydrogen releasan

vented enclosure is a néapecific only for hydrogergspect of safetgrovisions for hydrogen

use in confined areallydrogen safety engineers and manufacturers of hydrogen and fuel cell
systemsnustaddresshis issue as required by the international standa®dO 19882 fi Gas €
hydrogeni Thermally activated pressure relief devices for compressed hydrogen vehicle fuel

cont ai.mtstates0 " The adequacy of flow capacity of
application is to be demonstrated by bonfire testing in accordance with ISO 19881, ANSI HGV

2, CSA B51 Part 2, EC79/EU406, SAE J2579, or the UN GTR No. 13 focéllielehicles

and by the minimization of the hazardous effecthefpressure peaking phenomenowhich

could take place during high flow rate relea

Figure5 illustrates as well the predicted overpressure versus time for a range of fuels with
different molecular mass and the same mass flow raB9®f/s at the same garage (with
discharge coefficien€=0.6): hydrogen, mbane, propane with the molecular masses of 2, 16

and 44 g/maqlrespectively. It is clearly showed how the maximum overpressure drops with
increasing molecular mass. There is a small pressure peak for methane release as its molecular
mass is below that ofira The pressure peaking phenomenon is absent for propane as its
molecular mass is higher than air. Instead, the pressure generated by release of hydrogen into
the vented enclosure is growing monotonically to rehelmaximum and then decreases to
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steay state valugewhen only hydrogen flows out of the enclosure through the verite)
phenomenon mudie taken into account when designingRDs forthe use with different
gases for indooapplications Indeed, the sam€&PRD used for CNG or LPG should rms
assumed to behave in the same way for hydrogen.

60 —

Hydrogen
————— Helium

—— —— Methane
—— - - - Propane

50 —

N
o
l

Overpressure (kPA)
8
I

N
o
l

10 —

Figure 5. Pressure peaking phenomenon for release of hydrogen with mass flowGatés 3%to the
enclosure of 30.4 frwith a vent of typical brick size 25x5 cm compared with pressure dynamics for
releases ohelium,methane and propane at the same condit{@nennan and Molkov, 2018)

A concise description of thehenomenomroposedn (Brennan and Molkov, 2013, 2018) i
attempted belowFor a given volume and temperature, the pressure in the compartment is
dependent on the number of molecules in the volume. Assuming the flow out of the
compartment is incompressible, a model for the pressure in the compartment candae der
from a molar balance=igure 6 shows the schematic of the scenassociated to theodel.

Two flow ratesare competingl) hydrogen release from the vehide, , and 2) the flow
rateof gas out of the vené

-
€

1

€

Figure 6. Schematiof the pressure peaking phenomena witheatedgarage and hydrogen release
from a car.
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The system of equations to predict the overpressure dynamics in the assumption of perfect
mixing (nT number of molesis shown below

a a a a& o (3.1)

& & w0 (3.2)

0 - (3.3)
e e T

a 8 of t (3.4)

Assuming the flow as incompressible, tliumeflow rate out of the vent can be written as:

w 60 — — — — (3.5

whereo is the actual vent are@ is thedischarge coefficienf)  is the molecular weight of
vented gas,0 is the pressure inompartmentD is the pressure outside compartment,

a is the nassflow rateof hydrogen into compartment, is the molar flow of gas out

of compartmentg is the number moles of gas in compartment. If one assumes perfect
mixing in the compartment, the density and molecular weight of the vented gas is the same as
the mean density and molecular weight inside the compartrAgrine beginning of the
hydrogen releaselensity in the enclosure is high due to the ldrgetion of airpresent This

leads to dow volumetric flow rate out of the verds shown in eq3(5). The hydrogemnflow

into the enclosures larger than the outflow through the veaiusng the pressurbuild-up. As

the release proceedarther, the hydrogen fraction in theenclosureincreasescausing a
decreasen density.As a consequence, the volumetric flow rate through the vent increases,
leading to the drop in pressure.

Release rates as low as 10 g/s may produce significant overpressuraafteding to the
enclosureand vent dimensiongtigure 7showsthe pressure peakindynamicsfor a 40 ni
garage with a small vent @k10 cm and a constant release of hydrogen of 10 g/s.

14

127

107

Over pressure [kPa]

0 100 200 300 400 500 600
Time [s]

Figure 7.0vergessure in a 40 fcompartment with 10 cm vent and 10 g/s release of hydrogen.
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Validation of the model has been done by (Makarov et al.,[§db8 experiments conducted

in a 1 n¥ enclosure and release rates up to 1 g/s at Karlsruhe Institute for Technology. It was
achieed a good agreement between model predictions and experimental results. Discrepancies
when present were due t o -stakencldsbresetavasiobsengd e f f
that for pressures above 1 kPa additional opening areas could form otrutttars of
experimental chambgeteaking the mixture and decreasing the overall pressure. Additional
experimentalworkwh er e t he #fAbr eat hisnegdedtefiurfher cohsolidage n e g |
the validation of the modeReatscale garagéke enclosires shall baisedto increase the

validation domainfor PPP tools (the engineering tools aravailable at https://elab
prod.iket.kit.edylogin: HyTunnel, passvord: Safety2019.

Figure 8 shows the simulated pressure dynamics angarage for two constant hydrogen
release rates and four vent sizes equivalent to 1, 2, 3 or 4 bricks using ttieeBRPfor
unignited release(Brennan et al., 2010; Brennan and Molkov, 2013) and a typical discharge
coefficient value: Cp=0.6 for sharpedged orifice The pressure transients have a notable
pressure peak for eagbnt size The peak terminategith atransition to steadgtate pressure.

