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Summary 

The aim of the present deliverable is to perform a critical analysis of the hazards and associated 

risks for hydrogen driven vehicles and transport through tunnels or similar confined spaces. 

The state-of-the-art of the research and guidelines will be discussed thoroughly with the scope 

of identifying the knowledge gaps and technological bottlenecks for provision of hydrogen 

safety in underground transportation systems. The review includes aspects of the beyond the 

state-of-the-art research, e.g. not yet published results of experimental studies, reduced-order 

engineering tools and contemporary numerical models. First, relevant to use of hydrogen in 

confined spaces properties are described. Afterwards, hazards associated to possible accident 

scenarios involving hydrogen-powered vehicle in tunnels and other confined spaces are 

described and discussed, highlighting where the research focus should be. The available to date 

tools to assess consequences of different accident scenarios are presented. The results of these 

tools application should be translated into useful information to ensure protection of life and 

infrastructure, this includes but is not limited to hazard distances. To provide holistic approach 

to calculation of hazards distances, a review of the harm to people and damage to buildings 

criteria is carried out. The existent methodologies for Quantitative Risk Assessment (QRA) are 

presented and their suitability for hydrogen applications in confined spaces is discussed. In 

conclusion, the reported information is summarised in a concise list of knowledge gaps that yet 

need to be closed. The detailed HyTunnel-CS project research programme will be shaped with 

taking into account the identified gaps. 

 

Keywords  

Hydrogen safety, hazards, consequences, accident scenario, assessment tool, unignited release, 

dispersion, ventilation, jet fire, thermal effects, deflagration, detonation, pressure effects, 

hydrogen tank rupture in a fire, quantitative risk assessment, prevention and mitigation. 

  



Grant Agreement No: 826193 

D1.2 Report on hydrogen hazards and risks in tunnels and similar confined spaces 

Page 5 of 154 
 

Table of contents 

Summary .................................................................................................................................... 4 

Keywords ................................................................................................................................... 4 

Table of contents ........................................................................................................................ 5 

Nomenclature and abbreviations ................................................................................................ 8 

Definitions.................................................................................................................................. 9 

List of figures ........................................................................................................................... 11 

List of tables ............................................................................................................................. 15 

1. Introduction and scope (UU, DTU) ................................................................................. 16 

2. Hydrogen properties relevant to safety in confined spaces (UU) .................................... 17 

2.1 Physical properties (UU) ........................................................................................... 17 

2.1.1 Buoyancy as the main hydrogen safety asset (UU) ........................................... 18 

2.2 Ignition and combustion properties (UU) ................................................................. 19 

3. Hydrogen hazards (UU, DTU) ......................................................................................... 22 

3.1 Hydrogen unignited releases (UU) ............................................................................ 22 

3.1.1 Oxygen depletion and asphyxiation (UU) ......................................................... 22 

3.1.2 Cuts of skin and protective clothing (UU) ......................................................... 23 

3.1.3 Cold burns (cryogenic and liquid hydrogen) (UU) ............................................ 23 

3.1.4 Hydrogen under-expanded jet releases (UU) ..................................................... 23 

3.1.4.1 Blowdown of hydrogen storage tank (UU) ................................................ 24 

3.1.5 Pressure Peaking Phenomenon (UU, USN) ....................................................... 26 

3.1.6 Formation of a flammable cloud (NCSRD) ....................................................... 31 

3.1.6.1 Hydrogen concentration decay along jet axis (UU) ................................... 31 

3.1.6.2 Effect of buoyancy on unignited jet hazard distances (NCSRD, UU) ....... 33 

3.1.6.3 Accumulation of hydrogen in a fully closed space (NCSRD).................... 35 

3.1.6.4 Hydrogen concentration in semi-closed space with passive ventilation (UU)

 36 

3.1.6.5 Hydrogen concentration in semi-confined space with forced ventilation 

(UU, NCSRD) .............................................................................................................. 37 

3.1.6.6 Effect of ventilation velocity on dispersion in tunnels (NCSRD, UU) ...... 39 

3.1.6.7 Effect of jet impingement and attachment on flammable cloud size (UU) 42 

3.2 Hydrogen jet fires (UU) ............................................................................................ 43 

3.2.1 Oxygen depletion and asphyxiation (UU) ......................................................... 44 

3.2.2 Flame length and hazard distances for hydrogen jet fires (UU) ........................ 44 

3.2.3 Thermal losses effect and thermal loads (URS, UU) ......................................... 45 



Grant Agreement No: 826193 

D1.2 Report on hydrogen hazards and risks in tunnels and similar confined spaces 

Page 6 of 154 
 

3.2.3.1 Radiative heat flux (URS, UU) ................................................................... 47 

3.2.3.2 Thermal dose (UU) ..................................................................................... 50 

3.2.4 Pressure loads (UU) ........................................................................................... 51 

3.2.4.1 PPP for ignited releases (UU, USN) ........................................................... 51 

3.2.4.2 Delayed ignition of turbulent hydrogen jets (UU, PS) ............................... 53 

3.2.5 Hydrogen jet fires in a tunnel (UU) ................................................................... 57 

3.2.6 Structural response to hydrogen jet fires (DTU) ................................................ 58 

3.2.6.1 Fire resistance rating (DTU) ....................................................................... 58 

3.2.6.2 Integrity of steel elements (DTU) ............................................................... 59 

3.2.6.3 Integrity and concrete spalling (DTU) ........................................................ 60 

3.3 Hydrogen explosions (UU) ....................................................................................... 63 

3.3.1 Deflagration (UU) .............................................................................................. 64 

3.3.1.1 Uniform hydrogen-air mixture deflagration (UU) ...................................... 64 

3.3.1.2 Localised uniform and non-uniform hydrogen-air mixture deflagration (UU)

 66 

3.3.2 Deflagration-to-Detonation Transition (KIT) .................................................... 69 

3.3.2.1 Criteria for flame acceleration and DDT in a tunnel geometry (KIT) ........ 71 

3.3.3 Detonations (KIT) .............................................................................................. 75 

3.4 Behaviour of high-pressure hydrogen storage tank in a fire (UU) ............................ 77 

3.4.1 Fire resistance rating (UU, FHA) ....................................................................... 77 

3.4.2 Rupture of hydrogen storage tank in a fire (UU) ............................................... 81 

3.4.2.1 Blast wave (UU) ......................................................................................... 81 

3.4.2.2 Fireball (UU) .............................................................................................. 85 

3.4.2.3 Projectiles (UU) .......................................................................................... 86 

3.4.2.4 Structure response (DTU, UU) ................................................................... 90 

3.5 Interaction between hydrogen fire and conventional vehicle fire (DTU) ................. 91 

3.5.1 Heat release rate (UU, DTU) ............................................................................. 91 

3.5.2 Toxicity (DTU) .................................................................................................. 94 

3.5.3 Visibility (DTU) ................................................................................................. 96 

3.5.4 Escape time (DTU) ............................................................................................ 96 

3.5.5 Fire spread scenarios (DTU) .............................................................................. 97 

3.5.6 Firefightersô intervention and hazards (IFA) ..................................................... 98 

3.5.6.1 Smoke (IFA) ............................................................................................... 98 

3.5.6.2 Heat (IFA)................................................................................................... 99 

3.5.6.3 Electricity (IFA) ....................................................................................... 100 



Grant Agreement No: 826193 

D1.2 Report on hydrogen hazards and risks in tunnels and similar confined spaces 

Page 7 of 154 
 

3.5.6.4 Hazards of explosion (IFA, UU) .............................................................. 100 

3.5.6.5 Firefighterôs reconnaissance in clean air (SPFI) ....................................... 100 

3.5.6.6 Invisible flame (SPFI) .............................................................................. 100 

3.5.6.7 Low radiative fraction (SPFI) ................................................................... 101 

3.5.6.8 Heat Release Rate (SPFI) ......................................................................... 101 

3.5.6.9 Structures protection (SPFI) ..................................................................... 101 

4. Harm and damage criteria (UU) .................................................................................... 102 

4.1 Harm criteria for unprotected and protected people (UU) ...................................... 102 

4.1.1 Thermal harmful effects (UU, IFA) ................................................................. 102 

4.1.2 Overpressure harmful effects (UU) ................................................................. 104 

4.2 Damage criteria for structures and equipment (UU) ............................................... 106 

4.3 Tenability criteria in relation to safe egress (DTU) ................................................ 107 

5. Quantitative Risk Assessment (DTU) ............................................................................ 110 

5.1 Hazards identification (DTU) .................................................................................. 110 

5.2 QRA methodology by PIARC (URS) ..................................................................... 110 

5.2.1 Overview (URS) .............................................................................................. 111 

5.2.2 Frequency analysis (URS) ............................................................................... 114 

5.2.3 Consequence Analysis (URS) .......................................................................... 116 

5.2.3.1 Evaluation of physical consequences (URS) ............................................ 116 

5.2.4 Evacuation in tunnels (URS) ........................................................................... 120 

5.2.5 Evaluation of physiological, structural and environmental consequences (URS)

 122 

5.2.5.1 Probit equations for lethality in tunnel (URS) .......................................... 122 

5.2.5.2 Probit equations for injuries/time to incapacitation in tunnel (URS) ....... 122 

5.2.6 Evaluation of societal and individual risk (URS) ............................................ 124 

5.3 Probabilistic risk assessment (DTU) ....................................................................... 125 

5.4 QRA for an onboard storage system (UU) .............................................................. 126 

6. Safety knowledge gaps and technological bottlenecks (DTU, UU) .............................. 132 

7. Conclusions (UU) .......................................................................................................... 136 

References .............................................................................................................................. 137 

 

 

 

 

  



