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Summary 

The HyTunnel-CS project aims to conduct internationally leading pre-normative research 

(PNR) to close knowledge gaps and technological bottlenecks in the provision of safety and 

acceptable level of risk, in the use of hydrogen and fuel cell cars as well as hydrogen delivery 

transport in underground transportation systems. Work Package 4 (WP4) of HyTunnel-CS will 

focus on the investigation of hydrogen releases and their subsequent ignition within 

underground transportation systems. 

This document presents the deliverable (D4.3) on the results of experimental, analytical and 

numerical studies regarding releases and explosions in tunnels and other confined spaces. 

Keywords  

Hydrogen safety; hazards; consequence assessment; unignited release; jet fire; deflagration; 

detonation; quantitative risk assessment; hydrogen in tunnel; explosion; mitigation; 

engineering correlation; numerical simulation; experiment; tunnel safety; ventilation; water 

mist; hydrogen vehicle; hydrogen dispersion; hydrogen combustion. 
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Nomenclature and abbreviation 

BLEVE Boiling Liquid Expanding Vapor Explosion 

FRR Fire resistance rating 

DDT Deflagration-to-Detonation Transition 

DNS Direct Numerical Simulations 

HPV Hydrogen Powered Vehicle 

HRR Heat Release Rate 

LES Large Eddy Simulations 

LFL 

LNB 

Lower Flammability Limit 

Leak-no-burst 

MIE Minimum Ignition Energy 

NTP Normal Temperature and Pressure 

PIARC Permanent International Association of Road Congresses 

PNR Pre-Normative Research 

PPP Pressure Peaking Phenomena 

QRA Quantitative Risk Assessment 

RUD Run-Up Distance 

SF Safety  

TPRD Thermal Pressure Relief Device 

UFL Upper Flammability Limit 

 

Definitions 

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. 

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 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. 
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Hydrogen safety engineering is the application of scientific and engineering principles to the 

protection of life, property and the 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 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. 
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1 Introduction  

The HyTunnel-CS project aims to conduct internationally leading pre-normative research 

(PNR) to close knowledge gaps and technological bottlenecks, in the provision of safety and 

acceptable level of risk, in the use of hydrogen and fuel cell cars as well as hydrogen delivery 

transport in underground transportation systems. Work Package 4 (WP4) of HyTunnel-CS will 

focus on the investigation of hydrogen releases and their subsequent ignition within 

underground transportation systems. 

This document presents the deliverable (D4.3) Final report on analytical, numerical and 

experimental studies on explosions, including innovative prevention and mitigation strategies 

regarding ignited releases and explosions in tunnels and underground parking. 

The activities within this report follow the detailed programme and plan defined in deliverable 

D4.1 ñDetailed research programme on explosion in underground transportation systemsò 

(HyTunnel-CS D4.1, 2019). Some of the planned activities have been updated in response to 

developments and findings within the project. A first step to the preparation of this document 

was given by Milestone ñM4.3. Results of experimental, analytical and numerical studies for 

final reportò which presented a first version of the report on the research outcomes.  

1.1 Work Package overview 

The experimental campaigns, analytical and numerical studies in WP4 aim to address the 

identified knowledge gaps on explosion prevention and mitigation. These were defined through 

the critical review of the state of the art conducted in HyTunnel-CS D1.2 ñReport on hydrogen 

hazards and risks in tunnels and similar confined spacesò (HyTunnel-CS D1.2, 2019). The 

analytical, numerical and experimental studies aim to improve the understanding of hydrogen 

explosion hazards in tunnels and similar confined spaces, generating unique experimental data 

to support the validation of engineering and numerical models to be used in hydrogen safety 

engineering. The final scope is the identification and evaluation of innovative safety strategies 

and engineering solutions to prevent and mitigate hydrogen explosions in underground 

transportation systems. The outcomes of the research will be used as an input to the 

recommendations for RCS and for an inherently safer use of hydrogen vehicles in underground 

transportation systems. A detailed list of the work-package objectives can be found in 

(HyTunnel-CS D4.1, 2019). 

 Structure and synergy with HyTunnel-CS work plan 

Work Package 4 is structured in 5 tasks closely interconnected with each other and with 

HyTunnel-CS work plan. The first task, 4.1, aimed at the design of the research programme. 

Task 4.2 focuses on the development of analytical models and engineering-based correlations. 

Task 4.3 aims at the development and validation of CFD model against experiments available 

in literature or performed within HyTunnel-CS programme. Task 4.3 aims at performing the 

experimental work that will enhance the current understanding of explosion prevention and 

mitigation, along with supporting Tasks 4.2 and 4.3 by providing experimental data for 

validation. Thus, it is of utmost importance that a close collaboration is ensured between 

modellers and experimentalists during all phases of the experimental campaign, from design of 

tests to discussion of results. Finally, Task 4.5 draws on the findings from each of the Tasks 4.2 

to 4.4 to produce mid-term and the final deliverables report, D4.2 and D4.3 respectively.  
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WP4 activities are closely connected with WP2 research on release and dispersion of unignited 

hydrogen jets in tunnels and similar confined spaces. Finally, the outcomes developed within 

tasks 4.2-4.4 will be translated into a suitable language and format to be integrated into the 

guidelines and recommendations for RCSs developed within WP6. A complete list of the 

work-package activities within Tasks 4.2-4.4 can be found in (HyTunnel-CS D4.1, 2019 ï see 

Table 1). 
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2 Analytical studies, development, and validation of engineering 

correlations (Task 4.2 / UU) 

2.1 Engineering models for assessment of blast wave and fireball of hydrogen 

tank rupture (4.2, UU) 

 Universal correlation of blast wave attenuation in a tunnel 

 Background 

State-of-the-art research done on high-pressure hydrogen tank rupture and the attenuation of 

blast waves in tunnels is very limited. Several parameters such as, the energy of the hydrogen 

stored based on volume and pressure, and the tunnel dimensions, all have a significant 

influence on peak overpressure and its attenuation in a tunnel. The condensed material used for 

explosive sources for the generation of blast wave in tunnels is mostly TNT, or its equivalent 

mass in form of another explosive charge. The initial form of the blast wave decay law, as 

shown in equation (1), indicates the dependence of the peak overpressure, 0, on the ratio of 

charge weight, Í, to volume of enclosure or tunnel, 6, taking the general form: 

 
0 θ  ! , (1) 

where ! and Â are derived empirically from best curve fits, and therefore mostly defined within 

specific parameters, such as distance or overpressure (Smith and Sapko, 2005; Curran et al., 

1966; Fang et al., 2019; Skjeltorp, 1968). However, this method limits the fitted values of ! 

and Â to one -tunnel-case applicability. Furthermore, the constraint in the power law method 

suffers from the omission of other factors, such as the geometrical shape of the tunnel (i.e., 

aspect ratio), the percentage of energy of tank that becomes blast wave and minor and friction 

losses along the tunnel distance. With the aim of developing a universally applicable model 

across various tunnel sizes, these additional parameters are all considered in the novel 

methodology developed for blast wave decay in tunnel in this study. 

 Problem formulation 

In the absence of experimental data, a CFD model, previously validated for high-pressure tank 

rupture in open atmosphere, is used in this study, to analyse the effect of high-pressure 

hydrogen tank rupture in a tunnel. This model development and the related validation processes 

are described elsewhere (Molkov et al., 2018a). Within this project, building on the previous 

CFD model for open atmosphere conditions, a parametric numerical study is conducted with 

the aim of developing a correlation between blast wave decay and tunnel confinements. This 

includes tunnels with cross-sections 24, 40 and 139 m2 (corresponding to tunnels with 1, 2 and 

5 traffic lanes) and tank masses of hydrogen ranging from 0.58 kg to 6.96 kg with pressure 

before burst values of 95 MPa, 70 MPa and 35 MPa. The dimensions and parameter of the 

tunnels and tanks used in the simulations are summarised in Table 1 below. 



Grant Agreement No: 826193 

D4.3. Final report on analytical, numerical and experimental studies on explosions, including 

innovative prevention and mitigation strategies 

Page 26 of 243 

 

Table 1. Tunnel dimensions and hydrogen tank parameters used in rupture simulation. 

Tunnel cross section, 

m2 

Tunnel length, m Tank volume, 

L 

Tank mass, 

kg 

Tank pressure, 

MPa 

24, 40, 139 150 m 10 0.58 95 

30 1.7 

60 3.5 

 

120 

6.9 

40 1500 m 5.2 70 

40 1500 m 2.6 35 

 

 Dimensionless variables 

To determine a decay law for blast wave overpressure in a tunnel, the main impact parameters 

of influence are required. There are various interpretations of these parameters, but the most 

commonly ascertained are the following: atmospheric pressure, ὖ, energy of the blast, Ὁ, the 

cross-section area of the tunnel, ὃȟ and the distance of the wave from the energy release point, 

ὒȢ To find the relationships between these four physical quantities, dimensional analysis is 

firstly performed, identifying the three basic dimensions as mass, ὓ ὯὫ, length, ὒ ά, 

time, Ὕ ί. Table 2 shows the variables for the parameters mentioned together with their 

dimensions. 

Table 2. Variables of the problem together with the corresponding symbols and dimensions. 