For release rate 388 giSigure8, left), in all but one scenario the pressure peak is above the
critical pressure whichould be wihstodby civil structures like garages, i.e.-20 kPa. Only

in ascenario with vent area equal tbdcks, the pressure peak was below the threshold of 10
kPa which civil structures can withstandhe larger the vent area the earlier the maximum
pressure is achieved. The pressure peak decreases with the increase of vent area. It is worth
noting that in many cases the presence of door(s), which fails at overpressi&d$8,3and
window(s), whichglass in 90% of cases breaks at overpressures as low as 3.7 kPa (Mannan,
2005), if available, could mitigate the pressure peaking phenomenon.

Figure8 (right) shows tk pressure dynamias the four scenariofllowing therelease from

a tank with twice higher storage pressure (70 MPa) but 2.5 times smaller TPRD diameter (2
mm). The overpressure with the vent of one brick size is just over the threshold of 10 kPa. For
other three scenarios with unignited release and larger vent area, the peak overpressure is
significantly belowthe 10 kPa threshold. Pressure peaks are even below 3.7 kPa threshold, i.e.
there is a high probability that even glassing will not be broken.

Figure8 demonstrates that the unignit@dhydrogen release from TPRD of 2 mm diameter at
storage pressure of 70 MPa will not destroy the garageikaemnt area is equal to only one
brick. Thus, we can state that the TPRD diameter is the main parameter affecting the PPP in
real life conditions. The reduction of TPRD diameter from 5.08 mm to 2 mm was sufficient in
our example to prevent PPP for untgd (!) release, even if the storage pressure increased
twice from 35 MPa to 70 MPalnfortunately, this is not the case for ignited release (jet fire)
from the same source as will be demonstrated in segtibad.1

The pressure peaking phenomenon,axéstence of maximum pressure peak that is above the
steady state value, during a release of lighter than air gas into vented enclosure should be
accounted for when performing safety engineering for use of hydnmgeales in confined
spaces like garagemaintenance shops and similar enclosu®@e®rall the conclusion is drawn

that TPRDs currently available for hydrog@owered vehicles should be redesigned, along
with the increase of fire resistance rating of onboard hydrogen storage (tanise of
explosionfree in a fire tanks)yand RCS updated if the vehicle is intended for parkiggrage

etc
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Figure 8. Overpressure dynamics of unignited hydrogen release in the garage frases left TPRD
diameter 5.08 mm, storage pressure 35 MPa (hydrogen release rate of 388 g/s)TR§iD diameter
2.0 mm, storage pressure 70 MPa (release rate of 107\g&Rarov et al., 208b).

An unintendedunignitedhydrogen release would cause the formation of a flammable cloud.
The size and the duration of the flammable cloud depend on several factors, such as the release
diametey pressur@nd duration, the presence or not of obstacles, the wind integtsitylhe

risks and the hazardsan beincreased in case of a release inside confined spaces, such as
tunnels if dispersiorbelow LFL is not providedh a system vehiclkunnel

Hydrogen release in enclosed spaces can be categasif@tbws release in fully closed space

and release in serbnfinedspace with openingwents)for natural or forced ventilation. In

both categories different hydrogen distribution regimes caarbeetd dependent on the release

rate. In the second category the vent size is an essential factor that influences the gas
distribution regimes and their characteristics, such as the maximum concenimattos
enclosure

The nextsubsections present in t@dd the releasehydrogen concentration decay in expanded
and undetexpanded jetsand accumulation of hydrogen inside confivedtilatedspace and
effects of several factors on formation and sizaftdmmable cloud.

Unscheduled hydrogen release frahigh-pressure equipment alodinfrastructure will create

a highly underexpanded jet. This could lead to formation of a large flammable hydiaigen
envelopewhich size if proporbnal to the releaseozzle diameterThe size of the flammable
envelope is the hazard distance from the release source. Indeed, if the flammable envelope
(hydrogen concentration in air equal to the lower flammability limit of 4% by volume) reaches

a locaton of air intake into highiise buildings, then consequences for occupants and building
structure can be catastrophitis worth mentioning here that while quiescdft hydrogen
mixturein air will propagate flame only upwarthe turbulent mixtureould burncompletely

with generation of pressure in closgghceenoughto destroy any civil structure

Presence of ignition source within the envelope could initiate severe jet fires, deflagration, and
potentially deflagratiofio-detonation transition. Iinust be noted that thermal effects of jet
fires, pressure effects of deflagration or detonatifreball size and blast wave after high
pressure hydrogen tank rupture in a ticaild override the separation distance determined by
the size of flammable envelope. Thus, knowledge of laws describing hydrogen dispersion and
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flammable cloud formation, including axial concentration decay, for arbitrary jets with various
parameters isssential for reliable hydrogen safety engineering.

The similarity law for concentration decay along the axis of the momeotuntnolled jets is

shown in Figure9 along wit experimental data for hydrogen une@apanded releases. It is
based on the hypothesis of using the original form of the similarity law by (Chen and Rodi,
1980)alongwith theuse of the undeexpandedet theory for calculation of hydrogen density

at thenozzle exitMolkov, 2009).Experimental data opure hydrogen momentuoontrolled
subsonic, sonic and supersonic j@tre used for validation, involvingleass from vessels

of different volume pressurized up to 40 MPa, and through nozzles with dianosite0.25

mm to 100 mm. Hydrogen concentration in air was measured in the range from 1% to 86.6%
by volume.Only 60 of total 302 experimental points in the momentamtrolled regime are
presented ifFigure9 to avoid overlapping of data on the graph (Molkov et al., 2010). These
60 points are the maximum and minimum values of each experiment and in some cases an
additional intermediate valudt is worth noting that coldets with initial storage gas
temperature down to 50 K (Cirrone et al., 2019d) obey the similarity law also.