Grant Agreement No: 826193 

D1.2 Report on hydrogen hazards and risks in tunnels and similar confined spaces 

Page 8 of 154 
 

Nomenclature and abbreviations 

ADR The European Agreement Concerning the International Carriage of Dangerous 

Goods by Road 

ASET Available Safe Egress Time 

BA Breathing Apparatus 

BBN Bayesian Belief Networks 

BLEVE Boiling Liquid Expanding Vapour Explosion 

BPS Best Possible Scenario 

BR Blockage Ratio 

CABA Compressed Air Breathing Apparatus 

CFD Computational Fluid Dynamics 

CFRP Carbon Fibre Reinforced Polymer 

CGH2 Compressed Gaseous Hydrogen 

CNG Compressed Natural Gas 

DDT Deflagration-to-Detonation Transition 

DG Dangerous Goods 

DO Discrete Ordinates 

DTRM Discrete Transfer Radiation Model 

EBA Eisenbahn Bundesamt 

EP Escalating Probability 

EV Expected Value 

FCH Fuel Cell Hydrogen 

FCV Fuel Cell Vehicle 

FED Fractional Effective Dose 

FEM Finite Element Method 

FMEA Failure Mode and Effect Analysis 

FRR Fire Resistance Rating 

FSE Fire Safety Engineering 

GTR Global Technical Regulations 

HAZOP Hazard and operability  

HC Hydrocarbon Curve 

HCM Hydrocarbon Curve Modified 

HGV Heavy Goods Vehicle 

HPV Hydrogen-Powered Vehicles 

HRR Heat Release Rate 

IBP Initial Burst Pressure 

IR Intrinsic Risk 

IRSN Institut de Radioprotection et de Surete Nucleaire 

LDV Light Duty Vehicle 

LFL Lower Flammability Limit 

LH2 Liquid Hydrogen 

LNB Leak-No-Burst 

LPG Liquefied Petroleum Gas 

MIE Minimum Ignition Energy 

MPV Multi Purpose Vehicle 

MVKm Million Vehicle Kilometre 

NBP Normal Boiling Point 

NHTSA National Highway Traffic Safety Administration 

NTP Normal Temperature and Pressure 
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NWP Nominal Working Pressure 

OECD Organisation for Economic Co-operation and Development 

OEM Original Equipment Manufacturer 

PA Public Address 

PAH Poly-Aromatic Hydrocarbons 

PCDD Polychlorinated dibenzodioxins 

PIARC Permanent International Association of Road Congresses 

PNR Pre-Normative Research 

PPP Pressure Peaking Phenomena 

PRD Pressure Relief 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 Run-Up Distance 

RWS Rijks Water Staat 

SCBA Self-Contained Breathing Apparatus  

SFPE Society of Fire Protection Engineers 

SHT Statens Havarikommisjon for Transport 

STP Standard Temperature and Pressure 

SUV Sport Utility Vehicle 

TPL Thermal Protection Layer 

TPRD Thermally activated Pressure Relief Device 

UFL Upper Flammability Limit 

VCE Vapour Cloud Explosion 

Definitions 

Acceptance criteria are the terms of reference against which safe design of a fuel cell and/or 

hydrogen (FCH) facility/infrastructure is assessed (definition based on British Standards 

Institution, 2001). 

Accident is an unforeseen and unplanned event or circumstance causing loss or injury. 

Flammability range is the range of concentrations between the lower and the upper 

flammability limits. The lower flammability limit (LFL) is the lowest concentration of a 

combustible substance in a gaseous oxidizer that will propagate a flame. The upper 

flammability limit (UFL) is the highest concentration of a combustible substance 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 (sub-sonic) into a fresh, unburned mixture. 

Detonation is the process of combustion zone propagating at the velocity higher than the speed 

of sound (supersonic) in the unreacted mixture. 

Fire resistance rating is a measure of time for which a passive fire protection system can 

withstand a standard fire resistance test. 

Harm  is physical injury or damage 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 distance is a distance from the (source of) hazard to a determined (by physical or 

numerical modelling, or by a regulation) physical effect value (normally, thermal or pressure) 

that may lead to a harm condition (ranging from ñno harmò to ñmax harmò) to people, 

equipment or environment. 

Hydrogen safety engineering is application of scientific and engineering principles 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 concentration of oxygen that will support flame 

propagation in a mixture of fuel, air, and nitrogen. 

Mach disk is a strong shock normal to the under-expanded jet flow direction. 

Minimum ignition energy  of flammable gases and vapours is the minimum value of the 

electric energy, 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 parameters of the 

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 which a 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: temperature 273.15 K and 

pressure 101.325 kPa. 

Risk is the combination of the probability of an event and its consequence. 
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1. Introduction and scope (UU, DTU) 

The use of FCH vehicle or transport of compressed gaseous hydrogen (CGH2) and cryogenic 

liquid hydrogen (LH2) in tunnels and similar confined spaces, such as underground parks, 

maintenance shops, garages, etc., creates new challenges to provision of life safety, property 

and environment protection at the acceptable level of risk. Several studies have showed that 

confinement or congestion can promote more severe consequences compared to accidents in 

the open atmosphere. There is a need to develop and validate hazard assessment tools for the 

prediction of hydrogen behaviour in tunnels, to quantitively assess risk as concluded, e.g., by 

the HyTunnel internal project of the European Network of Excellence HySafe (NoE HySafe) 

(HyTunnel-D111, 2009). 

The aim of the present deliverable is to perform a critical analysis of hazards and associated 

risks relevant to the use of FCH vehicles in the underground transportation systems. To achieve 

this aim, the following objectives are addressed in this deliverable: 

Á Review and analyse hydrogen hazards in confined spaces and its safety assets using 

experimental studies.  

Á Review available reduced-order engineering tools and contemporary CFD models for 

the assessment of hydrogen hazards and associated risks in tunnels and similar confined 

spaces.  

Á Quantify harm for people and damage for underground structures criteria, including 

unprotected and protected, e.g. firemen. 

Á Identify the knowledge gaps and technological bottlenecks to be addressed. 

Á Formulate requirements to engineering tools and CFD models to be developed and 

validated in the HyTunnel-CS project, keeping in mind their applicability to accident 

scenarios in road and railway tunnels, underground and multi-storey car parking, etc. 

The report structure follows the objectives and is organised as follow. Firstly, hydrogen 

properties relevant to use in confined spaces are selected and described (Chapter 2). The 

following chapter delineates the possible accident scenarios and the associated hazards. The 

specific hydrogen hazards in confined spaces, e.g. the pressure peaking phenomenon, and the 

main hydrogen safety asset, i.e. its highest among other fuels buoyancy, are analysed from the 

point of view of the need to whether introduce or not changes to current requirements to safety 

provisions in tunnels and similar confined spaces, etc. Particular attention is paid to the 

engineering tools available for hydrogen safety engineering to assess pressure and thermal 

effects, calculate hazard distances and other parameters relevant to assure an inherently safer 

deployment and use of hydrogen systems in underground transportation infrastructure. 

Validated CFD models are presented and discussed. Contemporary CFD models is an essential 

tool to simulate accident consequences in complex geometries for scenarios where the reduced-

order engineering correlations and tools can hardly be applied. Chapter 4 presents the review 

of harm criteria for both unprotected and protected people, and damage criteria for structures 

and equipment. Chapter 5 discusses the methodologies of Quantitative Risk Assessment (QRA) 

and their potential to be applied for hydrogen applications in confines spaces. Chapter 6 

summarises identified knowledge gaps to be addressed in the project through 

complementarities and synergies of experimental, theoretical and numerical studies. 
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2. Hydrogen properties relevant to safety in confined spaces (UU) 

This chapter describes hydrogen properties that are relevant to hazards and safety provisions 

in tunnels and similar confined spaces.  

2.1 Physical properties (UU) 

Hydrogen is the lightest known element with an atomic mass of 1.008 g/mol. The atomic 

configuration for the most diffused isotope in nature (protium) includes a proton in its nucleus 

and an electron. In 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 as ortho-hydrogen. In case 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, hydrogen is composed by 75% ortho-

hydrogen and 25% para-hydrogen. With the decrease of temperature, equilibrium hydrogen 

gas increases in para-hydrogen component, reaching 99.8% for liquid hydrogen at 20 K. The 

transition from para- to ortho-hydrogen in cryo-compressed storage is able to receive energy 

without practically changing the pressure ï this helps to practically eliminate the boil-off 

phenomenon, which is characteristic for LH2 storage, with little driving per week (the 

consumption of hydrogen during driving cools it and promote change of ortho-hydrogen to 

para-hydrogen). 

Density of hydrogen at normal conditions (NTP) is as low as 0.0838 kg/m3 (far below than air 

density of 1.205 kg/m3 at the same conditions). To achieve higher capacities, hydrogen is stored 

at gaseous form at high pressure or as cryo-compressed or liquid hydrogen. Hydrogen critical 

temperature1 and pressure2are respectively 33.15 K and 12.96 bar, which correspond to a 

density equal to 31.26 kg/m3. The triple point3 is given for a temperature of 13.8 K and pressure 

of 0.072 bar. The temperature at the normal boiling point (NBP) is 20.37 K (P=1 bar) and 

density is 70.90 kg/m3 (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 Desert, 2001). In case of hydrogen release in an 

enclosure, either as a liquid or as high-pressure gas, the overpressure may rise to a level 

sufficient to destroy the structure.   

Hydrogen gas is colourless, odourless and tasteless. These characteristics make a hydrogen 

leak difficult to detect. High-pressure hydrogen leak can be recognised in some cases by 

specific hissing sound. The high purity level needed for use of hydrogen in fuel cells prevents 

the addition of chemical compounds to scent the gas, as done with mercaptans for scenting 

natural gas. Despite these properties, hydrogen is non-toxic and dangerous effects on health 

related to high concentration of hydrogen are mainly associated to deficiency of oxygen. Being 

                                                 
1 The critical temperature of a substance is the highest temperature at which is possible to liquefy the vapor of a 

substance. 
2 The 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 pressure at which there is coexistence of the substance 

three phases (gas, liquid, and solid) in thermodynamic equilibrium. 
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non-toxic at high concentration hydrogen nevertheless can cause asphyxiation 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 6.1·10-5 m2/s, as reported by Alcock et al. (2001), to 

6.8·10-5 m2/s (Baratov et al., 1990). This value is higher than for any other substances. For 

instance, hydrogen diffusivity in air results to be approximately 3 times the coefficient for 

methane (HyResponse, 2015a). The diffusivity of hydrogen through gypsum board is as well 

ñunexpectedlyò high 1.4·10-5 m2/s at room temperature (Yang et al., 2013). This can be used in 

hydrogen safety engineering of garages and other confined spaces (the board could keep heat 

but mitigate hydrogen accumulation if prover ventilation design is applied). 