Variable Symbol Basic dimensions 

Atmospheric pressure ὖ -, 4  

Energy Ὁ -,4  

Tunnel cross-section area ὃ -,4 

Distance from release ὒ -,4 
 

Using the Buckingham “ theorem, a relationship between the variables can be represented as 

follows; with four physical quantities presented and three dimensions, there is one (τ σ ρ 

independent dimensionless “ parameter. Choosing three parameters (i.e., P, L, E) to be repeating 

variables, the one dimensionless quantity is derived as “ . This derived quantity may be 

considered as a dimensionless distance based on storage tank energy and tunnel dimensions and 

represented as:  

 
ὒ
ὖὒὃ

Ὁ
 (2) 

To convert overpressure, ɝὖȟ from dimensional to dimensionless form it is divided by the 

surrounding (atmospheric) pressure: 

 
ὖ
ɝὖ

ὖ
 (3) 

 Contribution of energies 

The total energy released on tank rupture in a car fire accident includes not only the 

instantaneously released mechanical energy of compressed hydrogen (i.e., ñphysical 
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explosionò), but also the energy of chemically reacting hydrogen (i.e., combustion energy). In 

calculations, the total released energy is defined as: 

 Ὁ ‌ẗὉ ‍ẗὉ  (4) 

with Ὁ and Ὁ  being the total mechanical compression and chemical energies of hydrogen in 

the vessel respectively; ‌ is a mechanical energy coefficient; ‍ is a chemical energy 

coefficient. For high-pressure tank rupture, close to the ground surface, the shock wave is 

reflected back in its entirety, and therefore, the energy associated with the generated blast wave 

will be twice as large. However, due to energy lost to partial reflections and ground cratering, a 

factor of ‌ ρȢψ is used. The chemical energy coefficient, ‍, indicates the fraction of the total 

hydrogen chemical energy gradually released during complete combustion contributing to the 

blast wave. This is determined either by the inverse problem method based on experimental 

values (found to be 5 % for the open atmosphere tank rupture and described by (Molkov and 

Kashkarov, 2015)), or by identifying, through simulation, when the primary (or leading) shock 

leaves the combustion zone. The contribution from combustion energy occurs only when the 

leading shock is still within the combustion zone. Once propagated away from the combustion 

zone, the secondary wave inhibits the energy feedback, by acoustic waves overcoming the 

positive temperature gradient generated spatially ahead, towards the leading front. In the 

absence of detailed experimental data on hydrogen tank rupture in tunnels, the second method 

to determine the chemical energy coefficient ‍ is used in this study. The determined fractions 

of ‌ and ‍, together with the calculated energies are listed in Table 3 below. 

Table 3. Determined energies contributing to the leading shock, based on total energy, including 

coefficients ‌ and ‍. 

Tank mass, kg Tank pressure, MPa ‌ ‍ ‌ẗὉ , MJ ‍ẗὉ , MJ 

0.6 95 MPa 1.8 0.12 6.3 8.2 

1.7 0.11 18.9 22.9 

3.5 0.11 37.8 45.9 

6.9 0.095 75.6 79.2 

5.2 70 MPa 0.10 51.5 61.8 

2.6 35 MPa 0.11 12.5 30.9 

 

 Graphical determination of blast wave decay in tunnels 

Tunnels have different width to height ratios and the length of the tunnel influences resultant 

friction and other minor losses. To account for these phenomena, the original dimensionless 

parameters ὒ and ὖ are further modified using the similitude analysis to become ὒ and ὖ. As 

shown in Figure 1, simulated overpressure, for all tank volumes, pressures and tunnel cross-

section areas, collapse in a single line when presented using these new dimensionless 

coordinates ὒ and ὖ. Figure 1 presents the peak overpressures obtained in CFD simulations, 

the best fit line and the upper limit conservative fit line.  
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Figure 1. Relationship between peak overpressure and distance in tunnels of various lanes (1, 2 and 5), 

expressed by their dimensionless values, ὖ and  ὒ, respectively.   

This is a preliminary study of mainly academic interest rather than a source of safety guidelines 

for storage tanks and hydrogen-powered vehicle developers. However, with the current 

absence of experimental studies on high-pressure hydrogen tank rupture in a tunnel, it 

demonstrates a methodology on how to develop a universal dimensionless correlation to be 

used for safety guidelines and pre-test calculations.  

 Fireball model 

The work focuses on the assessment of hazard distances arising from the fireball following the 

high-pressure hydrogen tank rupture in a fire. The semi-empirical correlation to assess the 

fireball size in an open space is proposed. Correlation for the open space is compared against 

experimental data on compressed hydrogen tank rupture in a fire and liquefied hydrogen spills. 

The validation process is available e-Laboratory of Hydrogen Safety developed in NET-Tools 

https://fch2edu.eu/home/e-laboratory/ project where the tool for the assessment of the fireball 

size is proposed, based on the amount of the combustion products, generated after full 

combustion of all fuel and approximated to the hemisphere. The proposed correlation 

reproduces the model prediction and is in good agreement with experimental data. 

 The analysis of experiments  

A model for calculation of the maximum fireball size diameter is required for the use in 

hydrogen safety engineering, for the assessment of hydrogen tank rupture hazards both in open 

and confined spaces. There is a lack of experimental data on the subject which can be used for 

the validation of the theory and numerical models. A few experiments available in the literature 

and suitable for the fireball model validation are described briefly below. 

https://fch2edu.eu/home/e-laboratory/
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A Type HGV-4 hydrogen storage tank rupture in the bonfire test, performed in the USA, is 

described by (Weyandt, 2005; Zalosh and Weyandt, 2005). The tank had an internal volume of 

72.4 L, initial storage pressure was 34.3 MPa and the initial temperature was equal to 300 K 

(corresponding to 1.64 kg of hydrogen). At the time of rupture, i.e., 6 min 27 sec after 

initiation, (fire heat release rate was 350 kW), the pressure and temperature raised to 35.7 MPa 

and 312.15 K respectively. The reported diameter of the fireball was about 7.6 m at time 45 ms 

after the tank rupture. The second test, using a Type 3 tank (aluminium liner) of 88 L installed 

under a typical sport utility vehicle (SUV) (Weyandt, 2006) had a slightly lower initial storage 

pressure of 31.8 MPa and resulted in a fireball of 24 m. 

Two fire tests were conducted in Japan (Tamura et al., 2006) on tanks with design pressure 70 

MPa. Fire Test 1 was conducted with a Type 4 tank of 35 L volume. The last recorded pressure 

in the tank was 94.54 MPa. Fire Test 2 was conducted with a Type 3 tank of 36 L volume. The 

pressure measured just before the tank burst at 11 min after the fire exposure was 99.47 MPa. 

Both tests resulted in a fireball with a diameter of approximately 20 m as reported in the paper. 

However, the simulated maximum fireball diameter is smaller than the fireball size reported in 

the experiments (Molkov et al., 2020). There was no time indicated in the experimental paper 

when it was achieved. Based on the photographs taken during the experiment the fireball 

diameter was approximately 13 m (at 330 ms) by scaling from the size of the burner of 1.8 m, 

not 20 m as stated in the original paper. 

Two experiments were performed by a Chinese group of researchers (Shen et al., 2018) with 

high-pressure tank rupture during fire test in 2018; Type 3 tanks were used in both tests and 

had a volume of 165 L and initial pressure of 35MPa. The last measured pressure at the time of 

rupture was 43.73 and 44 MPa respectively. According to the size of large stones around the 

fire test, the maximum fireball diameter was estimated between 7-8 m.  

Maximum fireball width and height produced by ignition of the hydrogen-air mixture formed 

by the sudden release of liquefied hydrogen in the range between 2.8-89 litres has been 

assessed in the report by (Zabetakis, 1964). The correlation proposed for the liquefied 

hydrogen is represented by equation Ὀ ψȢυ ὓ Ȣ , where D ï is the fireball diameter (m) 

and M ï is the hydrogen mass, (kg). The summary of validation experiments is presented in 

Table 4 below. 

Table 4. Summary of validation experiments. 

Experiments Pressure, 

MPa 

Volume, 

L  

Hydrogen 

mass, kg 

Fireball, 

m 

Mechanical 

energy, MJ 

(Weyandt, 2005) 35.7 72.4 1.64 7.6 5.45 

(Weyandt, 2006) 

(Under-vehicle) 

34.5 88 
1.87 

24 6.44 

(Tamura et al., 2006) 94.54 36 1.406 20 (13) 5.97 

(Tamura et al., 2006) 99.47 35 1.367 20 (13) 6.04 

(Shen et al., 2018) 35 168 3.9 7-8 15.53 

(Zabetakis, 1964) LH2 (9 tests) 2.7-87.7 0.2-6.2 12-60 - 

Experiments on fireball formation and thermal effects were carried out using 0.1-100 tons of 

industrial fuels, namely, gasoline, kerosene and diesel fuel by (Dorofeev et al., 1995). In the 
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tests, the fireball started to rise from the ground, forming the mushroom shape between 1 and 2 

seconds after ignition. The correlations proposed for maximum radius R (m) of fireball versus 

fuel mass M (tonne) were R=33Ñ4ÅM(0.32±0.04). A correlation, developed by Roberts (1981), 

relates the mass of fuel involved, in this study a propane BLEVE tests is considered, to the 

maximum fireball diameter; the resultant equation takes the form D=5.8M1/3. A further 

correlation, proposed for propane-air detonation, for the fireball diameter D=6.96M0.33 was 

given by (Dorofeev et al., 1996). Another proposed correlation was applied for propane 

BLEVE at pressures of p=0.2-1.3MPa and takes the form D=5.33M0.327 (Hasegawa and Sato, 

1978). The empirical correlation reported by Hord (Hord, 1978), based on tests with rocket 

propellants, was used by (Zalosh and Weyandt, 2005), to calculate the fireball size as 

D=7.93M0.327. A recent publication (Li, 2019) gives a correlation for the fireball of D=5.8M1/3, 

which is close to those mentioned above and the same as in (Roberts, 1981). This is developed 

and validated mostly for hydrocarbon fuels i.e., propane at the stoichiometric condition; it is 

suggested that the same correlations can be applied for the hydrogen, based on one test done in 

(Zalosh and Weyandt, 2005). 