Figure9 shows that all the experimental points are on or below the similarity law line. This is
thought due to friction and minor losses in experimental equipment, which were not accounted
for when theunderexpanded jet theory without losses (Molkov et al., 2009) was applied.
Indeed, from the similarity law equation it follows that losses decrease pressure at the nozzle
exit, reducing hydrogen density and concentration in the jet for a fixed distancthe nozzle.

This is equivalent to shifting experimental points down on the graph. If the spouting pressure
(actual nozzle exit pressure) is applied instead of the pressure in a storage tank the difference
between the similarity law curve and experinaiatata would reduce to zero in the limit. The
universal character of the similarity law for both expanded and texgemded jets makes it

an efficient tool for hydrogen safety engineering.

10°

Chaineau etal., 1991 (6 mm, 3.6 MPa)
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Shevyakov and Komov, 1877 {6 mm, subsonic}
Shevyakov and Komov, 1877 (20.8 mm, subsonic)
Shirvilt etal., 2006 (3 mm, 10 MPa)
Shirvill et al., 2005 (3 mm, 13.56 MPa)
Shirvill et al.,, 2005 (12 mm, 2.5 MPa)
Veser et al, 2009 (2 mm, 1.01 MPa, 80K)
1 0“4 : : Veser ef al., 2009 (2 mm, 1.81 MPa)

1OG 16? 102 133 104 Veser et al., 2009 (1 mm, 289 MPa, 80K)

Veser et al., 2000 (1 mm, 5.43 MPa)
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Figure 9. The similarity law (solid tie) and experimental data on axial concentration decay in
momentuntontrolled expanded and underpanded hydrogen jetslolkov et al., 2010)
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Section 2.1.HMiscussedydrogenbuoyancy as aniquesafety asseflhe identification of the
buoyancy effects in unintended hydrogen releasiesgertantto determine th@roperhazard
distance and to design first resgendinterventionstrategyand tacticsAll jets can be divided
into threetypes based on the effect of buoyanoyomenturdominant jets, buoyaney
dominant jets and transitional jefhese jet types are shedschematically irFigure10for a
horizontd jet. Fully momenturrcontrolled jets are not affected by buoyancy. Fully buoyancy
controlled jets are quickly diverted from the horizontal to vertical flow direclicamsitional
jets have a momentumdominated part closer to the nozzle and buoyaontrolled flow
further downstream when jet velocity drops and jet diameter increases. For hydrogen safety
engineering it is important to know when this transition takes péadefine more accurately
horizontal hazardlistancefrom the releaseThis has direct implication on the separation
distance thus safety and costs of hydrogen sysembr infrastructurelt is obvious that
buoyantdominant jets decrease thrizontal hazard distancesThe buoyance excludes
accumulation of flammable cloud netlie ground where there are higher risks for ignition
sources and human presence.

In vertical jets, the effect of buoyancy is to increase the centreline decay rate (Szthafer

2008). The faster decay rate in buoyant jets is attributed terthanced mixing between
hydrogen and ambient air. Thus, there are lower centreline concentrations at the same location
downwind the nozzle in buoyant jets compared to momeitoiminant jets, i.e. the hazard
distances are smaller in jets where buoyancy dates.

3,
o
o
©
=
=
Q
LIJ
&
=
4]
>
]
>
e =
(]
Q
=
c
]
>
o
3
@
L
- Momentum part
- Momentum-controlled jet

Figure 10. Fully momenturtontrolled jet (bottom), transitional jet (middle), and fully buoyancy
controlled jet(top) (Molkov, 2012)

The engineering technique presented here to qualify a hydrogen jet (both expandedtand un
expanded) or its part as momenteontrolled, and the rest of the jet downstream as buoyancy
controlled, is based on the wdi&hevyakov et al., 1980; Shevyakov and Savelyeva, 2084)
was carried out with expanded jets onfygure 11 shows in logarithmic coordinates the
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dependence of the distance to nozzle diametend@ifordinate) foraparticular concentration
of hydrogen in air on the Froude number (alsisn its classical form

Fr = U—2 (3.6)

gb
whereU is the velocity at the nozzle exit (notional nozzle exit for uredgranded jets) in m/s,
g is the gravitational acceleration (standard acceleration of gravity on Earth is 9.80655 m/s
andD is the nozzle diameter (notional nozzle exit diameter for uagpanded jet) in meters.
High Froude number (Fr>1000) indicates momentmminant jets, low Foude number
(Fr<10) indicates buoyamtominant jets and intermediate values (10<Fr<1000) stand for
transitional jets. Buoyancy effects are present on both horizontal and vertical jets, with the first
to underlie greater influence on hazard distances.

For underexpanded jets ifrigure 11 the notional nozzle exit diameter and velocity at the
notional nozzle exit were calculated by the urelgpanded jet theorfMolkov etal., 2009)

Both expanded and undekpanded jets obey the same functional dependence with accuracy
20% acceptable for engineering applications.