The heat capacity of hydrogen is similar to that of other diatomic gases despite its low 

molecular mass (ISO/TR 15916:2004). The specific heat of GH2 at constant pressure cp is (in 

kJ/kg/K): 14.85 (NTP), 14.304 (STP), 12.15 (NBP). The specific heat of LH2 at boiling point 

is 9.66 kJ/kg/K (BRHS, 2009). The specific heat at constant pressure of liquid para-hydrogen 

is cp=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 ratio (ɔ) of hydrogen at NTP is 

1.39 and at STP conditions ɔ is 1.405 (Molkov, 2012). 

Thermal conductivity of hydrogen is significantly higher than that of other gases: for GH2 it is 

0.187 W/m/K at NTP, whereas at NBP it is 0.01694 W/m/K for GH2 and 0.09892 W/m/K for 

LH2 (Molkov, 2012).  

Speed of sound in gaseous hydrogen is 1304 m/s at NTP and 356 m/s at NBP for gaseous 

hydrogen, and 1119 m/s for liquid hydrogen (NIST website, 2019). Speed of sound in 

stoichiometric hydrogen-air mixture is 404 m/s (HyResponse, 2015a).  

2.1.1 Buoyancy as the main hydrogen safety asset (UU) 

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 air. Indeed, hydrogen has a 

density of 0.0838 kg/m3 (NTP) which is far below than air density of 1.205 kg/m3 at the same 

conditions. The unwanted consequences of hydrogen releases into the open atmosphere, and in 

partially confined geometries, where no conditions to allow hydrogen to accumulate exist, are 

drastically reduced by buoyancy. In case of release in a tunnel, the increase of the ceiling height 

may create safer conditions to the tunnel users for buoyant releases of H2 (HyTunnel-D111, 

2009). The strategy for inherently safer release in confined space, which would exclude the 

accumulation of hydrogen above LFL, is to reduce a diameter of release to the value that would 

guarantee that hydrogen concentration in a jet will be reduced below 4% by volume when 

hydrogen reaches the ceiling of the confined structure like a tunnel. The similarity law can be 

used for hydrogen safety engineering in such cases (Molkov, 2012). 

Contrary to hydrogen, heavier hydrocarbons can form a huge combustible cloud, usually in a 

form of pancake being heavier than air. The most known cases of disastrous explosions of 

hydrocarbons are Flixborough in 1974 (Health and Safety Executive, 1975) and Buncefield in 

2005 (Buncefield Investigation, 2010). In many practical situations, hydrocarbons may pose 

stronger fire and explosion hazards than hydrogen. This statement is valid if hydrogen is 
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handled properly by professionals in hydrogen safety. Hydrogen high buoyancy affects its 

dispersion in 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 below LFL. In the open atmosphere only small 

fraction of released hydrogen would be able to deflagrate in the vicinity of the release where 

hydrogen concentration is within the flammability limits. Indeed, a hydrogen-air 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% of the 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 gases and vapours with often less or no harmful 

consequences at all. 

Caution should be taken in applying gaseous hydrogen buoyancy observations to releases of 

hydrogen vapours at cryogenic temperatures. Hydrogen vapours at very low temperature can 

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

water to the mixture cloud, firstly making it visible, and secondly increasing the molecular 

mass of the mixture even more (Molkov, 2012). 

2.2 Ignition and combustion properties (UU) 

Combustion of hydrogen in a clean atmosphere produces an invisible flame. This could make 

difficult the detection of the flame by eyes in an accident scenario unless dust and other 

substances from the surrounding are entrained in the jet and burn with visible radiation. Indeed, 

it is expected that in many cases the flame itself, high turbulence level and hot combustion 

products will cause variations to the surroundings that can be used to detect the presence of the 

flame visually and by detectors. The temperature of premixed hydrogen flame can reach 2403 

K for stoichiometric mixture, which is somewhat higher than other fuels (BRHS, 2009). A 

stoichiometric mixture is composed by 29.59 vol % of hydrogen and 70.41 vol % of air, which 

is assumed to be composed by 21 vol % of oxygen and 79 vol % of nitrogen. Mixtures with 

hydrogen concentration below the stoichiometric value are defined as ñleanò, otherwise for 

higher values they are defined as ñrichò. The minimum amount of oxygen to have flame 

propagation at NTP conditions is 5 vol % (NASA, 1997). 

The lower heat of combustion of hydrogen is 119.93 MJ/kg. The higher heat of combustion is 

141.86 MJ/kg and it includes the water vapour heat of condensation. Hydrogen heat of 

combustion is much higher than other fuels commonly used in the automotive field, as showed 

in Table 1. Therefore, hydrogen fires in an accident scenario involving FCH vehicle may have 

temporary heat release rate due to hydrogen greater compared to a conventional car, e.g. at the 

moment of initiation of thermally activated pressure relief device (TPRD) of large diameter. 

However, the mass of hydrogen contained in an onboard storage system would be lower than 

other conventional fuels, which could lower the overall energy released. The duration of 

automobile fire could be up to 1-2 hours, while release of hydrogen will take usually a shorter 

time of order of minutes or tens of minutes, if TPRD activated in a right time and being not 

blocked during an accident. The effect of hydrogen release has not been quantified yet for 

different fire conditions. Therefore, the research in this project plans to address this issue.  
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The flammability range of hydrogen is 4-75% (LFL-UFL). It means that a mixture with 

hydrogen concentration in air included within this range can be ignited and will sustain flame 

propagation. The flammability range of hydrogen is significantly wider than other fuels (see 

Table 1). It must be underlined that the flammability limits depend on the direction of flame 

propagation. Table 1 gives flammability limits for upward flame propagation only. The range 

narrows down for a horizontal flame propagation to 6.0-7.15% for LFL and 65.7-71.4% for 

UFL. LFL and UFL change to 8.5-9.45% and 68-74.5% respectively for a downward flame 

propagation (Coward and Jones, 1952). The flammability range expands linearly with the 

increase of temperature. As an example, a rise of temperature from 20 Cꜛ to 400 ꜛC leads to 

expansion of the flammability range to 1.5-87.5%.  

Table 1. Combustion properties of hydrogen and other common automotive fuels at normal conditions 

(College of the Desert, 2001a; Baratov et al., 1990b; Molkov, 2012c; Alcock et al., 2001d). 

Fuel Hydrogen Methane Propane Gasoline 

Higher heating valuea, MJ/kg  141.86 55.53 50.36  47.5 

Lower heating valuea, MJ/kg 119.93 50.02 45.6  44.5 

Flammability range - concentration in 

aira, vol % 
4-75 5.3-15 2.2-9.6  1-7.6 

Autoignition temperatureb, ꜛ C 510 537 470 230-480 

Minimum ignition energyc, mJ 0.017 0.28 0.25  0.23-0.46 

Detonability range - concentration in 

aird, vol % 
11-59.0 6.3-13.5 3.1-7 1.1-3.3 

The minimum temperature required to initiate a combustion reaction for a fuel-oxidiser mixture 

in absence of an external source of ignition is defined by the standard auto-ignition temperature, 

which is in fact the ignition by the hot surface of flask. At atmospheric pressure, the auto-

ignition temperature of hydrogen in air is 510 Cꜛ (Baratov et al., 1990). Therefore, contact of 

hydrogen-air mixture with an object at such temperature may lead to the ignition of the mixture. 

However, the temperature would increase if, for example, a hot pipe is used for ignition instead 

of internal surface of flask. The smaller the pipe diameter the higher will be temperature of the 

pipe able to ignite hydrogen-air mixture. 

The minimum ignition energy (MIE) of a hydrogen-air mixture depends on its composition. 

The absolute MIE is given for a stoichiometric mixture and is equal to 17 ɛJ. This value is 16 

times lower than for methane and 56 times lower than for petrol. MIE increases for 

compositions different from stoichiometric up to 3 orders of magnitude for hydrogen 

concentration close to the LFL and UFL (Ono et al., 2007).  

The wide flammability range and low ignition energy render hydrogen very easy to ignite. 

Ignition sources may include sparks from mechanical or electrical equipment, heating 

equipment, static electricity, etc.  

Figure 1 shows the laminar burning velocity, Ὓ, as function of hydrogen concentration in air 

as reported by Zimont and Lipantikov (1995) for the experimental studies by Karpov and 

Severin (1980), and by Tse et al. (2000) and Lamourex et al. (2003). The maximum burning 

velocity is reached not for stoichiometric mixture but for a mixture with 40.1% hydrogen in 

air. This is due to the high molecular diffusivity of hydrogen in air (Molkov, 2012).  
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Figure 1. Laminar burning velocity of hydrogen-air mixture (Molkov, 2012). 

The flame propagation velocity for a hydrogen-air mixture includes, along burning velocity, 

the effect of combustion products expansion. It can be calculated for one-dimensional flame 

propagation, e.g. in a tube from its closed end in the assumption of constant pressure, as Ὓ

ὛὉ, where Ὁ is the expansion coefficient, which is the ratio of the fresh mixture density over 

the one of the burnt mixture. The ratio can be as high as 7.2 for a stoichiometric mixture.  

The flame propagation speed can reach a maximum given by the speed of sound of combustion 

products, which is 975 m/s for a stoichiometric mixture (BRHS, 2009). If the hydrogen 

concentration is within the range 18.3-59.0 vol %, the mixture may detonate (ISO/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 sound. Alcock et al. (2001) reported an 

even wider range, 11-59%. The limits depend strongly on the experimental set up dimensions 

and characteristics. Hydrogen detonability range is wider than for other fuels, see Table 1. 