Analysis of the described experimental results shows a scatter in the observed fireball size. 

Comparing the USA (Weyandt, 2005) and Chinese (Shen et al., 2018) cases, for the larger 

volume tank, i.e., 2.3 times larger at 165L and with a pressure just before burst at 23% higher, 

the fireball is shown to be almost the same size as that of the 72.4L tank. While looking at the 

Japanese set of experiments, with tank volume half that of the USA test and 4.7 times less than 

that of the Chinese test, the pressure was higher by 2.65 and 2.15 times respectively and the 

fireball was more than twice the distance. It is thought that these variations may be due to 

several factors; the debris moved by the pressure wave affecting the appearance of the fireball, 

the entrainment of the gas outwards and non-uniformity of the tank opening during rupture, 

creating the momentum towards a one-directional jet. Let us try to prove it by comparing the 

mechanical energies stored in the tanks, keeping in mind that with higher energy there will be 

more debris involved. A summary of the parameters for the experiments are presented in Table 

4, it can be seen that the mechanical energy is practically the same for USA (Weyandt, 2005) 

and Japan (Tamura et al., 2006) tests, but the smaller tank and higher overpressure produced a 

nearly 3 times bigger fireball in Japan. The LH2 test parameters (Zabetakis, 1964) are mostly 

excluded from the table due to the nature of the storage and the absence of high-pressure 

storage and initial mechanical component. 

 Fireball in open space 

A model for calculation of the fireball size, due to high pressure tank rupture, in a fire is 

available in the e-Laboratory of Hydrogen Safety. The methodology is based on the work by 

Dadashzadeh (Dadashzadeh et al., 2017). Calculation of a fireball size after a stand-alone tank 

rupture is a part of the methodology for the calculation of the blast wave decay, considering 

compressed gas vessel rupture (Molkov and Kashkarov, 2015), and hazard distances attributed 

to the blast parameters. According to the technique, the fireball size is calculated as a 

hemisphere, occupied by combustion products, resulting from complete combustion of released 

hydrogen in air (non-premixed turbulent combustion at contact surface occurs at a 

stoichiometric concentration of reactants). The hydrogen mass in reservoir mH2 is calculated 

using the Abel-Noble EOS based on storage pressure p1, temperature T1 and tank volume V and 

has the form  

https://elab-prod.iket.kit.edu/integrated/fireball_size/input
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ά ὠ
ὴ

ὴὦ Ὑ Ὕ
 (5) 

where RH2 is the hydrogen specific gas constant (J/(kg K)) and b=0.007691 is the hydrogen co-

volume constant (m3/kg). The volume of hydrogen in the reservoir is 

ὠ
ά

ὓ
ςzςȢτ (6) 

where MH2 is the molecular mass of hydrogen (g/mol). The volume of air required to burn the 

hydrogen is 

ὠ ςȢσψzὠ  (7) 

The fireball diameter is then 

Ὀ ςz
σὠ

ς“

Ⱦ

 (8) 

where ὠ ὠ ὠ φzȢψυ, i.e., the product of the total volume of combustion 

products and the expansion coefficient, 6.85. This is equivalent to the empirical correlation 

Ὀ ωȢψz ά
Ⱦ

 (9) 

Figure 2 combines described hydrogen experimental data on the fireball size versus mass of 

fuel for several studies. The figure gives the new empirical correlations proposed for the stand-

alone tank rupture in open atmosphere ñbest fitò, Ὀ ωȢψz ὓ Ȣ  ,(thick solid line), and also 

ñconservative fitò Ὀ ρρȢυz ὓ Ȣ , (thick dashed line). The LH2 correlation as described by 

Zabetakis (Zabetakis, 1964) is also included. In Figure 2, ñthick crossesò symbols show the 

fireball size prediction using the e-Laboratory of Hydrogen Safety tool for high-pressure tank 

tests and the LH2 spills based on the mass of spilt hydrogen. As can be seen, there are two 

studies that fall substantially below all three empirical correlations. The upright ñtriangleò 

symbol indicates fireball size 7.7 m in the experiment by (Weyandt, 2005), which was 

measured at time 45 ms after the tank rupture and thought to be not the maximum that has been 

registered. The solid ñdiamondò symbol indicates the fireball size as measured in the 

experiment by (Shen et al., 2018), which might be due to non-instantaneous release and 

combustion decreasing the real size of the fireball. The e-Laboratory prediction for both cases 

has shown a bigger fireball size than deduced from experimental studies and is in line with the 

ñbest fitò correlation. Another light grey ñsquareò symbol, which is above the empirical 

correlation, is the experiment for the under-vehicle tank rupture test by (Weyandt, 2006). This 

tank setup is out of scope for this study but has been added to show that the presence of the 

vehicle increases the fireball size compared to stand-alone tank rupture. Light grey ñcirclesò 

and black ñcrossesò relate to the study by Tamura (Tamura et al., 2006), where the larger 

fireball size of 20 m suggests that the shape of the fireball was probably elongated and / or the 

https://elab-prod.iket.kit.edu/integrated/fireball_size/input
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directional jet caused by the shape of the tank opening is resulting in that value, For the model 

validation, 13 m size has been chosen based on the conclusions from (Molkov et al., 2020). 

 

 

Figure 2. Experimental fireball size versus mass of hydrogen: comparison with correlations. 

 Fireball in tunnel 

The same study by Li (Li, 2019) also suggests the correlation for the assessment of a maximum 

longitudinal length Lmax of the fireball in a tunnel for a given cross-sectional area, is given by 

 
ὒ ρπς, (10) 

where Mf ï is the mass of fuel and AT ï is the tunnel cross-section area, again proposed for 

hydrocarbons. It was also shown that the fireball length in a tunnel of 50 m2 cross-section area 

is much longer than the fireball diameter when the fuel mass exceeds around 5 kg for the 

proposed correlation in an open space. 

Figure 3 shows the comparison of the best fit and conservative correlations, (correlations were 

described in the previous section of this report), which relate to open space fireballs (annotated 

as dotted lines). Figure 3 also shows the correlations derived by Li (Li, 2019) for a tunnel 

(annotated as solid lines) where, one, two and five traffic lanes with cross-sections of 24, 40 

and 140 m2 are considered. These tunnel cross-sectional areas are likewise considered by 

Shentsov (Shentsov et al., 2019), annotated as ñthis studyò in Figure 3, where a simple 

equation, ὒ  has been incorporated to account for the amount of combustion products. 

The correlation for the fireball in a tunnel is assumed to be one-dimensional, in contrast to the 

three-dimensional fireball in an open environment and hence, the difference in decay is clearly 
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seen. For the smaller masses of fuel, this may lead to underestimation of the tunnel length 

occupied by the fireball. When the actual fireball size is less than the tunnel width the 

correlation presumes it still occupies the whole tunnel width, resulting in the decrease of the 

fireball length along the tunnel. In Figure 3 it is manifested by solid lines that the correlation 

for tunnels by (Li, 2019) is being below the dotted lines correlations for open atmosphere and 

underpredicts by 2.5 times the proposed one in this study justified by physical expansion of 

combustion products. It is worth noting that for the tunnel the effect of wind is not considered, 

and the model needs validation against realistic experiments which are absent to the best 

knowledge of authors. This can be addressed by the means of CFD simulations in the next 

study. 

But the recent CFD calculation in Section 2.1.2.4 has shown that the shock propagation created 

the momentum which pulled the fireball inside the tunnel with the speed of 20 m/s; at this 

condition all such correlations cannot be applied in the realistic estimation. Even the 

comparison of the Lmax with ὒ , for the same tunnel cross-section area AT and mass of 

inventory which created the volume of combustion products burned at stoichiometry Vburned 

give under-prediction by 2.5 times. This means that none can be applied. 

 

Figure 3. Comparison of open space and inside the tunnel correlations. 

 Simulation of fireball in a tunnel 

CFD simulation of fireball dynamics after tank rupture has been performed in a tunnel with a 

cross-section area of 83 m2, with a tank of 62.4 L and 700 bar, with the total mass of 2.5 kg and 

it was presented during HyTunnel-CS Stakeholdersô Workshop (Shentsov, 2020). Figure 4 

shows cross-section of the modelled tunnel design and corresponding cross-section of the 

calculation domain in CFD simulations. Figure 5 shows the simulated fireball dynamics in the 

tunnel cross-section and in projection to the tunnel walls using temperature field. Fireball size 

increases till 100 ms when reaching its maximum size of about 12 m in the longitudinal 

direction and 5.5 m in height. At the same moment, the fireball occupies the whole 13 m tunnel 

width. After 100 ms the fireball starts to rise above the ground and travel to the side dragged by 

the air force created by the blast wave. This creates a series of additional hazards to people and 

vehicles. The fireball velocity at the initial stage was 20 m/s. 
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Figure 4. Simulated tunnel cross-section, tunnel drawing (left), simulated geometry (right). 

In Figure 5 the left column shows the dynamics of the fireball propagation by temperature 

contours plane across the middle of the tunnel while on the right column the temperature 

contours are shown on the tunnel walls and ground. At the initial stage the fireball is not 

touching the side wall until 200 ms and then increases with the size starting to propagate 

towards the left. 