Practically all undeexpanded jets in hydrogen incidents/accidents will be in the momentum
controlled regimeas follows from available tests applied to validate the correlatiGigire

11. Four of five theoretical curves in the graph are related to hydrogen concentraéénos of
17%, 30%, and 60% by volume respectively. Each of these four curves has an ascending
buoyant part and a momentum fApl ateauodo part

2.8
/_ b e B Houf etal., 2008 (17%)
S ® Eq Ja L Houfet al., 2008 (30%)
2.4 < B Houf et al., 2008 (40%)
-~ /$ i | Houfetal., 2008 (50%)
, / /é{ £ n Houf et al., 2008 (60%)
LA o 3 Kuznetsov et al,, 2006 (4%)
e /'ﬁé e 4 - < Ckabayashi et al.,, 2005 (4%)
516 - oL :z‘ G@Wﬂﬂf*" eob 30 & Ruffin et al., 1996 (17%)
Q e ?Am LA e o " . Shevyakov etal., 2004 (60%)
; - 14 {@ : - :%Il: T f As u: ® Shevyakov et al,, 2004 (30%)
312 /;?%ﬁ:pgw oot :El;......"-‘I see & Shevyakov etal.,, 2004 (17%)
e ® ﬁ?'/ L) - ® Shevyakov et al., 2004 (Turning point)
” % Momenturm o Shirvill et al., 2005 (4%)
0.8 » o A Veser et al., 2009 (4%)
e b @ A Veseretal, 2009 (17%)
* L N Veser etal., 2009 (30%)
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QO v Veser et al., 2009 (50%)
. é v Veser etal., 2009 (60%)
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Figure 11. The dependence of the distance to nozzle diameter ratio for partmuiaentration of
hydrogen in air on the Froude numb@iolkov et al., 2010)

Firstly, the nozzle exit Froude number is calculated and its logarithm. The-exubended
theory is applied to calculate the notional nozzle exit diameter and the velocityniotitheal

nozzle exit when applicable. Then, a vertical line is drawn upward from a point on the abscissa
axis equal to the calculated Froude number logarithm. The intersection of this vertical line with
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the |ine mar ked i Do wn westhaecorjcentrasoa above whichteejej r a p h
is momenturrdominated and below which the jet is buoyagontrolled.

For example, if a jas characterised bylaog (Fr)=4.25 then the jet is in momentesiominated

regimefor concentration in the jet above 30% \mlume signalled by the intersection of the
vertical l i ne with |beaorees Bubyanvfurther dodvnsireant of the T h ¢
axial concentration of 30% by vol.

This technique is quite simple to apply and at the same time can be very udefudlap cost
effective hydrogen safety solutions. For instanceh#tzarddistance for a horizontal jet release
can be essentially reduced as only a length of the mometdammated part of the jet can be
taken as an indication of tHeazarddistance ratér than aggregated (both momentusnd
buoyancycontrolled parts of the jet) distance to 4% by volume (LFL).

To sum up, buoyancy effects on unignited jet hazard distances are generally positive by
reducing their horizontal length, which is desirable friin@safety point of view. However,

the vertical hazard distances amereasedand attention should be givém the upper part of

the closed and serglosed spaces and to the design of the ventilation and security systems.

In case of accidental hydrogen release its buoyant nature would forftantiheablecloud to

move upwards. In closed spaces hydrogen reaches the ceiling and then spreads to the sidewalls
and then descends. Depending on the volumetric Richardson number, three different
distribution regimes can be identified in fully closed sp&ieaveret al.,, 1994), (Cariteau &
Tkatschenko, 2012DPecr easing the Richardsondés value o
with a homogenous layer and homogeneous mixture inside the encldBargolumetric
Richardson number is given by

ra - JV¥3

5 (3.7
o U

Riv:g

where g is the gravitational acceleration,is the air densityr , is the hydrogen density
is the volume of the enclosure angis the average injection velocity.

For low volumetric Richardson numbeR(, < 3.2 @0?) the initial inpcted momenturis very

high. As a result, the upper layer descends almost until the bottom of the enclosure and a
homogeneous layer of height equal to the height of the enclosure is formed. This regime is a
limit case of the next regime. The given critiBathardsorvalue is an average and it increase

for decreasing hydrogen volume fraction at the injecti@ariteau & Tkatschenko, 2012).

For 3.2A40° <R, 3 ahomogeneous layer is formed in the upper layer of the enclosure,

while a more or less stratified layer is formed in the lower part of the enclosure. In such
Richardson values the decrease in release rate leads to smaller gas velocity and consequently
to less local mixing. However, the initial injected momentum is sufficiently large near the
ceiling to generate overturning and to form a homogeneous layer in the upper part of the
enclosure.
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For R;, >3, stratification without homogensuayer is observed. This stratification regime

could be linear or parabolic. In this case, the release rates are so slow that the buoyancy
dominates over the jet momentum. The momentum is not sufficient for overturning at the edges
of the ceiling Figurel2illustrates the distribution regimes in closed spaces based on the value
of volumetric Richardson number.

R, <3.2 @0° 3.240° R, = R, >3
Homogeneous Stratified with a Stratified
homogeneous layer

i

! I 1
Figure 12. The different distribution regimes inside a fully closed space depending on the volumetric
Richardson numbeiMolkov et al., 2014).

In case of a hydrogen leak in an enclosure, it is mostly recommended to have a ventilation
systemaimed toprevent hydrogen concentration abd\ vol of hydogen mole fraction
based on (IEC 600790-1, 2015), (NFPA 2, 2011), and (ISO/DIS 198B®018),which are
standards for equipment with gaseous hydrogétinout an adequate ventilation for a confined
space flammablamixturemaybeformed,andan accidenmight occur putnglives in danger.