When heat losses from a flame are comparable with the heat generated by combustion 

(reactions in the flame), the flame can quench. Hydrogen flames are difficult to quench, and 

they are characterised by short quenching distances, e.g. 0.5 mm for a stoichiometric hydrogen-

air mixture (Kim et al., 2001). Furthermore, conventional flame suppression systems, such as 

water sprays, may induce turbulence and be ineffective, because of the hydrogen-air mixture 

ability to burn around the water droplets. Details on the current knowledge on the effects of 

fire suppression systems on hydrogen fires is given in HyTunnel-CS D1.1 ñReport on 

assessment of effectiveness of conventional safety measures in underground transportation 

systems and similar confined spacesò. 
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3. Hydrogen hazards (UU, DTU) 

This chapter describes the hazards characteristic for the use of hydrogen driven vehicles in 

tunnels and other confined spaces. Each section describing a hazard and underlying physical 

phenomena specifies possible associated accident scenarios. The effect of confinement on the 

accident consequences will be underlined. 

3.1 Hydrogen unignited releases (UU) 

An unintended hydrogen release of hydrogen may be caused by either a failure of FCV 

equipment during an accident or unscheduled opening of the TPRD. If initially the release is 

unignited there is still a possibility that it will be ignited, after a certain delay, if an ignition 

source is present in the path of the release. If  a hydrogen release occurs in confined space the 

consequences can be more severe compared with those from releases in the open air, as a 

significant flammable cloud can be build up. The consequences can endanger people, structures 

and environment, and they depend on the characteristics of the accident scenario and the 

confined space typology. The hazards associated to unignited releases are presented in the 

following sections, focusing on the specific hazards associated to a release in a tunnel or other 

confined spaces. To avoid the build-up of dangerous flammable mixture the hydrogen safety 

strategies and engineering tools should be applied. They include but not limited for unignited 

releases to reduction of release diameter (internal diameter of pipes) and pressure in supply 

lines, proper ventilation system accounting for potential release rate of hydrogen. 

3.1.1 Oxygen depletion and asphyxiation (UU) 

Hydrogen is not a poisonous gas. However, its release and accumulation in a confined space 

can create an oxygen-deficient atmosphere. This could lead to asphyxiation of people. Effects 

on human beings are noticeable for concentration of oxygen below 19%. Human response to 

different oxygen depletion levels is given in Table 2, along with the corresponding hydrogen 

concentration in normal conditions (HyResponse, 2015b). Oxygen concentration should be 

checked before entering the accident scene and first responders should wear a self-contained 

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 the flammable mixture. 

Table 2. Human response to oxygen depletion and corresponding hydrogen concentration (conc.) in 

normal conditions (HyResponse, 2015b; BRHS, 2009). 

H2 conc.by 

vol % 

O2 conc. by 

vol % 
Physiological effect 

0-9 19-21 No specific symptoms 

9-28 15-19 
Decreased ability to perform tasks, possible early symptoms in persons 

with heart, lung or blood circulation problems 

28-42 12-15 Deeper respiration, faster pulse, poor coordination 

42-52 10-12 
Dizziness, poor judgement, slightly-blue lips. Risk of death below 11%, 

tolerance time 30 min 

52-62 8-10 
Nausea, vomiting, unconsciousness, ashen face, fainting, mental failure, 

with a tolerance of 5 min 

62-71 6-8 
Unconsciousness in 3 min, death in 8 min. 50% death and 50% recovery 

with treatment in 6 min, 100% recovery with treatment in 4-5 min 

71-86 3-6 
Coma in 40 s, convulsions, respiration ceases, death or permanent brain 

damage 

86-100 0-3 Death within 45 s 
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3.1.2 Cuts of skin and protective clothing (UU) 

High-pressure hydrogen jet can cut bare skin or other tissue. The releases of pressurised 

hydrogen even from a small leak may penetrate a personôs skin. Protective clothing may not 

prevent skin damage. Scott (1983) reported that gas pressurised at 20 MPa easily penetrated 

working gloves and clothing. At few 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 sufficient to cause incision of the skin (Brauer, 2006). This knowledge is important for 

first responders and applicable to both the open atmosphere and confined space accidents. 

3.1.3 Cold burns (cryogenic and liquid hydrogen) (UU) 

Severe cold burns can be caused to the 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. 

3.1.4 Hydrogen under-expanded jet releases (UU) 

Onboard hydrogen storage systems operate at nominal working pressure (NWP) up to 700 bar. 

In real life it can be up to 1.25 of NWP and even higher in fire conditions. A release at such a 

high pressure originates an under-expanded jet. At the nozzle exit, velocity is sonic, and 

pressure is higher than the atmospheric one. Immediately downstream the nozzle exit the jet 

expands to the atmospheric pressure through a complex shock structure. The critical pressure 

ratio between sub-sonic and sonic flow regimes at the nozzle is 1.9 for STP and conditions of 

no losses in the release tube. It is calculated as  ὖ ὖϳ ‎ ρ ςϳ ϳ , where ὖὙ and ὖὔ 

are the pressures in the storage vessel and at the nozzle, respectively, and ‎ is the specific heats 

ratio. Thus, the simple rule to rudely evaluate pressure 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 gas must expand outside the nozzle, 

forming a series of shock waves while reaching the atmospheric pressure. Several theories have 

been developed to simplify the expansion process for engineering calculations of the release 

rate and characteristics. Previous approaches are described in the following papers. Birch et al. 

(1984) described the gas behaviour and concentration decay through an expanded jet originated 

by a corresponding source, called pseudo-diameter or notional nozzle, with section equal to the 

area occupied by the mass flow rate released from the real nozzle with uniform sonic velocity 

at ambient temperature and pressure. The scheme of the under-expanded jet and the related 

nomenclature are given in Figure 2. The notional nozzle model was based on the conservation 

of momentum in the expansion region (Birch et al., 1987). Whilst previous studies described 

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

but introduced the Abel-Noble equation of state for real gas to take account of the non-ideal 

behaviour of hydrogen given the high storage pressure.   

The under-expanded jet theory by Molkov et al. (2009) also employed the Abel-Noble equation 

of state. The flow at the actual nozzle is chocked as in previous theories. Then, the flow 

undergoes an isentropic expansion from the nozzle exit to the notional nozzle 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 

and conservation of energy equations. A complete description of the model is available from 
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the referred publication. The difference with previous theories is in the use of energy 

conservation instead of momentum conservation equation with chocked flow at the notional 

nozzle exit. The last assumption is reasonable having in mind huge non-uniformity of flow 

velocity behind the Mach disk. The previous theories based on the momentum conservation 

equation end up with velocity at the notional nozzle higher than the local speed of sound. This 

creates additional difficulties at using parameters at the notional nozzle for CFD simulations 

of high-pressure jet dispersion. 

 

Figure 2. The under-expanded jet scheme. 

3.1.4.1 Blowdown of hydrogen storage tank (UU) 

The European Regulations on 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, temperature inside the tank decreases due to gas expansion and increases due to heat 

transfer through the tank wall (two competing processes). The heat transfer through the tank 

wall and the wall degradation are affected by these two competing processes. The wall 

degradation front propagation slows down in conditions of blowdown compared to the case of 

closed vessel (Dadashzadeh et al., 2017). The use of larger TPRD diameter could cause serious 

issues, especially in confined space. These issues include the pressure peaking phenomenon, 

that could demolish the structure with insufficient vent area by overpressure, and long jet fires, 

which could affect behaviour in a fire and load bearing capability of elements of underground 

construction elements. They are presented in detail in sections 3.1.5 and 3.2.2, respectively. 

Inherently safer design of a tank-TPRD system is a challenging task with various parameters 

and processes involved, including tank volume, storage pressure, TPRD release diameter, 

TPRD initiating time, 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 task, if 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 predict the pressure and temperature change inside a pressurised tank during a blowdown, 

the under-expanded jet theory was developed by Molkov et al. (2009) and will be expanded in 

this project. The theory is based on Abel-Nobel equation of real gas state, mass and total energy 

conservation equations. The theory performance was compared against blowdown 



Grant Agreement No: 826193 

D1.2 Report on hydrogen hazards and risks in tunnels and similar confined spaces 

Page 25 of 154 
 

experiments. However, this theory didnôt include heat transfer through the wall. Thus, the 

comparison with experiments was limited to only two idealised cases: adiabatic discharge (no 

heat transfer through the wall) and discharge under the constant gas temperature 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 under-expanded jet theory by Molkov et al. (2009) to blowdown 

phenomenon was 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 the convective heat transfer at the internal 

side of the tank wall between the gas and the wall plus conductive heat transfer through the 

wall with a phase change (degradation). The TPRD release orifice size and its activation time 

are taken into consideration as free not predetermined parameters. Figure 3 shows 

schematically a tank and the problem formulation for heat transfer.  

 

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

exit of TPRD, (3) notional nozzle exit. 

The modified by heat transfer non-adiabatic under-expanded jet theory (Molkov et al., 2009) 

is used now to calculate hydrogen parameters 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 transfer equation using the finite-difference 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 non-adiabatic blowdown model of 

Dadashzadeh et al. (2017) can calculate pressure and temperature dynamics inside a tank for 

arbitrary conditions. Figure 4 demonstrates the measured and calculated pressure (Figure 4a) 

and temperature (Figure 4b) for both the adiabatic blowdown model and the non-adiabatic 

blowdown model. The simulated gas pressure with non-adiabatic blowdown model 

(Dadashzadeh et al., 2017) is in an excellent agreement with the experiment (Figure 4a). It is   

more accurate compared to the adiabatic model (Molkov et al., 2009) even if its prediction of 

pressure dynamics during blowdown is not bad. However, the performance of these two 

versions of the model in the prediction of temperature differs drastically. The non-adiabatic 
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model prediction of gas temperature inside the tank is accurate (Figure 4b) within 6% deviation 

from measured values. The former adiabatic model is not able to predict the temperature 

performance with characteristic minimum. Instead, as expected the temperature decreases 

monotonically when the adiabatic blowdown model is applied. 