In this particular example, the fireball is relatively small, fireball development is similar to the 

behaviour of fireball in open space and well reproduced by the ñbest fitò correlation in Figure 3 

but further study are required to assess the hazard distance at which this fireball will propagate 

along the tunnel. 
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Figure 5. Fireball dynamics in a tunnel with cross-section area 83 m2 (temperature contours): 2D 

tunnel centreline cross-section (left), 3D walls (right). 
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 Conclusions 

The semi-empirical correlations to assess the fireball size after high-pressure hydrogen tank 

rupture in open space are proposed and compared with the experimental data on compressed 

hydrogen tank rupture in a fire and liquefied hydrogen spills. Due to the absence of tests inside 

the tunnel the correlations have been compared with the numerical simulation to assess the 

dynamics and the size of the fireball. As a preliminary conclusion it could be stated that none 

of simple correlations can be applied for the fireball hazard distance in a tunnel due to 

dynamics of its propagation. Further studies with different cross-sections and tank inventories 

that are required for verification of the proposed correlations and to support the preliminary 

conclusions will be performed in Section 3.7. 
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2.2 Engineering model for assessment of overpressure during spurious hydrogen 

release (4.2, UU) 

 Background 

In the case of an unscheduled hydrogen release from a high-pressure storage tank, there may be 

a delay between the beginning of release and ignition of flammable mixture created in the jet. 

This is a typical accident scenario with pressure hazards followed by thermal hazards produced 

from combustion products of the initial deflagration and the subsequent establishing jet fire. 

Pressure hazards associated with the turbulent hydrogen jet deflagration may be significant. 

For instance, experiments with a release orifice of 10 mm and spouting pressure of 40 MPa, 

generated an overpressure of 20 kPa at 4 m distance (Takeno et al., 2007), which is above the 

serious injury threshold (Lachance et al., 2011).  

The study aimed to develop an engineering correlation for predicting the maximum 

overpressure that could be produced by a hydrogen jet, for a given storage pressure and release 

diameter. The engineering correlation was built through the similitude analysis and the use of 

78 experiments with storage pressure in the range 0.5-65.0 MPa and release orifice diameter 

0.5-52.5 mm. This approach is different from that suggested in D4.1 (HyTunnel-CS D4.1, 

2019) as it was deemed more relevant and widely applicable. It is believed that a correlation 

developed for delayed ignition of hydrogen jets in an open space, may still be applicable to jets 

in enclosed spaces for defined boundary conditions. 

 Validation experiments  

A total of 78 tests were selected to analyse the phenomenon and build the empirical 

correlation: (Royle and Willoughby, 2010) (Grune et al., 2013), (Grune, 2019) (Takeno et al., 

2007), (Takeno, 2019) (Miller et al., 2015) (Daubech et al., 2015) (Friedrich et al., 2021).  

These include experiments on delayed ignition of both steady and unsteady, free, horizontal 

hydrogen jets. The location and number of sensors for overpressure measurements was variable 

and dependent on the experiment. Experiments had hydrogen storage pressure in the range 0.5-

65 MPa, storage temperature 80-300 K, release diameter 0.5-52.5 mm. Maximum distance of the 

target from the release source was 50 m.  

 The similitude analysis 

The storage pressure and release diameter determine the mass flow rate of hydrogen forming a 

flammable mixture and, therefore, affect the deflagration overpressure produced by delayed 

ignition of a hydrogen under-expanded jet. The first step in the similitude analysis was to 

consider the effect of storage conditions. In the assumption of storage temperature equal to 

ambient temperature, it is reasonable to suggest that deflagration overpressure grows with 

storage pressure, ὖ. Thus, the first dimensionless parameter was:   ὖ ὖϳ , where ὖ is the 

ambient pressure. It was assumed that the fraction of flammable mixture with hydrogen 

concentration in air 25-35% defines the maximum overpressure in the blast wave. This range 

of concentration, characterises the most fast burning part of the cloud, as concluded in the 

study by (Makarov et al., 2018). In that study it was observed that only a small fraction of a 

non-uniform hydrogen-air mixture, with burning velocity within a narrow range 95-100% of 

the maximum value of burning velocity, defines the maximum vented deflagration pressure. 

This corresponds to hydrogen concentration range 25-35% by volume. The effect of 

combustion products expansion, turbulence generated by flame front itself and preferential 
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diffusion instabilities were included into calculation of maximum burning velocity. The 

location with concentration 30% by vol. of hydrogen in air is assumed here as a centre of the 

mixture that will deflagrate and generate blast wave. The location of this centre was calculated 

using the similarity law for momentum expanded (Chen and Rodi, 1980) and under-expanded 

jets (Molkov, 2012). The distance between the centre of the 25-35% flammable cloud and the 

pressure sensor (in experiment) or ñtargetò (person or structure) location is defined as Ὑ . The 

experimental studies demonstrated that the overpressure in the blast wave following the 

deflagration depends on the release diameter (Royle and Willoughby, 2010; Takeno et al., 

2007). Apparently, the overpressure decreases with the increase of distance from the jet. 

Therefore, the second dimensionless parameter was defined here as the ratio of the orifice 

diameter, Ὠ, to the distance Ὑ ,   ὨὙϳ . The derived dimensionless parameters were 

combined, following the similitude analysis rules, into a new dimensionless number: 

ɩ ɩ Ͻɩ Ͻ   (11) 

The dimensionless overpressure in the deflagration blast wave, Ўὖ Ⱦὖ, can be represented as 

a function of the dimensionless number in previous equation: 

Ў  
Ὢ Ͻ   (12) 

The derived correlation has been presented, analysed and calibrated against experimental data, 

and is shown in the next section. 

 Results and discussion 

Figure 6 shows the distribution of the dimensionless, experimentally recorded, blast wave 

overpressure against the derived dimensionless number for all the tests available to the authors. 

Tests series by Health and Safety Executive (HSE) and Pro-Science (PS) present several values 

of  Ўὖ ὖϳ  for the same dimensionless number  . These tests are scattered by the ordinate as 

they were performed at different conditions of ignition delay and ignition point location. 

However, the main practical objective in the study is the derivation of an experimentally based, 

conservative correlation for determining the maximum overpressure that could be produced by 

delayed ignition of any hydrogen jet for arbitrary ignition conditions. Therefore, the maximum 

values of Ўὖ ὖϳ  will be used to build a conservative correlation. Figure 6 shows that the 

overpressure ratio Ўὖ ὖϳ  correlates well to the dimensionless number ὖ ὖϳ ϽὨὙϳ . 
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Figure 6. Derived correlation for predicting overpressure from delayed ignition of turbulent hydrogen 

jets versus experiments. 

Thus, the conservative correlation for estimating the maximum overpressure from the release 

conditions and ñtargetò location can be presented as: 

 

Ў  
 υπππϽ

Ȣ
Ͻ

Ȣ

                                          (13) 

The present study may be further polished and finalised prior to intended publication into 

journal. The correlation is applicable to free jets in the open atmosphere and in the confined 

spaces with dimensions comparable to the jet axial distance to LFL. 

 Concluding remarks 

An empirical correlation to estimate maximum overpressure from delayed ignition of hydrogen 

jets was derived and calibrated against experimental data available in literature. 

2.3 Engineering tool for prevention and mitigation of composite hydrogen 

storage tank explosion in a fire (4.2, UU) 

 Background 

The engineering tool for prevention and mitigation of composite hydrogen tank explosion in a 

fire is a part of the bigger model of tank-TPRD system performance in a fire, i.e., non-adiabatic 

blow-down model. The model was described in the publication presented at the International 

Conference on Hydrogen Safety (Dadashzadeh et al., 2019) and as a journal paper (Molkov et 

al., 2021). The parametric study and the results obtained in this section are based on the 

validation case presented in the paper (Dadashzadeh et al., 2019). The tank and the ambient 

(fire) parameters were described in the aforementioned papers. 

 Effect of heat release rate on fire rupture resistance 

The engineering tools allow us to predict the time to tank rupture in a fire, i.e., its fire 

resistance rating, FRR, that can vary depending on the fire heat release rate, HRR, and the fire 
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source size. It was previously demonstrated that the increase of the fire HRR decreases the 

tankôs FRR (Kashkarov et al., 2018; Kim et al., 2015; Makarov et al., 2016) until, after a 

certain HRR value, it reaches saturation, when the FRR does not drastically decrease anymore 

and is equal about 4-6 min. Later, it was discovered at Ulster that a similar dependence trend 

and the FRR ñsaturationò occurs also for the fire sourceôs specific heat release rate, i.e., fire 

source HRR divided by its area, A, i.e., HRR/A. It was revealed that the ñsaturationò onset 

occurs when the specific heat release rate of fire reaches values HRR/A=1 MW/m2, see Figure 

7. 

To obtain the relationship demonstrated in Figure 10 the engineering tool was used applying 

different values of heat flux to the tank surface. The graph demonstrates the saturation of the 

FRR with increase of the fire source specific HRR, HRR/A, above 1 MW/m2. 

 

 

Figure 7. Hydrogen storage tank FRR vs fire source HRR/A (Molkov et al., 2021). 

The heat flux values were obtained for fires with HRR/A=1.0 MW/m2, 0.62 MW/m2 and 0.29 

MW/m2 (Figure 8 below). The parameters of the modelled 36 L and 700 bar Type IV tank and 

fire characteristics were described in the publication (Molkov et al., 2021). 
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Figure 8. Tank rupture in a fire with varying HRR/A: 1 MW/m2, 0.62 MW/m2 and 0.29 MW/m2 (tank 

volume 36 L, initial pressure 700 bar); dynamics of tank wall decomposition, load-bearing wall 

thickness and tank storage pressure (Molkov et al., 2021). 