Enclosures may be provided withpassiveventilation systen{to distinguish with natural
ventilation, which is usuallysed to provide air quality rather than control comparatively large
release radeA theoryhas beenlevelopedMolkov et al., 2018) to calculate th@ydrogengas
concentrabn, X, following a release ipassively ventilateénclosure

2/3

f(X )Wu ) (3.8

where functionf(X), which defines the difference between the approximate solution for
volumetric fraction of hydrogen e natural ventilatiortheoryand the exact solution of the
problemusing thepassive ventilation theory,:is

/3 e o ~
da- x3- g ég el X% (39)
r@ o air = k/

Functionf(X) gives the deviation of the exact solution of the problermftbe approximate
solution for unscheduled release of gesng natural ventilationassumptions, which are
sufficient to control air quality in buildings but insufficient forcalculation of ventilation
parameters in a case of comparatively laejease rate-igure 13 shows the change &fX)
with hydrogen volumetric framin in air (solid line) compared t0X)=1 for natural ventilation

0
Iy, |

f(X)=

”‘So?ﬁ%’
1 ooy,
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(dash line).Figure 13 demonstrates thd{X) can be twice more than (batural ventation
value)for small volumetric fractions of hydrogen and twice less than 1 for very high volumetric
fractions. This means that hydrogen concentrations predicted by equation for natural
ventilation can underestimate real values twice for low and dvaede twice for very high
concentrations. Thigiisuse of ventilatiotheoriescould have serious safety implications.

25
2N
\\
15 N
—~ \
X \
1
05
0
0 0.2 0.4 0.6 0.8 1
X

Figure 13. Function f(X) for passive ventilation (solid line) and for natural ventilation (ed$he)
(Molkov et al., 2014b)

A hydrogen releaséom a 700 bar onboard storage in a typical car paak investigated
numerically byHussin et al. (2019).The car park had dimensiohgWxH=30x28x2.6 m
CFD simulations includedraatural ventilation systnas specified ithe British Standards (BS
73467:2013).The study compared the flammable cloyd4% H by vol) formed by two
releass through TPRD diametersqual to 3.34 mm and 0.5 mmResults shoed that the
flammable cloud formed bselease from a FRD with diameter 3.34 mmwoveed large part
of the car parkOn the other handhé maximumextension of the flammable cloud from a
hydrogen release through a 0.5 mm TPRiduced to~2 m The cloud with hydrogen
concentration 1%y vol produced by the 3.34 mm TPRibveloped the car park along all its
length(30 m) whereas it reduced tlengthof approximatelyl5 mwhen the 0.5 mm TPRD
was employedA further reduction of this area was observed when the release was directed
downwards.

If the natural(passive in terms dhis work)ventilation in areas containing hydrogen systems
is not sufficient to provide air quality with hydrogen concentration belosv standards
requirementsaforced ventilatiorsystemis required(Cerchiara et al 2011)

Based on (IEC 600720-1, 2015), (NFPA 2, 2011), and (ISO/DIS 198B02018)standards

for equipment with gaseous hydrogen, the ventilation system must wakinitain hydrogen
concentration under 1% volume of hydrogen mole fraction in the air, above this limit there
should be a mechanical ventilation sensor activation.
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The perfect mixing equatiois the simplesthat can be used to calculatér flow by forced
ventilationdepending on hydrogen releaateto keephydrogenconcentratiorbelow required
level at steadystate conditions (constant flow rates of hydrogen from a leak and farded
ventilation):

D ~

. b R (3.10)

where C%is thesteady state gas concentration (% by volume)is@aeair flow rate (n¥/min),
and Qgis thegas leakage rate @min). The unsteady releassonservative approach or CFD
tools can be applied.

Besidessimple equation (3L0) thee aremore sophisticatedhodek and toos available to
calculate parameters of forced ventilatidm most ofrealistic releaselydrogen concentration

in enclosure will be rather naimiform. Thus, averaged concentraticalculated by Equation
(3.10) could be belovthe maximum concentration under the enclosure ceiling. Here it is worth
mentioning thabnly small fraction of concentration with highesncentration defineson
uniform vented deflagratioaverpressuran the enclosuréMakarov et al., 2018. A fiforced
vent i | athapbeabuilnoo ttesptinciples ahepassive ventilatiomodel(Molkov et

al., 2014) that calculatesventilation flow rate to providenaximumhydrogen concentration

in an enclosure belowhe required level. A gplication of forced ventilatiormodel in
numerical experiments provéuke validity of the approachThe engineering togbased on this
mode) to calculate parameters of forced ventilatisrrealised within the European project
ANovel Education and Training Tools based or
Fuel Cel | T e-tools).dheprgjgctis dévbldpibgligital platform anl providing
online contemporary tools and information services for education and training within FCH
sectorincluding online free accesd.@aboratorywith about 20 tools related to hydrogen safety
The forced ventilation tools availableat https://elabprod.iket.kit.edu(login: HyTunnel,
passvord: Safety2019 and it calculates parameters of tf@rced (mechanicgl ventilation
system to keep hydrogen concentration betosequired level. The parameters include the
volume flow rate of aiwhich is neededor the given mass flow rate of hydrogenkieep
hydrogen concentratidower thanspecifiedthresholdn the assmption of perfect mixing.

The comparison of hydrogen concentration calculatethéyerfect mixing equation and the

Af or ced v e nisshbwntnlableBéor hgdoodea telease 1 g/s. The perfect mixing
equation, which gives an average concentration of hydrogen in the volume underpredicts the
maximum concentration calculated byaboratory by38%. It can be seen that for 1 g/s of
hydrogen release and ventilaticate 28.61 ni/min the predicted concentration is 4% for e
Laboratory and 2.45% for perfect mixing equatidihus, more experimentalalidation of
existent modelfor assessment dbrced ventilation parameteisrequired

Table3. Comparison betweenleaboratory and perfect mixing equation results.