 

Figure 4. Simulations versus experimental data for the adiabatic blowdown model (Molkov et al., 2009) 

and the non-adiabatic blowdown model (Dadashzadeh et al., 2017): (a) pressure inside the tank; (b) 

gas temperature inside the tank. 

The non-adiabatic blowdown model allows to calculate accurately hydrogen parameters during 

the whole process of release. Thus, it should be integrated into analytical models and numerical 

models to accurately predict, e.g. the effectiveness of ventilation systems in underground 

facilities when hydrogen release conditions are changing. Furthermore, the non-adiabatic 

blowdown model should be further developed and validated to include different conditions 

surrounding a storage tank, e.g. fire. Indeed, it is not yet clear, depending on the time of TPRD 

initiation after the fire starts to affect the high-pressure tank, what is TPRD exit diameter which 

will guarantee the release of hydrogen from the tank without its rupture in a fire (rupture is not 

excluded if time of initiation is comparatively large and release diameter is comparatively 

small). The project will look for prevention or mitigation technology to exclude tank rupture 

in a fire with devastating consequences aggravated by confinement of the tunnel and similar 

confined spaces. 

3.1.5 Pressure Peaking Phenomenon (UU, USN) 

The information on the pressure peaking phenomenon can be found in the book by Molkov 

(2012) and recent publications of Ulster University. In vehicles hydrogen is most commonly 

stored today as a compressed gas in tanks which are required by the Commission Regulation 

(EU) No 406/2010, to be equipped with pressure relief devices (PRDs), which is usually TPRD. 

The TPRD is fitted to the fuel tank and starts to release hydrogen when a temperature of about 

110oC is reached, e.g. in fire conditions. The TPRD can provide rapid release of hydrogen if a 

large orifice diameter is used, thus minimising the possibility of tank explosion during too long 

exposure to fire. High mass flow rates from a TPRD are probably ñacceptableò outdoors. 

However, the hazards resulting from a rapid release in room-like enclosures, e.g. garages and 

maintenance shops, are different and cannot be accepted to provide life 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 diameter orifice, representing a ñtypicalò PRD 
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(Brennan et al., 2010). The release is assumed to occur vertically upward in the centre, 0.5 m 

above the floor, of a small garage of size LxWxH=4.5x2.6x2.6 m (SAE J2579, 2009) and 

volume of 30.4 m3 with a single vent equivalent in area to a typical brick LxH=25x5 cm located 

close to the ceiling. A conservative approach is taken, i.e. a constant mass flow rate of 390 g/s 

is applied (ignoring a pressure drop in the storage tank) after the TPRD opening. 

The study (Brennan and Molkov, 2013) describes the pressure peaking phenomenon model 

accounting either a constant mass flow rate or blowdown. The systems of equations provided 

by the authors was used to calculate the transient pressure load in the vented enclosure and 

scenario described above and it is given in Figure 5. It can be observed how the overpressure 

within the enclosure resulting from the injection of hydrogen reaches a level above 10 kPa, 

capable of rupturing the garage (Baker 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 flow rate from TPRD, i.e. 

reduction of release diameter (pressure cannot be reduced to keep driving range competitive to 

todays fossil fuel vehicles). This in turn will require higher fire resistance level of onboard 

storage tanks compared to current 3.5-6.5 minutes for type 4 vessels (Stephenson, 2005). 

If the garage would not be destroyed by overpressure first, the overpressure within the garage, 

for the scenario under consideration, would reach a peak in excess of 50 kPa. This maximum 

pressure then drops off and tends towards a steady state value, considerably lower, and equal 

to that predicted by the simple steady state orifice equations. It should be noted that this 

represents a worst-case scenario with constant mass flow rate. Therefore, continuation of a 

constant mass flow rate release for 60 s included in Figure 5 is to illustrate the time frame 

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

In this case, the 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 damage and life 

threat. These are consequences of pressure build up without even considering the ignition of 

released hydrogen. The pressure peaking effect of unignited and ignited hydrogen releases in 

vented enclosure is a new (specific only for hydrogen) aspect of safety provisions for hydrogen 

use in confined areas. Hydrogen safety engineers and manufacturers of hydrogen and fuel cell 

systems must address this issue as required by the international standard ISO 19882 ñGaseous 

hydrogen ï Thermally activated pressure relief devices for compressed hydrogen vehicle fuel 

containersò. It states: ñThe adequacy of flow capacity of pressure relief devices for a given 

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 for fuel cell vehicles 

and by the minimization of the hazardous effects of the pressure peaking phenomenon which 

could take place during high flow rate releases from small diameter vents in enclosed spacesò.  

Figure 5 illustrates as well the predicted overpressure versus time for a range of fuels with 

different molecular mass and the same mass flow rate of 390 g/s at the same garage (with 

discharge coefficient C=0.6): hydrogen, methane, propane with the molecular masses of 2, 16 

and 44 g/mol, respectively. 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 of air. 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 reach the maximum and then decreases to a 
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steady state value, when only hydrogen flows out of the enclosure through the vent(s). The 

phenomenon must be taken into account when designing TPRDs for the use with different 

gases for indoor applications. Indeed, the same TPRD used for CNG or LPG should not be 

assumed to behave in the same way for hydrogen.  

 

Figure 5. Pressure peaking phenomenon for release of hydrogen with mass flow rate 390 g/s into the 

enclosure of 30.4 m3 with a vent of typical brick size 25x5 cm compared with pressure dynamics for 

releases of helium, methane and propane at the same conditions (Brennan and Molkov, 2018). 

A concise description of the phenomenon proposed in (Brennan and Molkov, 2013, 2018) is 

attempted below. For 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 can be derived 

from a molar balance. Figure 6 shows the schematic of the scenario associated to the model. 

Two flow rates are competing: 1) hydrogen release from the vehicle, ά , and 2) the flow 

rate of gas out of the vent, ά . 

 

Figure 6. Schematic of the pressure peaking phenomena with a vented garage and hydrogen release 

from a car. 

ὲ  

ὲ  
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The system of equations to predict the overpressure dynamics in the assumption of perfect 

mixing (n ï number of moles) is shown below: 

ά ά ά ά ῳὸ                                                                                                            (3.1) 

ὲ ὲ ῳὸ                                                                                      (3.2) 

ὖ                                                                                                                              (3.3) 

ά ὅὃẗ ẗ
Ⱦ

                                                                               (3.4) 

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

ὠ ὅὃ                                                                                      (3.5) 

where ὃ is the actual vent area, C is the discharge coefficient, ὓ  is the molecular weight of 

vented gas,  ὖ  is the pressure in compartment, ὖ is the pressure outside compartment, 

ά  is the mass flow rate of hydrogen into compartment, ά  is the molar flow of gas out 

of compartment, ὲ  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 compartment. At the beginning of the 

hydrogen release, density in the enclosure is high due to the large fraction of air present.  This 

leads to a low volumetric flow rate out of the vent, as shown in eq. (3.5). The hydrogen inflow 

into the enclosure is larger than the outflow through the vent causing the pressure build-up. As 

the release proceeds further, the hydrogen fraction in the enclosure increases, causing a 

decrease in 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 overpressure effect according to the 

enclosure and vent dimensions. Figure 7 shows the pressure peaking dynamics for a 40 m3 

garage with a small vent of 1x10 cm and a constant release of hydrogen of 10 g/s. 

 

Figure 7.Overpressure in a 40 m3 compartment with 1x10 cm vent and 10 g/s release of hydrogen. 
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Validation of the model has been done by (Makarov et al., 2018b) for experiments conducted 

in a 1 m3 enclosure and release rates up to 1 g/s at Karlsruhe Institute for Technology. It was 

achieved a good agreement between model predictions and experimental results. Discrepancies 

when present were due to the ñbreathingò effect of the small-scale enclosures. It was observed 

that for pressures above 1 kPa additional opening areas could form on the structure of 

experimental chamber, leaking the mixture and decreasing the overall pressure. Additional 

experimental work, where the ñbreathingò effect is negligible, is needed to further consolidate 

the validation of the model. Real-scale garage-like enclosures shall be used to increase the 

validation domain for PPP tools (the engineering tools are available at https://elab-

prod.iket.kit.edu, login: HyTunnel, password: Safety2019).  

Figure 8 shows the simulated pressure dynamics in the garage for two constant hydrogen 

release rates and four vent sizes equivalent to 1, 2, 3 or 4 bricks using the PPP theory for 

unignited releases (Brennan et al., 2010; Brennan and Molkov, 2013) and a typical discharge 

coefficient value: CD=0.6 for sharp-edged orifice. The pressure transients have a notable 

pressure peak for each vent size. The peak terminates with a transition to steady-state pressure. 

For release rate 388 g/s (Figure 8, left), in all but one scenario the pressure peak is above the 

critical pressure which could be withstood by civil structures like garages, i.e. 10-20 kPa. Only 

in a scenario with vent area equal to 4 bricks, the pressure peak was below the threshold of 10 

kPa, which civil structures can withstand. The 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 overpressures 5.3-9 kPa, and 

window(s), which glass in 90% of cases breaks at overpressures as low as 3.7 kPa (Mannan, 

2005), if available, could mitigate the pressure peaking phenomenon.  

Figure 8 (right) shows the pressure dynamics in the four scenarios following the release 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 below the 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. 

Figure 8 demonstrates that the unignited (!) hydrogen release from TPRD of 2 mm diameter at 

storage pressure of 70 MPa will not destroy the garage even if a vent 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 unignited (!) release, even if the storage pressure increased 

twice from 35 MPa to 70 MPa. Unfortunately , this is not the case for ignited release (jet fire) 

from the same source as will be demonstrated in section 3.2.4.1.  

The pressure peaking phenomenon, i.e. existence 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 hydrogen vehicles in confined 

spaces like garages, maintenance shops and similar enclosures. Overall the conclusion is drawn 

that TPRDs currently available for hydrogen-powered vehicles should be redesigned, along 

with the increase of fire resistance rating of onboard hydrogen storage tanks (or use of 

explosion-free in a fire tanks), and RCS updated if the vehicle is intended for parking in garage, 

etc.  