In Figure 8 above, the Y-axis (left) is the tank wall thickness: liner (hatched bottom region) and 

carbon fibre reinforced polymer (CFRP) overwrap. The Y-axis (right) is the internal tank 

pressure. The pressure increases from 70 MPa at the start of the fire, to the final pressure at 

which the tank ruptures. The X-axis is the fire test duration. The black curves show the 

dynamics of load-bearing thickness and pressure; the red curves show the dynamics of resin 

decomposition front in the tank wall. The tank rupture criterion is defined as the contact of the 

resin decomposition front moving inwardly with the tankôs dynamically changing (moving 

outwardly) load-bearing thickness. Using heat flux from fire with a given HRR/A as input the 

tool can easily predict the FRR of tank in the respective fire. Tank FRR can directly influence 

the risk of on-board hydrogen storage for different applications unless the tank is explosion-

free in a fire. 

 Parametric study of effect of TPRD diameter and time of TPRD initiation on tank 

rupture 

This section gives an example of the engineering tool application for modelling tank 

performance in a fire coupled with simulation of tank blowdown dynamics through a TPRD 

and effect of heat transfer to hydrogen. The goal of the study is to demonstrate how the 

engineering tool can help prevent tank rupture in a fire. The tool is accounting important 

physical phenomena behaviour, which can be observed in the fire test of high-pressure 

hydrogen storage tanks, such as: conjugate heat transfer from a fire to tank, tank materials 

degradation, internal hydrogen pressure dynamics, temperature dynamics and tank failure 

mechanism with determined FRR (validated in the study (Molkov et al., 2021)), initiation of 

hydrogen release through TPRD with non-adiabatic gas behaviour, liner melting causing the 

potential additional hydrogen leak etc. A number of assumptions were made in this parametric 

study. Firstly, two TPRD orifice sizes were used here ï Å0.45 mm and Å0.65 mm. The 

reduced orifices would help to prevent the pressure peaking phenomenon and exclude long jet 

fires. The TPRD activation time was 3 min after fire initiation and the fire HRR/A was 1 
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MW/m2, the tank was of Type IV, 36 L and charged to 70 MPa as mentioned in the previous 

section, see Figure 9 below. 

 

Figure 9. 36 L, 70MPa bar tank performance in a fire with blow-down through TPRD Å0.45 mm and 

Å0.65 mm, activation at 180 s after fire initiation - dynamics of tank wall decomposition front, load-

bearing wall thickness, storage pressure and liner melting front (Molkov et al., 2021). 

It is seen that after the TPRD initiation the load-bearing thickness of CFRP (and pressure) was 

slowly decreasing due to the pressure drop in the tank down to about 140 bar for orifice Å0.45 

mm, and below 50 bar for orifice Å0.65 mm. The liner leakage occurred at 869 s and 759 s for 

TPRD orifices Å0.45 mm and Å0.65 mm respectively causing further pressure drop, down to 

atmospheric pressure, as shown with blue dash curves, because it created additional to TPRD 

orifice release areas. 

2.4 Correlation for DDT in horizontal and vertical ventilation systems with non-

uniform hydrogen-air mixtures in the presence of obstacles (4.2, KIT) 

 Introduction  

The model allows the evaluation of the DDT conditions in a tunnel geometry for non-uniform 

hydrogen air mixtures. It consists of the four major parameters: 

1. Geometry factors: 

- Confinement degree (confined, semiconfined, partially confined), lateral venting, 

end venting, smooth channel, rough channel, obstructions, fans, natural wind. 

- Scale (characteristic size ï cross-section, length of the channel, length of the cloud 

of the hydrogen-air mixture). 

- The linearity of the channel (straight, bended, Tïjunction, Yïjunction, zigzagging).  

2. Mixture characterization: 

- Mixture uniformity/non-uniformity (longitudinal gradient, vertical stratification, 

vertical gradient). 

- Mixture reactivity (laminar flame velocity, expansion ratio, speed of sound, 

detonation velocity, detonation pressure, detonation cell size. 
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3. Ignition source (electric spark, hot surface (glow plug), open flame, local explosion or 

blast wave)  

4. History and dynamics of the process (run-up-distance, runway distance to flame 

acceleration and DDT) 

 Nomenclature 

Parameter Symbol Unit  

Height of the tunnel  H m 

Height of the hydrogen-air layer  h m 

Width of the tunnel  b m 

Cross section area  A m2 

Blockage ratio BR (-) 

Distance x m 

Spacing between obstacles s m 

Diameter d, D m 

Gravity acceleration  g m/s2 

Length L m 

Universal gas constant R J/K/kmol 

Volume fraction of hydrogen X (-) 

Pressure p bar 

Temperature T K 

Molecular mass  M kg/kmol 

Density  r kg/m3 

Characteristic time t s 

Hydrogen inventory m kg 

 Model description 

The model operates with several basic characteristics for DDT evaluation: 

1. The mixture of hydrogen with air should be within the flammability limits 4 ï 75 % H2 

(vol.). The criterion for flame acceleration is the critical expansion ratio for flame 

acceleration to speed of sound, s*=3.75 for hydrogen ï air mixtures inside the enclosed 

channels (Dorofeev et al. 2001). It depends on the scale but not for the tunnel 

dimensions because the critical Peclet number Pe = D/ŭ >> 100 for tunnels. For 

partially confined envelope of hydrogen ï air mixture, the critical expansion ratio 

depends on the opening degree, mixture uniformity and blockage ratio as the ratio of 

blocked area to the total cross-section area; see Figure 10 (Kuznetsov et al., 2011; 

Grune et al., 2013; Kuznetsov et al., 2015; Friedrich et al. 2019).  
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Figure 10. Examples of cross-sections (mined road tunnels). Grey area is the total cross-section, A; 

blue area is blocked by turbo-fans and/or by cars, Ai. BR = ɆAi/A.  

A linear correlation between the critical expansion ratio s* and the ratio of the spacing 

between the obstacles and the layer thickness, s/h, was derived by Kuznetsov et al. (2011) for 

fast flame propagation based on large scale experiments (Figure 11) and theoretical 

considerations: 

 „ᶻ „ᶻϽρ ὑϽίὬϳ  (14) 

 

where s0* = 3.75 is the critical expansion ratio for uniform hydrogen-air mixture fully 

occupied the tunnel cross-section; K = 0.175 is a constant depending on the blockage ratio BR 

= ɆAi/A, where A is the tunnel cross-section, Ai is the total visible blockage for cars, busses, 

trucks ventilators and other supporting equipment inside the tunnel; the spacing s can be a 

distance between cars in one lane. Eq. (14) is true for a layer of stratified hydrogen-air mixture; 

h is the layer thickness (Figure 13, left, bottom). It is valid for relatively small gradients (less 

than 30% H2 /m) in an assumption that the process of flame propagation governs by the highest 

hydrogen concentration at the ceiling. For a relatively high concentration gradient 40-60% H2 

/m, efficiently, the only part of the mixture above 8-9% H2 takes part in upward flame 

propagation. It results in a thinner layer of the mixture pushing the flame. This means that it 

requires higher hydrogen concentration to provide the flame acceleration to the speed of sound. 

For instance, it needs the maximum hydrogen concentration of 19% H2 at the ceiling 

corresponding to 0.24 m of efficient layer thickness compared to 15 % H2 and a layer thickness 

of 0.6 m for a uniform hydrogen-air composition to provide flame acceleration to speed of 

sound.  

In case of a stratified hydrogen-air mixture fully occupied the cross-section of the system 

(Kudriakov et al., 2013; Kuznetsov et al., 2019), the process of combustion and flame 

acceleration is governed by the maximum hydrogen concentration at the top of the system with 

h =H in Eq. (14). 
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Figure 11. Critical conditions for effective flame acceleration as function of expansion ratio vs. 

dimensionless vent area: sonic flame and detonations (open points); subsonic flame (solid points). 

Different spacing is labelled (Kuznetsov et al., 2011).  

2. The DDT criterion is based on the ratio of characteristic tunnel dimension (for instance, 

an equivalent diameter Ὀ τὃȾ“ to the detonation cell size, D/l. The ratio D/l 

should exceed the value N* dependent on geometry, mixture reactivity, uniformity of 

the mixture (Moen et al., 1981; Teodorczyk et al., 1988; Dorofeev et al. 2001). Critical 

conditions for uniform or stratified semi-confined layer of hydrogen air mixture are 

given in terms of the ratio h/l, where h is the layer thickness, see Figure 11, bottom 

(Kuznetsov et al., 2011; Grune et al., 2013; Kuznetsov et al., 2015; Rudy et al., 2013; 

Grune et al., 2013b). 

The model includes the DDT criterion as dimensionless ratio L/l of the characteristic size L 

over the detonation cell size l as a measure of detonability of the mixture: 

 ὒ

‗
ὔᶻ (15) 

 

where N* is the critical value for detonation onset (DDT) or detonation propagation dependent 

on the geometry of the system. The tunnel relevant critical ratios of L/l for detonation onset in 

a channel with obstacles fully filled with uniform mixture are summarized in Table 5.  
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Table 5. Dimensionless scale for different processes. 

Dimensionless 

scale  

Critical 

value N*, (-) 
Detonation relevant phenomenon References 

D/l 1/ˊ 
Detonation propagation in a 

smooth channel with diameter D 
Moen et al. (1981) 

d/l 1 

Detonation propagation in 

obstructed tubes with orifice size d 

(BR*<0.43) 

Teodorczyk et al. 