H. mass flow rate (g/s) 1.00
H. volumetric flow rate for Eq (30), Qg (n¥/min) 0.72
Air volumetric flow rate (r(s) 0.48
Air volumetric flow rate for Eq(3.10), Qa (n/min) 28.62
Hydrogen concentration: e-Laboratory (based on passive ventilation)% 4.00
Hydrogen concentration: perfect mixing equation (310), % 2.45
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The effect of ventilation on hydrogen dispersion in closed spacdsekasexaminethrough
several numericadtudies Choi et al. (2013) performed CFD simulations in an underground
parking garage. Ventilation rates equal to 20, 30 and*a@imwere examined. They observed

that the volume of the flammable cloud decreasgsifgtantly in the cases of ventilation.
However, no differences between the different ventilation rates were observed which was
justified by the fact that the air volume of the fan was much larger than the leakage rate of
hydrogen(up to 1310 L/min) Matauura et al. (2010) examined numerically the effect of
ventilation velocity in an enclosure with one vent. Various configurations of the vent and the
release point were tested. They concluded that strong ventilation may become harmful in some
configurationsbecause hydrogen can accumulate near the ground. A control method for the
forced ventilation flow rate was proposed to encounter the prolitésrbased on the estimated

leak flow rates and hydrogen sensor information near the roof, control is conclutsgtering

the plot of acceptable exhaust flow rates to various inflow rates and leak positions.

Overall, further experimental studies should be conducted, as well as analytical and numerical
models be developed and validated to assess the effect ddt@miparameters on hydrogen
dispersion in enclosed spaces, suclyamges andnderground parking. The final aim is to
analyse the efficiency of ventilation systems and identify general guidelines and requirements
to prevent harmful conditions. Furtineore, a scenario that shouddinvestigated is given by

the possibility of flammable hydrogeair mixture formationin the ventilation system.

Passive ventilation is usualfyresent in a tunnel due to the movement of the vehicles (piston
effect) or due to the meteorological conditipesy. pressure difference across the portals.
Active ventilation is also very likely to exist, especially in long tunnels, in order to remeve th
pollutants of vehicle emissions or in order to remove the smokease of fire. A detailed
presentation of ventilation types in tunnels is presentédeieliverable D1.1 dhis project
(HyTunnetCS 2019).

Ventilation influences strongly hazardageses dispersion. The exact location of vehicles and
the geometry of the tunnel can be important because they affect the generated flow field.
Ventilation can have both positive and negative effects on hydrogen dispersion. The positive
aspects of ventilan are it can dilute hydrogen concentrations minimizing the size of the
flammable cloud it can safely transpominlimited amount of ydrogen out of the tunnel
through its portals and shaitshydrogen concentration is below LFILhe negative aspects

are: aflammable cloud may be extendeuoitheraway from the releaséhe turbulence may be
inducedby ventilationwhich can enhance the combustion rate and thus overpressures in the
case of ignition(this is why the ventilation rate in tunnetsusuallyreduced in case of fire
detection)

In longitudinal ventilation, a minimum air speed is required in order to remove the hazardous

gas or smoke. Hydrogen behaves, in general, similarly to smoke from a fire because of its high
buoyancy(smoke is buoyant as welue to higher than surrounding air temperatufey fires

in tunnels a lot of research has beearried outon the effect of ventilation on smoke
movemente.g.(Hu et al, 20083; (Hu et al, 2008h; (Barbato et aJ.2014); (Zhang et al.

2019; (Haddad et al.2019) and empirical correlations have been developed which estimate

the critical velocity as a function of heat release rate. The ventilation velocity value of 3.5 m/s
seems to be sufficient for -laymwisgo tefnfneedt ,f iirrec
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large fires of more than 100 MW. More details are presenteeliverable D1.1 of this project
(HyTunnetCS,2019).

About the effect of ventilation on hydrogen dispersion specifically, few studies have been
conducted. Mukai et al. @®5) performed a CFD study examining the effect of ventilation on
hydrogen dispersion. 60°nof hydrogen werereleased from a fuel cell vehicle in a tunnel.
Three scenarios were investigated, one with no ventilation, one with 1 m/s ventilation velocity
andone with 2 m/s. It was found that hydrogen is moved towards the downstream ventilation
direction efficiently. As a result, the area where hydrogen concentration islaflodecreases
significantly, especially for the 2 m/s case.

Houf et al. (2012) perfoned a similar study investigating the effect of ventilation on the
flammable cloud produced by three separate releases from the bottom of a hydregeh fuel
vehicle in a tunnel. They concluded that increasing the ventilation rate reduces the peak
flammable cloud volumendreduces significantly the time required for dilution beldw.

Middha and Hansen (2009) investigated the risk from hydrogen releases froamahuses

inside road tunnels. Ventilation flow velocities equal to 2, 3 and 5 m/s wegstigated and
compared against the case with no ventilation. In the worstmasstigated, involvingdmm
releasefrom 4 out of the &ylindersat350 baronthehydrogen bus, the maximum flammable

cloud size was found to be equal to 1800imthe cas with no ventilation, 1500 #in the

case of 2 m/s ventilation and 1008 imthe case of 5 m/s. However, no significant differences
were found for the effect of ventilation on the equivalent stoichiometric gas cloud (which was
used to evaluate explosidna z ar ds ) . It was concluded that
more significant vol umes of reactive <cloud:
momentum releases the dilution process is dominated by the momentum jet. They suggested
that more invesgiation should be made for lower momentum jets.