 

https://elab-prod.iket.kit.edu/
https://elab-prod.iket.kit.edu/
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Figure 8. Overpressure dynamics of unignited hydrogen release in the garage for two cases: left - TPRD 

diameter 5.08 mm, storage pressure 35 MPa (hydrogen release rate of 388 g/s); right - TPRD diameter 

2.0 mm, storage pressure 70 MPa (release rate of 107 g/s) (Makarov et al., 2018b). 

3.1.6 Formation of a flammable cloud (NCSRD) 

An unintended unignited hydrogen 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 

diameter, pressure and duration, the presence or not of obstacles, the wind intensity, etc. The 

risks and the hazards can be increased in case of a release inside confined spaces, such as 

tunnels, if dispersion below LFL is not provided in a system vehicle-tunnel.  

Hydrogen release in enclosed spaces can be categorized as follows: release in fully closed space 

and release in semi-confined space with openings (vents) for natural or forced ventilation. In 

both categories different hydrogen distribution regimes can be formed 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 concentration in the 

enclosure.  

The next subsections present in detail the release, hydrogen concentration decay in expanded 

and under-expanded jets, and accumulation of hydrogen inside confined ventilated space and 

effects of several factors on formation and size of a flammable cloud.  

3.1.6.1 Hydrogen concentration decay along jet axis (UU) 

Unscheduled hydrogen release from a high-pressure equipment and/or infrastructure will create 

a highly under-expanded jet. This could lead to formation of a large flammable hydrogen-air 

envelope which size if proportional to the release nozzle diameter. The 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 location of air intake into high-rise buildings, then consequences for occupants and building 

structure can be catastrophic. It is worth mentioning here that while quiescent 4% hydrogen 

mixture in air will propagate flame only upward, the turbulent mixture could burn completely 

with generation of pressure in closed space enough to destroy any civil structure. 

Presence of ignition source within the envelope could initiate severe jet fires, deflagration, and 

potentially deflagration-to-detonation transition. It must be noted that thermal effects of jet 

fires, pressure effects of deflagration or detonation, fireball size and blast wave after high-

pressure hydrogen tank rupture in a fire could 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 is essential for reliable hydrogen safety engineering. 

The similarity law for concentration decay along the axis of the momentum-controlled jets is 

shown in Figure 9 along with experimental data for hydrogen under-expanded releases. It is 

based on the hypothesis of using the original form of the similarity law by (Chen and Rodi, 

1980) along with the use of the under-expanded jet theory for calculation of hydrogen density 

at the nozzle exit (Molkov, 2009). Experimental data on pure hydrogen momentum-controlled 

subsonic, sonic and supersonic jets were used for validation, involving releases from vessels 

of different volume pressurized up to 40 MPa, and through nozzles with diameter from 0.25 

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 momentum-controlled regime are 

presented in Figure 9 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 value. It is worth noting that cold jets with initial storage gas 

temperature down to 50 K (Cirrone et al., 2019d) obey the similarity law also.  

Figure 9 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 the under-expanded 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 distance from the 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 experimental data would reduce to zero in the limit. The 

universal character of the similarity law for both expanded and under-expanded jets makes it 

an efficient tool for hydrogen safety engineering. 

 

Figure 9. The similarity law (solid line) and experimental data on axial concentration decay in 

momentum-controlled expanded and under-expanded hydrogen jets (Molkov et al., 2010). 
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3.1.6.2 Effect of buoyancy on unignited jet hazard distances (NCSRD, UU) 

Section 2.1.1 discussed hydrogen buoyancy as a unique safety asset. The identification of the 

buoyancy effects in unintended hydrogen releases is important to determine the proper hazard 

distance and to design first respondersô intervention strategy and tactics. All jets can be divided 

into three types based on the effect of buoyancy: momentum-dominant jets, buoyancy-

dominant jets and transitional jets. These jet types are showed schematically in Figure 10 for a 

horizontal jet. Fully momentum-controlled jets are not affected by buoyancy. Fully buoyancy-

controlled jets are quickly diverted from the horizontal to vertical flow direction. Transitional 

jets have a momentum-dominated part closer to the nozzle and buoyancy-controlled flow 

further downstream when jet velocity drops and jet diameter increases. For hydrogen safety 

engineering it is important to know when this transition takes place to define more accurately 

horizontal hazard distance from the release. This has direct implication on the separation 

distance, thus safety and costs of hydrogen system and/or infrastructure. It is obvious that 

buoyant-dominant jets decrease the horizontal hazard distances. The buoyance excludes 

accumulation of flammable cloud near the 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 (Schefer et al., 

2008). The faster decay rate in buoyant jets is attributed to the enhanced mixing between 

hydrogen and ambient air. Thus, there are lower centreline concentrations at the same location 

downwind the nozzle in buoyant jets compared to momentum-dominant jets, i.e. the hazard 

distances are smaller in jets where buoyancy dominates. 

 

Figure 10. Fully momentum-controlled jet (bottom), transitional jet (middle), and fully buoyancy-

controlled jet (top) (Molkov, 2012). 

The engineering technique presented here to qualify a hydrogen jet (both expanded and under-

expanded) or its part as momentum-controlled, and the rest of the jet downstream as buoyancy-

controlled, is based on the work (Shevyakov et al., 1980; Shevyakov and Savelyeva, 2004) that 

was carried out with expanded jets only. Figure 11 shows in logarithmic coordinates the 
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dependence of the distance to nozzle diameter ratio x/D (ordinate) for a particular concentration 

of hydrogen in air on the Froude number (abscissa) in its classical form: 

,
2

gD

U
Fr =                                                                                                                                                     (3.6) 

where U is the velocity at the nozzle exit (notional nozzle exit for under-expanded jets) in m/s, 

g is the gravitational acceleration (standard acceleration of gravity on Earth is 9.80665 m/s2), 

and D is the nozzle diameter (notional nozzle exit diameter for under-expanded jet) in meters. 

High Froude number (Fr>1000) indicates momentum-dominant jets, low Froude number 

(Fr<10) indicates buoyant-dominant 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 under-expanded jets in Figure 11 the notional nozzle exit diameter and velocity at the 

notional nozzle exit were calculated by the under-expanded jet theory (Molkov et al., 2009). 

Both expanded and under-expanded jets obey the same functional dependence with accuracy 

20% acceptable for engineering applications. 

Practically all under-expanded jets in hydrogen incidents/accidents will be in the momentum-

controlled regime as follows from available tests applied to validate the correlation in Figure 

11. Four of five theoretical curves in the graph are related to hydrogen concentrations of 4%, 

17%, 30%, and 60% by volume respectively. Each of these four curves has an ascending 

buoyant part and a momentum ñplateauò part. 

 

Figure 11. The dependence of the distance to nozzle diameter ratio for particular concentration of 

hydrogen in air on the Froude number (Molkov et al., 2010). 

Firstly, the nozzle exit Froude number is calculated and its logarithm. The under-expanded 

theory is applied to calculate the notional nozzle exit diameter and the velocity in the notional 

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 line marked ñDownward jetsò on the graph indicates the concentration above which the jet 

is momentum-dominated and below which the jet is buoyancy-controlled.  

For example, if a jet is characterised by a Log (Fr)=4.25 then the jet is in momentum-dominated 

regime for concentration in the jet above 30% by volume, signalled by the intersection of the 

vertical line with line ñDownward jetsò. The jet becomes buoyant further downstream of the 

axial concentration of 30% by vol.  

This technique is quite simple to apply and at the same time can be very useful to develop cost-

effective hydrogen safety solutions. For instance, the hazard distance for a horizontal jet release 

can be essentially reduced as only a length of the momentum-dominated part of the jet can be 

taken as an indication of the hazard distance rather than aggregated (both momentum- and 

buoyancy-controlled 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 from the safety point of view. However, 

the vertical hazard distances are increased, and attention should be given to the upper part of 

the closed and semi-closed spaces and to the design of the ventilation and security systems.  

3.1.6.3 Accumulation of hydrogen in a fully closed space (NCSRD) 

In case of accidental hydrogen release its buoyant nature would force the flammable cloud 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 space (Cleaver et al., 1994), (Cariteau & 

Tkatschenko, 2012). Decreasing the Richardsonôs value one can observe stratified, stratified 

with a homogenous layer and homogeneous mixture inside the enclosure. The volumetric 

Richardson number is given by: 

1 3
a 0

iv 2
0 0

V
R g

u

r -r
=

r
                                                                                                               (3.7) 

where g  is the gravitational acceleration, ar is the air density, 0r  is the hydrogen density, V

is the volume of the enclosure and 0u is the average injection velocity.  

For low volumetric Richardson number ( 3
ivR 3.2 10-< Ö ) the initial injected momentum is 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 critical Richardson value is an average and it increases 

for decreasing hydrogen volume fraction at the injection (Cariteau & Tkatschenko, 2012).  

For 3
iv3.2 10 R 3-Ö < <, a homogeneous 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 ivR 3> , stratification without homogenous layer 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. Figure 12 illustrates the distribution regimes in closed spaces based on the value 

of volumetric Richardson number. 

        3
ivR 3.2 10-< Ö  

Homogeneous 

 

 

3
iv3.2 10 R 3-Ö < < 

Stratified with a 

homogeneous layer 

 

ivR 3>  

Stratified  

 

 
Figure 12. The different distribution regimes inside a fully closed space depending on the volumetric 

Richardson number (Molkov et al., 2014a). 

3.1.6.4 Hydrogen concentration in semi-closed space with passive ventilation (UU) 

In case of a hydrogen leak in an enclosure, it is mostly recommended to have a ventilation 

system aimed to prevent hydrogen concentration above 1% vol of hydrogen mole fraction 

based on (IEC 60079-10-1, 2015), (NFPA 2, 2011), and (ISO/DIS 19880-1, 2018), which are 

standards for equipment with gaseous hydrogen. Without an adequate ventilation for a confined 

space a flammable mixture may be formed, and an accident might occur putting lives in danger.  