(1988) 

L/l 7 
Detonation onset in obstructed 

channels 
Dorofeev et al. (2000) 

L/l 7 
Detonation onset in multi-chamber 

structure 
Dorofeev et al. (2000) 

 

Most of the practical cases are covered by more universal criterion L/l > 7 based on large scale 

experiments (Dorofeev et al., 2000). Characteristic size L for detonation onset is formulated 

depending on the size of the channel D, dimension of unobstructed passage between obstacle 

and sidewall d and spacing between repeating obstacles s: 

 
ὒ

Ὀ ί

ςρ
Ὠ
Ὀ

 (16) 

 

For tunnel geometry, it will be more convenient to express the ratio d/D through the blockage 

ratio BR because d-parameter is not well defined for the complex geometry of obstacles:  

 ὨὈϳ Ѝρ ὄὙ                       (17) 

 

The complex blockage ratio, in turn, can be expressed as follows 

 ὄὙ ὃȾὃ (18) 

 

where Ai is the area of each visible object which is blocking the tunnel cross-section (a car or 

cars, a jet fan or ventilator, a truck or trucks). Then, assuming equidistant spacing s = D, 

Eq. (16) can be derived as a function of blockage ratio BR and an equivalent diameter D 

keeping constant the DDT condition L/l = 7:  

 
ὒ

Ὀ

ρ Ѝρ ὄὙ
χ‗ (19) 

 

Table 6 summarizes the results of such a practical transformation of Eq. (16). It may tell us 

several conclusions useful for tunnel safety assessment. For very small blockage BR = 0.1 

characteristic length for DDT is about 20 diameters (L/D = 19.5). For practically unblocked 

tunnel (BR=0.1) the critical ratio D/l =0.36 approach to the ratio D/l =1/ˊ found by Moen et 

al. (1981) for smooth tubes. The critical ratio d/l = 0.96 for BR = 0.3 and d/l = 1.22 for BR = 
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0.4 are very close to the DDT criterion d/l = 1 found by Teodorczyk et al. (1988) for 

obstructed tube with BR < 0.43. The higher blockage leads to larger ratios D/l and d/l. For the 

tunnel geometry, we cannot expect the blockage larger than 30% except the rail tunnels where 

the blockage by the train can reach 50-60 %.  

Table 6. Critical ratios for DDT as function of blockage ratio. 

Blockage ratio BR  L/D D/ l d/ l 

0.1 19.49 0.36 0.34 

0.2 9.47 0.74 0.66 

0.3 6.12 1.14 0.96 

0.4 4.44 1.58 1.22 

0.5 3.41 2.05 1.45 

0.6 2.72 2.57 1.63 
 

All of the aforementioned relationships for detonation onset are relevant to the very 

hypothetical scenario for uniform hydrogen-air mixture fully filled the tunnel cross-section. 

The most realistic scenario for tunnel geometry is the formation of a stratified layer of the 

hydrogen-air mixture on top of the channel (Figure 12). It was found by Li (2019) that due to 

open boundaries in the axial direction, the cloud grows only in the longitudinal direction with 

almost constant layer thickness remaining within 0.5-0.6 m.  

  

Figure 12. Hydrogen distribution profiles in a tunnel: a) front view; b) side view (Li et al., 2019).  

Critical conditions for detonation onset in a semi-confined layer of the uniform hydrogen-air 

mixture have been experimentally found in a cylinder vessel of 3.5 m ID (Kuznetsov et al., 

2011; Kuznetsov et al., 2015): 

 Ὄ ‗ϳ ρσ ρτ (20) 

 

where h is the layer thickness. For the stratified layer, similar to shown in Figure 12, If the 

hydrogen concentration gradient is not larger than 60%H2/m, the critical condition for a 

detonation onset is the same (see Eq. (20)) as for uniform hydrogen composition of the same 

hydrogen concentration as the maximum concentration of the stratified composition. It happens 

when the efficient layer thickness is not less than the corresponding layer thickness for the 

uniform mixture. 

 Ὤᶻ ὢ ὫὶὥὨὢϳ  (21) 

 

a) b) 
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For instance the efficient layer thickness h* = 1.05 m for grad(XH2) = 20% H2 /m and h* = 0.7 

m for grad(XH2) = 30% H2/m for stratified compositions, which are larger than 0.6 m of 

detonable uniform composition. In the case of a very steep gradient (more than 60%H2/m) the 

effective layer thickness h* = 0.33 m becomes too thin to be detonable. For such a layer 

thickness the maximum hydrogen concentration should be higher than 23% H2. This value is 

very close to the experimental one 23.6% H2 (Kuznetsov et al., 2015). Then, for the stratified 

semiconfined layer the critical DDT condition 

 Ὤᶻ‗ϳ ρσ ρτ (22) 

 

3. Both of the aforementioned criteria for flame acceleration and DDT require the 

satisfaction of so-called ñrun-up-distance (RUD) criterionò, Xs < L, where L is a 

characteristic length of hydrogen - air cloud along the channel (Veser et al., 2002; 

Kuznetsov et al., 2005; Ciccarelli et al., 2008). If the cloud dimension L is longer than 

the run-up-distance to speed of sound Xs then the detonation may occur. 

The run-up distance to detonation depends on mixture reactivity and the level of turbulence. 

Both factors can promote flame acceleration and shorten the run-up distance Xs. A high level 

of turbulence can be introduced by fans or by other obstacles. In a tunnel it can be a ventilation 

system or traffic of the cars. If there are no obstacles and the channel is relatively smooth, then 

the boundary layer is the only source of the turbulent motion. Based on the critical thickness of 

the boundary layer for detonation onset ŭ =10l a run-up-distance to detonation was 

experimentally evaluated depending on the tube roughness (Kuznetsov et al., 2005): 

 ὢ υυπ‗ (23) 

   

Eq. (23) is valid for very thick tubes similar to a tunnel with D > 20l. For relatively narrow 

tubes with 10l < D < 20l the run-up-distance Xs is proportional to tube diameter D depending 

on roughness ȹ: 

 ὢ ςτςχὈȟ ɝ ρππ‘ (24) 

 

 ὢ ρψρωὈȟ ɝ ρπππ‘ (25) 

 

 ὢ ρςρτὈȟ ɝ υπππ‘ (26) 

 

These values fit very well to Xs = (15-40) D according to papers Bollinger et al. (1961) and 

Laffitte and Dumanois (1926). To take into account the effect of roughness and involving the 

boundary layer theory Equations (24) to (26) have been transformed as follows (Ciccarelli et 

al., 2008) 

 
ὢ Ὀ
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ὑ  (27) 

 



Grant Agreement No: 826193 

D4.3. Final report on analytical, numerical and experimental studies on explosions, including 

innovative prevention and mitigation strategies 

Page 49 of 243 

 

where k, K, and C are the physical constant from turbulent boundary layer theory (Landau and 

Lifshitz, 1986): k = 0.4, K = 5.5, and C = 0.2; D/h can be expressed through the blockage ratio: 

  Ὀ

Ὤ

ς

ρ Ѝρ ὄὙ
 (28) 

 

 

‎
ὥ

–Ὓ „ ρ

‏

Ὀ

ϳ

 (29) 

 

where SL is the laminar flame speed; ŭ = ɜ/SL is the laminar flame thickness; ɜ is the kinematic 

viscosity; h and m are two incognita derived from experimental data (Kuznetsov et al., 1999; 

Lindstedt et al., 1989; Kuznetsov et al., 2005b; Kuznetsov et al., 2003): h=2.1 and m=-0.18. 

Relations Eq. (27) to (29) consider roughness as a measure of blockage but the relations are 

valid only up to very small blockage ratio BR < 0.1. There is another relationship to calculate 

the run-up-distance to supersonic flame within the range BR = 0.3 ï 0.75 (Veser et al., 2002): 

 
ὢ

ὥὈϽρ ὄὙ

ρ ρȢυϽὄὙϽρπὛ „ ρ
 (30) 

 

Due to the gap of blockage ratios for the validity of Eq. (27) and Eq. (30) between BR = 0.1 

and BR = 0.3, a linear interpolation between two bounding points Xs/D (BR=0.3) and Xs/D 

(BR=0.1) can be used (Ciccarelli et al., 2008). For the practical application, we can propose to 

extend the correlation Eq. (30) to blockage ratio BR = 0.1 with 3 times under-prediction 

compared to Eq. (27).  

Both relationships Eq. (27) and Eq. (30) include laminar flame speed SL and laminar flame 

thickness ŭ as the measures of reactivity of the mixture. The detonability factor detonation cell 

size l is not included in the consideration. Then, it might be a curious result obtained that the 

distance is enough for the detonation onset, but the detonation cell size is too big for the system 

to make the system detonable. In such a case, a supersonic flame should be considered. One of 

the disadvantages and also a conservativism of the correlations Eq. (27) and Eq. (30) is that 

they cover the cases of uniform mixtures in an enclosed channel. So that for a semi-confined 

layer of a stratified hydrogen-air mixture it might be an under-predicted result (a shorten run-

up-distance). The under-prediction can be compensated by the existence of local zones 

enriched with hydrogen in the vicinity of the source and also by some barriers of the tunnel 

structure or big trucks carrying huge cargo reducing the run-up-distance. 

4. Characteristic reactivity, geometry, the scale/dimension of the hydrogen-air cloud 

produced by accidental hydrogen release should be defined depending on the release 

scenario, total hydrogen inventory, and characteristic time. Characteristic time is the 

time span between hydrogen release and ignition moments required for hydrogen 

distribution and cloud formation. 