Bie & Hao(2017)investigatechumericallythe distribution of hydrogen in a subsea tunnel of
dimensions WxHxL=13.5x5x500 riollowing arelease fronthe 6 mmTPRD of a vehicle

The onboard storage was assumedaiatain4.96 kg of b in a volume of 15Q at 70 MPa.
Four ventilation rates were applied to the tunfielt, 3 and 6 m/sThedistributionsat 3 sof
releasefor the different ventilation conditions askiown in Figure 14 and Figure 15 for the
plane parallelnd perpendicular to the tunnel axisspectively.For absent ventilatigrthe
flammable cloudn the longitudinal planextends for approximately 15 m under the ceiling
(Figure 14). With the increase of ventilation ratthe flammable layer under the ceiling
extended to approximately 20, tmeing more pronounced in direction of the ventilation flow.
Figurel5shows theéransversahydrogen distribution. For absent ventilation, the fpglssure

jet reaches the ceilirgndspreads horizontally Once the flammable cloud reaches the walls
descends along them toward the ground. With the increase of ventilation rate to 6 m/s the
flammable cloud reduced in siZerming a thin layer under the ceiling extending for
approximately 10 mOverall the increase of ventilation velocity helps redg@reatly the
flammablecloud upstream theounter direction to the ventilation flohe vehicles upstream
the car accidentare likely to be blockedand/or require longer escape times, whereas
downstreanvehicles should drive away more easily from the accident stfghe ventilation
flow has same direction as the traffihe upstream vehiclewill be less subject to the
flammable cloud creating Iss dangerous conditiondowever, it is though that th&ze of
flammablecloud can be decreasby reducingTPRD diameter from 6 mm in this study teo 2
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3 mm as cars (atcordirg yodhe similarity law the length of flammable envelope is
proportionato TPRD diametéer

(c)3m/s (d) 6m/s

Figure 14. Hydrogen concentratioat t=3 s contours through the plane parallel to the tunnel &Bis (
& Hao, 2017).

(c) 3m/s (d) 6m/s

Figure 15. Hydrogen concentration at t=3 s contoulsough the plane perpendicular to the tunnel
axis (Bie & Hao, 2017).

In conclusion, ventilation a tunnelhas generally a beneficial effect diluting the hydrogen
cloudand safely removing hydrogewhich is in areas where hydrogen concentration dropped
below 4% vol (LFL) HoweverBie & Hao(20176 s st udy is tedameahditibng w
ventilation may transport the cloud of flammable gad contribute tdurtherextend it The
cloud may thus move towasdthervehicles o along ventilation ductand $afts. Furthermore,
the numerical studiepresentecabovehave foun different effects forthe analysedange of
ventilation velocities. Therefore, furtherexperimental studies should be conducted to
investigate this scenarand create the basis for magyeneral and universatcommendations
on the effectiveness of ventilation in tunnels. The produced experindamtaleshall be then
used to validat¢he CFD modes to simulate specific scenari@nd perform hydrogen safety
engineeringIn addition, peviousworkshave not included the effect of a tunnel slope in their
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analyss on flow and dispersion of hydrogeihe maximum slopallowedby theEuropean
Directive 2004/54/EQs 5% for new built bngitudinal tunnelsFurthermore, the Directive
states that for gradients above ag@ditionalmeasures are requiréalincrease level of safety.
Furthernumerical studies should be conducted to assess the effect on hydrogen dispersion in
tunnels.

Presence of surfaces may affect the dispersion ofgrigésure hydrogen jets, impacting the
size of flammable cloudFriedrich et al. (2003) investigated the hydrogeroncentration
distributionin vertical releases impingingn a horizontalplate (1x1 m) located 1.5 mabove

the nozzlewith diameter 4, 21 and 100 mi#Ror releases with velocity in the range 1000

m/s, t was observed that tiheciprocal of the hydrogen concentratalang the jet axidepends
almost linearly from the ratio of the release diameter over the distance from the release poin
This is in full agreement with the similarity law (Molkov, 2012ydrogen concentraticeiong

the radius of the jethoweda distributionlike a Gaussian pifile. A second scenariconsideed
wasthe jetimpingementona horizontal platerovided withsidewallsforming a hood structure

In this casethe jet was observed to move vertically, then horizontally when impinging on the
plate. Howevenvhen reaching the sidewalls, the flow moved in downwdaettion resulting

in a different radial profile from a free jet Following a Gausan profile, hydrogen
concentration was maximuam the jet axis decaying along the radius to reach a minimum at
about 0.3 m from the jet axiBlowever, lydrogen increased in concentration whilewimg
further along the radiuswards the sidewall$or increasing releasecitiesthis behaviour
bemmesmore distinctBoth release configurations were simulateericallyby Middha et

al. (2010) The authors used a standardJk t ur b ul e n dfied tomocdde lwallmo d
functions. The authors obtained a gamsieement with the experimental results especially for
the high momentum jets (21 mm release orifice).

Tolias and Venetsand2015) investigated the performance of several discretization ssheme
to reproduce the expected pattern of an impinging hydrogentjwas found that the
discretisation scheme can greatly affeesuls, therefore, great care should gieen tothe
numerical schememployed to solve similar problems.