Enclosures may be provided with a passive ventilation system (to distinguish with natural 

ventilation, which is usually used to provide air quality rather than control comparatively large 

release rate). A theory has been developed (Molkov et al., 2014b) to calculate the hydrogen gas 

concentration, X, following a release in passively ventilated enclosure: 
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where function f(X), which defines the difference between the approximate solution for 

volumetric fraction of hydrogen by the natural ventilation theory and the exact solution of the 

problem using the passive ventilation theory, is: 
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Function f(X) gives the deviation of the exact solution of the problem from the approximate 

solution for unscheduled release of gas using natural ventilation assumptions, which are 

sufficient to control air quality in buildings but insufficient for calculation of ventilation 

parameters in a case of comparatively large release rate. Figure 13 shows the change of f(X) 

with hydrogen volumetric fraction in air (solid line) compared to f(X)=1 for natural ventilation 
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(dash line). Figure 13 demonstrates that f(X) can be twice more than 1 (natural ventilation 

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 overestimate twice for very high 

concentrations. This misuse of ventilation theories could have serious safety implications. 

 
Figure 13. Function f(X) for passive ventilation (solid line) and for natural ventilation (dashed line) 

(Molkov et al., 2014b). 

A hydrogen release from a 700 bar onboard storage in a typical car park was investigated 

numerically by Hussein et al. (2019). The car park had dimensions LxWxH=30x28x2.6 m. 

CFD simulations included a natural ventilation system as specified in the British Standards (BS 

7346-7:2013). The study compared the flammable clouds (>4% H2 by vol) formed by two 

releases through TPRD diameters equal to 3.34 mm and 0.5 mm. Results showed that the 

flammable cloud formed by release from a TPRD with diameter 3.34 mm covered large part 

of the car park. On the other hand, the maximum extension of the flammable cloud from a 

hydrogen release through a 0.5 mm TPRD reduced to ~2 m. The cloud with hydrogen 

concentration 1% by vol produced by the 3.34 mm TPRD enveloped the car park along all its 

length (30 m), whereas it reduced to a length of approximately 15 m when the 0.5 mm TPRD 

was employed. A further reduction of this area was observed when the release was directed 

downwards. 

If the natural (passive in terms of this work) ventilation in areas containing hydrogen systems 

is not sufficient to provide air quality with hydrogen concentration below the standards 

requirements, a forced ventilation system is required (Cerchiara et al., 2011). 

3.1.6.5 Hydrogen concentration in semi-confined space with forced ventilation (UU, NCSRD) 

Based on (IEC 60079-10-1, 2015), (NFPA 2, 2011), and (ISO/DIS 19880-1, 2018) standards 

for equipment with gaseous hydrogen, the ventilation system must work to maintain 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 equation is the simplest that can be used to calculate air flow by forced 

ventilation depending on hydrogen release rate to keep hydrogen concentration below required 

level at steady-state conditions (constant flow rates of hydrogen from a leak and air by forced 

ventilation): 

˞Ϸ
Ͻ
ȟ                                                                                                                             (3.10)  

where C% is the steady state gas concentration (% by volume), Qa is the air flow rate (m3/min), 

and Qg is the gas leakage rate (m3/min). The unsteady release conservative approach or CFD 

tools can be applied. 

Besides simple equation (3.10) there are more sophisticated models and tools available to 

calculate parameters of forced ventilation. . In most of realistic releases hydrogen concentration 

in enclosure will be rather non-uniform. Thus, averaged concentration calculated by Equation 

(3.10) could be below the maximum concentration under the enclosure ceiling. Here it is worth 

mentioning that only small fraction of concentration with highest concentration defines non-

uniform vented deflagration overpressure in the enclosure (Makarov et al., 2018a). A ñforced 

ventilationò model has been built on the principles of the passive ventilation model (Molkov et 

al., 2014b) that calculates ventilation flow rate to provide maximum hydrogen concentration 

in an enclosure below the required level. An application of forced ventilation model in 

numerical experiments proved the validity of the approach. The engineering tool (based on this 

model) to calculate parameters of forced ventilation is realised within the European project 

ñNovel Education and Training Tools based on digital Applications related to Hydrogen and 

Fuel Cell Technologyò (NET-Tools). The project is developing a digital platform and providing 

online contemporary tools and information services for education and training within FCH 

sector, including online free access e-Laboratory with about 20 tools related to hydrogen safety. 

The forced ventilation tool is available at https://elab-prod.iket.kit.edu (login: HyTunnel, 

password: Safety2019) and it calculates parameters of the forced (mechanical) ventilation 

system to keep hydrogen concentration below a required level. The parameters include the 

volume flow rate of air which is needed for the given mass flow rate of hydrogen to keep 

hydrogen concentration lower than specified threshold in the assumption of perfect mixing.  

The comparison of hydrogen concentration calculated by the perfect mixing equation and the 

ñforced ventilationò model is shown in Table 3 for hydrogen release 1 g/s. The perfect mixing 

equation, which gives an average concentration of hydrogen in the volume underpredicts the 

maximum concentration calculated by e-Laboratory by 38%. It can be seen that for 1 g/s of 

hydrogen release and ventilation rate 28.61 m3/min the predicted concentration is 4% for e-

Laboratory and 2.45% for perfect mixing equation. Thus, more experimental validation of 

existent models for assessment of forced ventilation parameters is required. 

Table 3. Comparison between e-Laboratory and perfect mixing equation results. 

H2 mass flow rate (g/s) 1.00 

H2 volumetric flow rate for Eq (3.10), Qg (m3/min) 0.72 

Air volumetric flow rate (m3/s) 0.48 

Air volumetric flow rate for Eq (3.10), Qa (m3/min) 28.62 

Hydrogen concentration: e-Laboratory (based on passive ventilation), % 4.00 

Hydrogen concentration: perfect mixing equation (3.10), % 2.45 

https://elab-prod.iket.kit.edu/
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The effect of ventilation on hydrogen dispersion in closed spaces has been examined through 

several numerical studies. Choi et al. (2013) performed CFD simulations in an underground 

parking garage. Ventilation rates equal to 20, 30 and 60 m3/min were examined. They observed 

that the volume of the flammable cloud decreases significantly 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). Matsuura 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 

configurations because hydrogen can accumulate near the ground. A control method for the 

forced ventilation flow rate was proposed to encounter the problem.  It is based on the estimated 

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

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 of ventilation parameters on hydrogen 

dispersion in enclosed spaces, such as garages and underground parking. The final aim is to 

analyse the efficiency of ventilation systems and identify general guidelines and requirements 

to prevent harmful conditions. Furthermore, a scenario that should be investigated is given by 

the possibility of flammable hydrogen-air mixture formation in the ventilation system.  

3.1.6.6 Effect of ventilation velocity on dispersion in tunnels (NCSRD, UU) 

Passive ventilation is usually present in a tunnel due to the movement of the vehicles (piston 

effect) or due to the meteorological conditions, e.g. pressure difference across the portals. 

Active ventilation is also very likely to exist, especially in long tunnels, in order to remove the 

pollutants of vehicle emissions or in order to remove the smoke in a case of fire. A detailed 

presentation of ventilation types in tunnels is presented in the deliverable D1.1 of this project 

(HyTunnel-CS, 2019). 

Ventilation influences strongly hazardous gases 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 ventilation are: it can dilute hydrogen concentrations minimizing the size of the 

flammable cloud; it can safely transport unlimited amount of hydrogen out of the tunnel 

through its portals and shafts if hydrogen concentration is below LFL. The negative aspects 

are: a flammable cloud may be extended further away from the release; the turbulence may be 

induced by ventilation which can enhance the combustion rate and thus overpressures in the 

case of ignition (this is why the ventilation rate in tunnels is usually reduced 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 well due to higher than surrounding air temperature). For fires 

in tunnels, a lot of research has been carried out on the effect of ventilation on smoke 

movement, e.g. (Hu et al., 2008a); (Hu et al., 2008b); (Barbato et al., 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 most tunnel fires to prevent the ñback-layeringò effect, including 
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large fires of more than 100 MW. More details are presented in deliverable D1.1 of this project 

(HyTunnel-CS, 2019). 

About the effect of ventilation on hydrogen dispersion specifically, few studies have been 

conducted. Mukai et al. (2005) performed a CFD study examining the effect of ventilation on 

hydrogen dispersion. 60 m3 of hydrogen were released from a fuel cell vehicle in a tunnel. 

Three scenarios were investigated, one with no ventilation, one with 1 m/s ventilation velocity 

and one 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 is above LFL decreases 

significantly, especially for the 2 m/s case.  

Houf et al. (2012) performed a similar study investigating the effect of ventilation on the 

flammable cloud produced by three separate releases from the bottom of a hydrogen fuel-cell 

vehicle in a tunnel. They concluded that increasing the ventilation rate reduces the peak 

flammable cloud volume and reduces significantly the time required for dilution below LFL.  

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

inside road tunnels. Ventilation flow velocities equal to 2, 3 and 5 m/s were investigated and 

compared against the case with no ventilation. In the worst case investigated, involving  4mm 

releases from 4 out of the 8 cylinders at 350 bar on the hydrogen bus, the maximum flammable 

cloud size was found to be equal to 1800 m3 in the case with no ventilation, 1500 m3 in the 

case of 2 m/s ventilation and 1000 m3 in the 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 explosion hazards). It was concluded that ñventilation is only important if 

more significant volumes of reactive clouds are seenò and that for the examined high 

momentum releases the dilution process is dominated by the momentum jet. They suggested 

that more investigation should be made for lower momentum jets. 

Bie & Hao (2017) investigated numerically the distribution of hydrogen in a subsea tunnel of 

dimensions WxHxL=13.5x5x500 m following a release from the 6 mm TPRD of a vehicle. 

The onboard storage was assumed to contain 4.96 kg of H2 in a volume of 150 L at 70 MPa.  