The cloud can be uniform (Figure 13, left, very hypothetical) or a more realistic stratified layer 

(Figure 13, right). It can be fully filled the tunnel cross-section (Figure 13, top) or formed as a 
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layer on top of the compartment (Figure 13, bottom). The typical layer geometry of the cloud is 

shown in Figure 12 and Figure 14 based on GASFLOW numerical simulations. The case of 

uniform hydrogen distribution is more typical for vertical vents from a tunnel to the 

atmosphere. The case of high-pressure hydrogen jet cloud with a radial hydrogen distribution 

will not be considered in the tool. The average hydrogen concentration in the case of a uniform 

hydrogen-air cloud and the maximum hydrogen concentration at the ceiling of the tunnel is 

assumed to be the characteristic concentration of hydrogen to evaluate the reactivity of the 

cloud. 

 

 

Figure 13. Typical geometry of hydrogen-air cloud inside the tunnel: uniform composition (left); 

stratified composition (right); fully filled cross-section (top); a semiconfined layer (bottom).  

As follows from GASFLOW numerical simulations (Li et al., 2019) for 3.5 kg of hydrogen 

distribution from high pressure tank (70 MPa, 5 mm TPRD device) in a tunnel (D = 9.6 m, H = 

6.6 m) the most realistic cloud geometry is a semiconfined layer of stratified hydrogen in air 

along the tunnel (Figure 14). The figure shows the flammable hydrogen cloud (H2 vol >4%) in 

the tunnel at different times. The hydrogen cloud is gathering at the ceiling and is pushed 

sidewise along the tunnel by the continuous hydrogen jet. Hence, a layer of combustible 

hydrogen with thickness 0.5-0.6 m is formed at the tunnel ceiling. Figure 14 (d) at 16 s 

corresponds to the time when hydrogen inventory within the flammability limits has a 

maximum of about 2.5 kg. The mass flow rate drops down from 0.5 kg/s to 0.1 kg/s at this 

moment. This time is about a third of the total release time of about 50 s. However, almost 

70% of the total hydrogen inventory was released during this time. The hydrogen concentration 

has a strong vertical gradient with the maximum hydrogen concentration near the ceiling 

around 40% decreasing to 0% at the bottom of the layer. It is supposed to be the most 

dangerous moment with respect to the severity of the hydrogen explosion. We may take the 

region of the hydrogen layer (0.6 m below the ceiling) at the time of the third of the total 

release time to evaluate the hydrogen risk with respect to the flame acceleration and DDT. 

Such evaluation can be quite conservative because for a smaller nozzle diameter of TPRD 

device it can be a smaller fraction of total hydrogen inventory as a maximum amount of 

hydrogen contained within the hydrogen flammability limits. 
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Figure 14. Hydrogen distribution profiles in a tunnel vs. time after release: a) 1 s; b) 4 s; c) 8s; d) 16 s.  

Now, we can specify the geometry of hydrogen-air clouds for different tunnel geometries. 

Three most typical tunnel cross-sections are given in Figure 10. A round shape (4) and a 

rectangular cross-section (5) can also be introduced as the simplest and the basic ones to be 

combined to reproduce the real tunnel cross-sections. Within the Hytunnel-CS project (D2.2, 

Ch. 4.3), typical dimensions for different tunnels and hydrogen inventories for typical vehicles 

are summarized to be used as input data for safety evaluations (Table 7, Table 8, Table 9, Table 

10). Depending on the hydrogen inventory, the volume and dimension of the cloud a 

characteristic hydrogen concentration can be calculated for uniform and stratified hydrogen 

clouds.  

The characteristic length of the cloud L for the given average hydrogen concentration XH2 can 

be calculated for hydrogen inventory m of uniform hydrogen distribution (Figure 13, left): 

 ὒ ὠὃϳ , (31) 

 

where V is the volume of hydrogen-air mixture as a function of average hydrogen 

concentration XH2 

 
ὠ

ρ

ὢ
Ͻ
ὴὓ

άὙὝ
 (32) 

 

A is the tunnel cross-section area (CSA) (Table 7, Table 8) of a layer cross-section area: 

 ὃ ὦϽὬ for rectangular tunnel b*H (33) 

 

a) b) 

c) d) 
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Table 7. Dimensions of European road tunnels. 

 
Tunnel Description Cross-section 

Area, CSA 

(m2) 

Real 

Diameter, D 

(m) 

Equivalent 

Diameter, D (m) 

1 Single lane tunnel 24.10 N/A  5.54 

2 Double lane tunnel 39.50 N/A 7.09 

3 Gotthard tunnel, double lane 49.35 7.74 7.93 

4 Rennsteig tunnel, double lane 72.95 7.5 9.64 

5 Tyne tunnel (Original), double 

lane 

48.10 7.3 7.83 

Table 8. Dimensions of European rail tunnels. 

 
Tunnel Description Cross-section 

Area, CSA 

(m2) 

Real 

Diameter, D 

(m) 

Equivalent 

Diameter, D (m) 

1 High speed traffic, two rail 92.0 N/A 10.82 

2 Express traffic tunnel, two rail 79.2 N/A 10.04 

3 Metro type traffic, single rail 44.6 N/A 7.54  

4 Rectangular section urban rail, 

two rail 

56.3 N/A 8.47 

5 Severn tunnel, two rail 60.0 7.93 8.74 

6 Channel tunnel single rail 53.5 7.6 8.25 

Table 9. Initial hydrogen inventory, mass flow rate and discharge time for different vehicles. 

Vehicle 
Total Vehicle 

Inventory 

(kg) 

Single Tank 

Inventory 

(kg) 

Initial mass flow 

rate 

(kg/s) 

Discharge time 

(secs) 

Car (700 Bar) 5.4 2.7 0.215 168 

Bus (350 bar) 40.0 4.97 1.638 134 

Train 1 (350 bar) 96.0 4.14 7.85 67 

Train 2 (350 bar) 105.0 5.80 5.89 97 

Table 10. Hydrogen storage specifications for different car. 

Car/Model Year 
No 

tanks 

Vessel 

pressure 

(MPa) 

Mass per 

tank / total 

(kg) 

Volume per tank / 

total  

(liters) 

Mercedes-Benz GLC F-

CELL. 

2018 2 70 2.2 / 4.4 57.5 / 115 

Hyundai NEXO Fuel Cell 2018 3 70 2 /6 52 / 156 

Honda Clarity Fuel Cell 2016 2 70 ? /5.46 144 

Toyota Mirai 2015 2 70 2.3 / 4.6 60 + 62.4  / 122.4  

Hyundai Tucson/ix35 

FCEV 

2013 2 70 ? / 5. 6   / 133 
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 ὃ Ὑ , for a circular cross-section of the tunnel (34) 

 

where R=D/2; Q is a vision angle for the segment of hydrogen layer of the height h: 

 
ÁÒÃÃÏÓ, for a circular cross-section of the tunnel (35) 

 

The average hydrogen concentration XH2 in Eq. (32) and the layer thickness h should be the 

input parameters. For a stratified hydrogen distribution, the average maximum hydrogen 

concentration at the top of the tunnel should be an input parameter. A linear gradient of 

hydrogen concentration from XH2 (MAX, AVERAGE) to 0 within the layer thickness h is 

assumed. Then, the gradient of concentration is calculated as follows 

 ὫὶὥὨὢ ὢ Ὤϳ  (36) 

 

The volume of the cloud of hydrogen ï air mixture will be two times larger compared to the 

uniform cloud with the same hydrogen concentration XH2: 

 
ὠ

ς

ὢ

ὴὓ

άὙὝ
 (37) 

 

The height of the layer in a tunnel geometry with quite a large TPRD device (about 5 mm ID) 

is recommended to be by default h = 0.6 m supported by the natural gravity and density 

differences.  

 Option 1: Uniform hydrogen concentration distributed over the full tunnel cross-section 

for the given hydrogen inventory  

This option allows the user to calculate the detonability of the uniform hydrogen-air cloud 

formed by the release of 2 and 10 kg of hydrogen in an assumption of the total cross-section 

filled with the cloud. Five levels of average hydrogen mole fraction in the cloud from 10% to 

30% H2 are analysed. 

 Input data 

Table 11. Initial properties of the system. 

Parameter name Symbol Value Range Unit  

Cloud uniformity and geometry 
U, N 

U1 (Figure 13) (U1, U2, N1, 

N2) 
(-) 

Hydrogen inventory mH2 2 10 0.1-100 kg 

Mole fraction of hydrogen XH2 0.1 8-75 (-) 

Mole fraction of hydrogen XH2 0.11 8-75 (-) 

Mole fraction of hydrogen XH2 0.15 8-75 8-75 



Grant Agreement No: 826193 

D4.3. Final report on analytical, numerical and experimental studies on explosions, including 

innovative prevention and mitigation strategies 

Page 54 of 243 

 

Mole fraction of hydrogen XH2 0.20 8-75 (-) 

Mole fraction of hydrogen XH2 0.30 8-75 (-) 

Ambient pressure p 1e5 (1-2)e5 Pa 

Ambient temperature T 293 253-313 K 

Area of the tunnel cross-section A 85.8 0.1-100 m2 

Height of the tunnel cross-section H 8.89 1-15 m 

Diameter of the tunnel cross-

section 
D 

10.46 
1-15 m 

Spacing between cars S 10.46 0.1-50 m 

Blocked area by three cars  ɆAi 17.79 (Table 9) m m2 

 

 Calculation procedure 

Steps 1,2,3é 

1 Hydrogen-air cloud 

geometry 

Figure 13 (-) 

2 Expansion ratio, s Table 12 (-) 

3 Flame acceleration 

evaluation 

* 3.75s s> =  Yes / No 

4 Detonation cell size, l Table 12 m 

5 Pre-detonation length, L 

2 1

D S
L

d

D

+
=
å õ
-æ ö
ç ÷

 or 
1 1

D
L

BR
=
- -

if (S=D) 
m 

6 Blockage ratio /iBR A A=S  (-) 

7 Ratio d/D 
1

d
BR

D
= -  

(-) 

8 Detonation evaluation 7L l>  Yes/No 

9 DDT run-up-distance, XS ( )

( ) ( )

· 1

1 1.5· ·10 1

p

S

L

a D BR
X

BR S s

-
=
+ -

 
m 

10 ap, SL evaluation Table 13 m/s 

11 Length of hydrogen cloud /L V A=  m 

12 Volume of hydrogen cloud 

2

1

H

pM
V

X mRT
=  

m3 

13 Universal gas constant, R 8314.47R=  J/K/kmol 

14 Final detonability 

evaluation 
SX L<  Yes/No 
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Algorithm of solution:   
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Table 12. Main properties of hydrogen-air combustible mixtures. 