Li et al. (2015) investigated a realistic accident scenario involwugogerrelease froma 4.2

mm diametefTPRD offuel cellvehicle.The jet was directed downwaftihree different angles
werestudied)and impinged othe groundDistance to LFL decreased by 6@8en compared

to a free jet configuratiortazard distance tbFL was 9.4 nfor a storage pressure 38Pa

and 11.8 mfor 70 MPa.Validated tools are currently needed to accurately estimate the
concentration distribution in impinging jethe developed nuels can be used to calculate
parameters fundamental for the assessment of accident consequences. An exampl®is given
hydrogen concentration at the stagnapointof a jet impinging a ceiling, as it is an important
factor to determine the concentaatiin the premixed flammable cloud formed within a
ventilated compartment.

Releases in proximity of surfaces undergo a redecg@inmentThereducedair entrainment
causedesserdilution of hydrogen by airleading to an extension of thiéstance occupied by
the flammable cloudHall et al. 017) observed that the presence of the graanthe
proximity of the release magffectsignificantlythe dilution of the gad-or a jetreleased at 5
cm above the groundith pressure 150 barg and0& mm orifice diameter, the LFWwas
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reached at approximately 2.5 m. At the same distamdg % of the LFL concentration was
measured for a free jeReleases in proximity of a ceiling were shown to behave similarly to
releases in proximity of the groun@oncentration to LFL was reachedaashorter distance,
2.1 m possibly due to a major spread of the jet caused by the buoyant €@Fgesimulations
were performed by the authors and they resulted in overprediction of the jet &ktent.
deviatilm maybedueto the highly unstable wind conditions during experimentsch could

not be reproduced in the numerical modelling.

Hourri et al. 2011) investigatedumericallyreleases up to 700 bafghding that the distance

to LFL could increase by 48%hen passing from a free jet configuratiorateelease height of
7.7 cm above the groundl.previous study by Hourri et al. (2009) analysed the effect provoked
by a vertical wall located on the sidketie horizontal release. The LFL area extended by 90%,
indicating that buoyancy effect has a limited reducing effect.

A fire aroundhydrogen tanke.g. gasoline spill fire during an accident] lead to venting b
hydrogenthrough the TPRDThe hydrogenflame from TPRDcan cover distances of tens of
meters (Royle et al., 20&). and cause lif¢hreatening conditions by the flame itself and
thermal radiationlt is worth mentioning here that flame length from TPRPrisportional to
TPRD orifice diameterThis knowledge already assisted to reduction of TPRD diameter from
6 mm at early days to-2 mmcurrently. Further decrease of TPRD is needed to make parking
of hydrogen cars in garages inherently safer

If a delayoccurs between the opening of the TPRD and ignafdmnighly turbulentflammable

jet, pressure loadsust be consideredlong with above mentioned thermal hazartlse
overpressuref turbulent deflagrative combustion of gdn be as high as 0.2 bar at 4 m from

the ignition pointfor a 40 MPa release through a 10 mm orifi€akeno et al., 2007)This
generated overpressugeenough to causgerious injury witheardrum rupture (LaChaa et

al., 2011)In hydrogen safety analysis, structure response due to the pressure and thermal loads
from the combustion is of great concern. It is of high significance to understand not only the
combustion process itself, ngaction ofstructureson pressure anthermalloads

A jet fire from TPRD in a confined space may have a twofold effect on vehicle fire
consequences. The hydrogen jet firen TPRDmay increase the heat release (atesection

3.5.7). Water vapour produced by combustion nragome situationact as an extinguisher of

the primary fire, e.g. wood fire in a garage The contributionsof these two competing
phenomenare not known and further reseatishneeded to clarifyt. Furthermore, current
standard requirements for ventitati in an underground parking may not be adequate and
sufficient when the TPRD is activated during a FCH vehicle fire and it may actually worsen
the blaze consequences or the evacuation conditions. There is a lack of knowledge on this
aspect, which can onlye fulfilled by further experimental tests and modelling studiés.
HyTunnelCS project considera system vehicleonfined structure. There is a full
undersanding of partnerghatit is much more efficiento develop inherently safer hydrogen
driven vehicle that could safely enter underground transportation infrastructure rather than
invest heavily into changeof existent infrastructure andovel preventiommitigation
technologies related to infrastructutself.
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Theeffectsof oxygen depletion and asphyxiatiarepresented in section 3.1They arevalid
as wellfor hydrogen ignited releases. fine conditions the oxygen depletiors causedot
only by substitubn of air by other gasdsutits directconsumption in the combusti@nocess

Figure 16 presents a dimensionless hydrogen flame length correlation. In this correlation the
experimental data on flame length are normalized by the actual (not notional) dianzéter

and are correlated with the product of the dimensionless density Jidtig and the Mach
number theratio of flow velocity to speed of sound at actual nozzle exit) to the power of three
M3 = (Un/Cn)3.

One of the advantages of thisiversalcorrelation which includes altegimes of jet and plume
fires,is theabsence of paraness at the notional nozzle exit. The parameters needed to predict
the flame length are those at the actual nozzle exit only: diameter, hydrogen density and flow
velocity, the speed of sound at pressure and temperature at the nozzle exit. The use of the
correlation requires application ttie underexpanded jet theorthat can be found elsewhere
(Molkov, 2012) There is lesser uncertainty in calculation of flow parameters in the actual
nozzle exit compared to uncertainties at the notional nozzle. Indeedgli known that there

is a strong nomuniformity of velocity immediately downstream of the Mach disk that deviates
from the common for all undexxpanded jet theories assumption of uniform velocity at the
notional nozzle exit. By this fact, the methaolyy excludes from consideration the
guestionable issue of use of flow parameters at the notional nozzle exit.

Figure 16. The di mensionless correlati oXo fdoernoh ydr o ghe
similarity groupy v/} s)(Un/Cn)® (Molkov and Saffers, 2013)
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