Four ventilation rates were applied to the tunnel: 0, 1, 3 and 6 m/s. The distributions at 3 s of 

release for the different ventilation conditions are shown in Figure 14 and Figure 15 for the 

plane parallel and perpendicular to the tunnel axis, respectively. For absent ventilation, the 

flammable cloud on the longitudinal plane extends for approximately 15 m under the ceiling 

(Figure 14). With the increase of ventilation rate, the flammable layer under the ceiling 

extended to approximately 20 m, being more pronounced in direction of the ventilation flow. 

Figure 15 shows the transversal hydrogen distribution. For absent ventilation, the high-pressure 

jet reaches the ceiling and spreads horizontally. Once the flammable cloud reaches the walls it 

descends along them toward the ground.  With the increase of ventilation rate to 6 m/s the 

flammable cloud reduced in size forming a thin layer under the ceiling extending for 

approximately 10 m. Overall the increase of ventilation velocity helps reducing greatly the 

flammable cloud upstream the counter direction to the ventilation flow. The vehicles upstream 

the car accident are likely to be blocked and/or require longer escape times, whereas 

downstream vehicles should drive away more easily from the accident scene. If the ventilation 

flow has same direction as the traffic, the upstream vehicles will be less subject to the 

flammable cloud, creating less dangerous conditions. However, it is though that the size of 

flammable cloud can be decreased by reducing TPRD diameter from 6 mm in this study to 2-
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3 mm as in todayôs cars (according to the similarity law the length of flammable envelope is 

proportional to TPRD diameter). 

 

Figure 14. Hydrogen concentration at t=3 s contours through the plane parallel to the tunnel axis (Bie 

& Hao, 2017). 

 

Figure 15. Hydrogen concentration at t=3 s contours through the plane perpendicular to the tunnel 

axis (Bie & Hao, 2017). 

In conclusion, ventilation in a tunnel has generally a beneficial effect diluting the hydrogen 

cloud and safely removing hydrogen, which is in areas where hydrogen concentration dropped 

below 4% vol (LFL). However, Bie & Hao (2017)ôs study showed how in certain conditions 

ventilation may transport the cloud of flammable gas and contribute to further extend it. The 

cloud may thus move towards other vehicles or along ventilation ducts and shafts. Furthermore, 

the numerical studies presented above have found different effects for the analysed range of 

ventilation velocities. Therefore, further experimental studies should be conducted to 

investigate this scenario and create the basis for more general and universal recommendations 

on the effectiveness of ventilation in tunnels. The produced experimental dataset shall be then 

used to validate the CFD models to simulate specific scenarios and perform hydrogen safety 

engineering. In addition, previous works have not included the effect of a tunnel slope in their 
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analysis on flow and dispersion of hydrogen.  The maximum slope allowed by the European 

Directive 2004/54/EC is 5% for new built longitudinal tunnels. Furthermore, the Directive 

states that for gradients above 3% additional measures are required to increase level of safety. 

Further numerical studies should be conducted to assess the effect on hydrogen dispersion in 

tunnels.  

3.1.6.7 Effect of jet impingement and attachment on flammable cloud size (UU) 

Presence of surfaces may affect the dispersion of high-pressure hydrogen jets, impacting the 

size of flammable cloud. Friedrich et al. (2007b) investigated the hydrogen concentration 

distribution in vertical releases impinging on a horizontal plate (1x1 m) located 1.5 m above 

the nozzle with diameter 4, 21 and 100 mm. For releases with velocity in the range 100-400 

m/s, it was observed that the reciprocal of the hydrogen concentration along the jet axis depends 

almost linearly from the ratio of the release diameter over the distance from the release point. 

This is in full agreement with the similarity law (Molkov, 2012). Hydrogen concentration along 

the radius of the jet showed a distribution like a Gaussian profile. A second scenario considered 

was the jet impingement on a horizontal plate provided with sidewalls forming a hood structure. 

In this case, the jet was observed to move vertically, then horizontally when impinging on the 

plate. However, when reaching the sidewalls, the flow moved in downward direction, resulting 

in a different radial profile from a free jet. Following a Gaussian profile, hydrogen 

concentration was maximum on the jet axis, decaying along the radius to reach a minimum at 

about 0.3 m from the jet axis. However, hydrogen increased in concentration while moving 

further along the radius towards the sidewalls. For increasing release velocities this behaviour 

becomes more distinct. Both release configurations were simulated numerically by Middha et 

al. (2010). The authors used a standard k-Ů turbulence model modified to include wall 

functions. The authors obtained a good agreement with the experimental results especially for 

the high momentum jets (21 mm release orifice).  

Tolias and Venetsanos (2015) investigated the performance of several discretization schemes 

to reproduce the expected pattern of an impinging hydrogen jet. It was found that the 

discretisation scheme can greatly affect results, therefore, great care should be given to the 

numerical scheme employed to solve similar problems.  

Li et al. (2015) investigated a realistic accident scenario involving hydrogen release from a 4.2 

mm diameter TPRD of fuel cell vehicle. The jet was directed downward (three different angles 

were studied) and impinged on the ground. Distance to LFL decreased by 60% when compared 

to a free jet configuration. Hazard distance to LFL was 9.4 m for a storage pressure 35 MPa 

and 11.8 m for 70 MPa. Validated tools are currently needed to accurately estimate the 

concentration distribution in impinging jets. The developed models can be used to calculate 

parameters fundamental for the assessment of accident consequences. An example is given for 

hydrogen concentration at the stagnation point of a jet impinging a ceiling, as it is an important 

factor to determine the concentration in the pre-mixed flammable cloud formed within a 

ventilated compartment. 

Releases in proximity of surfaces undergo a reduced entrainment. The reduced air entrainment 

causes lesser dilution of hydrogen by air, leading to an extension of the distance occupied by 

the flammable cloud. Hall et al. (2017) observed that the presence of the ground in the 

proximity of the release may affect significantly the dilution of the gas. For a jet released at 5 

cm above the ground with pressure 150 barg and 1.06 mm orifice diameter, the LFL was 
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reached at approximately 2.5 m. At the same distance, only ¼ of the LFL concentration was 

measured for a free jet. Releases in proximity of a ceiling were shown to behave similarly to 

releases in proximity of the ground. Concentration to LFL was reached at a shorter distance, 

2.1 m, possibly due to a major spread of the jet caused by the buoyant forces. CFD simulations 

were performed by the authors and they resulted in overprediction of the jet extent. The 

deviation may be due to the highly unstable wind conditions during experiments, which could 

not be reproduced in the numerical modelling.  

Hourri et al. (2011) investigated numerically releases up to 700 barg, finding that the distance 

to LFL could increase by 48% when passing from a free jet configuration to a release height of 

7.7 cm above the ground. A previous study by Hourri et al. (2009) analysed the effect provoked 

by a vertical wall located on the side of the horizontal release. The LFL area extended by 90%, 

indicating that buoyancy effect has a limited reducing effect. 

3.2 Hydrogen jet fires (UU) 

A fire around hydrogen tank, e.g. gasoline spill fire during an accident, will  lead to venting of 

hydrogen through the TPRD. The hydrogen flame from TPRD can cover distances of tens of 

meters (Royle et al., 2011a), and cause life-threatening conditions by the flame itself and 

thermal radiation. It is worth mentioning here that flame length from TPRD is proportional to 

TPRD orifice diameter. This knowledge already assisted to reduction of TPRD diameter from 

6 mm at early days to 2-3 mm currently. Further decrease of TPRD is needed to make parking 

of hydrogen cars in garages inherently safer.  

If a delay occurs between the opening of the TPRD and ignition of highly turbulent flammable 

jet, pressure loads must be considered along with above mentioned thermal hazards. The 

overpressure of turbulent deflagrative combustion of jet can be as high as 0.2 bar at 4 m from 

the ignition point for a 40 MPa release through a 10 mm orifice (Takeno et al., 2007). This 

generated overpressure is enough to cause serious injury with eardrum rupture (LaChance 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, but reaction of structures on pressure and thermal loads.  

A jet fire from TPRD in a confined space may have a twofold effect on vehicle fire 

consequences. The hydrogen jet fire from TPRD may increase the heat release rate (see section 

3.5.1). Water vapour produced by combustion may in some situations act as an extinguisher of 

the primary fire, e.g. wood fire in a garage. The contributions of these two competing 

phenomena are not known and further research is needed to clarify it. Furthermore, current 

standard requirements for ventilation 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 only be fulfilled by further experimental tests and modelling studies. The 

HyTunnel-CS project considers a system vehicle-confined structure. There is a full 

understanding of partners that it is much more efficient to develop inherently safer hydrogen-

driven vehicle that could safely enter underground transportation infrastructure rather than 

invest heavily into changes of existent infrastructure and novel prevention-mitigation 

technologies related to infrastructure itself. 
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3.2.1 Oxygen depletion and asphyxiation (UU)  

The effects of oxygen depletion and asphyxiation are presented in section 3.1.1. They are valid 

as well for hydrogen ignited releases. In fire conditions, the oxygen depletion is caused not 

only by substitution of air by other gases but its direct consumption in the combustion process.   

3.2.2 Flame length and hazard distances for hydrogen jet fires (UU) 

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) nozzle diameter 

and are correlated with the product of the dimensionless density ratio ɟN/ɟS and the Mach 

number (the ratio 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 this universal correlation, which includes all regimes of jet and plume 

fires, is the absence of parameters 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 of the under-expanded jet theory that 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. Indeed, it is well known that there 

is a strong non-uniformity of velocity immediately downstream of the Mach disk that deviates 

from the common for all under-expanded jet theories assumption of uniform velocity at the 

notional nozzle exit. By this fact, the methodology excludes from consideration the 

questionable issue of use of flow parameters at the notional nozzle exit.  

 

Figure 16. The dimensionless correlation for hydrogen jet flames (in formulas ñXò denotes the 

similarity group ɟN/ɟS)(UN/CN)3 (Molkov and Saffers, 2013). 




























































































































































