H2 mole 
fraction* 
XH2 

Expansion 
ratio**  
s 

Detonation 
cell 
size*** 
l, mm 

H2 
mole 
fraction 
XH2 

Expansion 
ratio 
s 

Detonation 
cell size 
l, mm 

0.09 3.31 18040 0.296 7.00 9.8 

0.1 3.54 5095 0.3 7.02 9.7 

0.11 3.77 2319 0.35 6.90 9.7 

0.12 3.99 1289 0.4 6.60 11.9 

0.13 4.21 798 0.45 6.27 16.8 

0.14 4.42 531 0.5 5.91 27.3 

0.15 4.63 361 0.55 5.53 57.4 

0.16 4.83 252 0.6 5.12 148 

0.18 5.23 114 0.65 4.69 362 

0.2 5.60 44.6 0.7 4.24 930 

0.22 5.96 24.6 0.75 3.76 2957 

0.25 6.45 14.5 0.8 3.25 21230 
* The data for intermediate concentration can be linearly or by spline interpolated. 

** Expansion ratios are calculated by STANJAN and Cantera codes (Reynolds, 1986; 

Goodwin, 2001). 

*** Detonation cell sizes are calculated with CELL_ H2 program based on Gavrikov et al. 

(2000) paper. 

Table 13. Laminar flame speed and speed of sound for combustion products. 

H2 mole 
fraction* 
XH2 

Laminar 
velocity 
**  
SL, m/s 

Speed of 
sound** 
ap, m/s 

Kin. 
viscosity** 
˄Σ ŎƳ2/s 

H2 
mole 
fraction 
XH2 

Laminar 
velocity  
SL, m/s 

Speed of 
sound 
ap, m/s 

Kin. 
viscosity 
˄Σ ŎƳ2/s 

0.09 0.171 636 0.165 0.296 2.677 980 0.202 
0.1 0.246 659 0.167 0.3 2.719 983 0.203 

0.11 0.334 682 0.168 0.35 3.131 1024 0.214 
0.12 0.432 703 0.170 0.4 3.333 1047 0.227 
0.13 0.541 724 0.171 0.45 3.313 1068 0.242 
0.14 0.657 745 0.173 0.5 3.082 1087 0.258 
0.15 0.781 765 0.175 0.55 2.672 1106 0.277 
0.16 0.910 784 0.176 0.6 2.129 1125 0.299 
0.18 1.180 821 0.180 0.65 1.516 1145 0.325 
0.2 1.458 855 0.183 0.7 0.905 1165 0.356 

0.22 1.737 888 0.187 0.75 0.375 1186 0.393 
0.25 2.139 931 0.192 0.8 0.009 1206 0.441 

* The data for intermediate concentration can be linearly or by spline interpolated. 

** The data are calculated by STANJAN and Cantera codes (Reynolds, 1986; Goodwin, 2001). 
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 Output values 

Table 14. Output data for hydrogen inventory, m = 2 kg. 

Hydrogen inventory, m = 2 kg 

Parameter name Symbol Unit  

Output values 

Hydrogen mole fraction, XH2 

0.1 0.11 0.15 0.2 0.3 

Expansion ratio, s s (-) 3.54 3.77 4.63 5.6 7.02 

Detonation cell size, l l mm 5095 2320 361 44.6 9.7 

Blockage ratio, BR BR (-) 0.207 0.207 0.207 0.207 0.207 

Pre-detonation length, L L m 95 95 95 95 95 

DDT length 7l m 35.7 16.2 2.53 0.31 0.07 

Volume of hydrogen cloud V m3 240 219 160 120 80 

Length of hydrogen cloud L m 2.8 2.5 1.9 1.4 0.93 

Sound speed in products ap m/s 659 682 765 855 983 

Laminar velocity SL m/s 0.25 0.33 0.78 1.46 2.7 

Run-up-distance (RUD) Xs m 666 467 171 81 39 

Result S1 S2 S2 S2 S2 

Note: S1 ï subsonic deflagration ( * 3.75s s< = ); S2 - supersonic deflagration ( *s s> , 

SX L>> ). 

Table 15. Output data for hydrogen inventory, m = 10 kg. 

Hydrogen inventory, m = 10 kg 

Parameter name Symbol Unit  

Output values 

Hydrogen mole fraction, XH2 

0.1 0.11 0.15 0.2 0.3 

Expansion ratio, s s (-) 3.54 3.77 4.63 5.6 7.02 

Detonation cell size, l l mm 5095 2320 361 44.6 9.7 

Blockage ratio, BR BR (-) 0.207 0.207 0.207 0.207 0.207 

Pre-detonation length, L L m 95 95 95 95 95 

DDT length 7l m 35.7 16.2 2.53 0.31 0.07 

Volume of hydrogen cloud V m3 1200 1095 800 600 400 

Length of hydrogen cloud L m 14 12.5 9.5 7 4.65 

Sound speed in products ap m/s 659 682 765 855 983 

Laminar velocity SL m/s 0.25 0.33 0.78 1.46 2.7 

Run-up-distance (RUD) Xs m 666 467 171 81 39 

Result S1 S2 S2 S2 S2 

Note: S1 ï subsonic deflagration ( * 3.75s s< = ); S2 - supersonic deflagration ( *s s> , 

SX L>> ). 

 Option 2: Uniform hydrogen concentration distributed inside a layer of hydrogen-air 

mixture for the given hydrogen inventory  

This option allows user calculating the detonability of the uniform cloud formed as a layer of 

hydrogen-air mixture by the release of 2 and 10 kg of hydrogen. Five levels of average 

hydrogen mole fraction in the cloud from 10 to 30% H2 are analysed. 



Grant Agreement No: 826193 

D4.3. Final report on analytical, numerical and experimental studies on explosions, including 

innovative prevention and mitigation strategies 

Page 58 of 243 

 

 Input data 

Table 16. Initial properties of the system. 

Parameter name Symbol Value Unit  

Hydrogen inventory mH2 2 10 kg 

Mole fraction of hydrogen XH2 0.1 (-) 

Mole fraction of hydrogen XH2 0.11 (-) 

Mole fraction of hydrogen XH2 0.15 (-) 

Mole fraction of hydrogen XH2 0.20 (-) 

Mole fraction of hydrogen XH2 0.30 (-) 

Ambient pressure p 1 bar 

Ambient temperature T 293 K 

Area of the tunnel cross-section A 85.8 m2 

Height of the tunnel cross-section H 8.89 m 

Diameter of the tunnel cross-

section 
D 

10.46 
m 

Thickness of the layer h 0.6 m 

Conventional blockage ratio*  BR 0.05 (-) 

Note: * Since the vehicles in the tunnel do not block the flame propagation in a layer on top of 

the tunnel, a conventional blockage ratio of BR = 0.05 corresponding to the natural roughness 

of the tunnel surface of about 10 cm is assumed. 

 Calculation procedure 

1 Expansion ratio, s Table 12 (-) 

2 Critical expansion ratio, s*  ( )0* * 1 K s hs s= + Ö  (-) 

3 
Flame acceleration 

evaluation 
*s s>  

Yes / 

No 

4 Detonation cell size, l Table 12 mm 

5 Critical layer thickness, h* * 13.5h l=  m 

6 Blockage ratio 0.05BR=  (-) 

6 Spacing, s ( )1 1
2

D
s BR= - -  (-) 

7 Detonation evaluation * 13.5h h l> =  Yes/No 

8 DDT run-up-distance, XS 
1

lnS

D
X K

C h

g
g

k

è øå õ
= +æ öé ù

ç ÷ê ú
 m 

9 ap, SL evaluation Table 13 m/s 

10 ɔ evaluation 

( )

1

1 3 2 7/3

2
1

m
p

L

a

DS

d
g
h s

+è øå õ
=é ùæ ö

ç ÷-é ùê ú

 (-) 

11 D/h evaluation 
2

1 1

D

h BR
=
- -

 (-) 

12 Kinematic viscosity, ɜ Table 13 cm2/s 

13 Laminar flame thickness 
LS

n
d=  mm 

14 Length of hydrogen cloud /L V A=  m 
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15 Volume of hydrogen cloud 7L l>  m3 

16 Layer cross-section area 
2sin

2
A R
Q- Q
=  m2 

17 Visible angle arccos
2

R h

R

Q -å õ
= æ ö

ç ÷
 rad 

18 
Final detonability 

evaluation SX L<  Yes/No 

 Output values 

Table 17. Output data for hydrogen inventory, m = 2 kg, and layer geometry, h = 0.6 m. 

Hydrogen inventory, m = 2 kg 

Parameter name Symbol Unit  

Output values 

Hydrogen mole fraction, XH2 

0.1 0.11 0.15 0.2 0.3 

Expansion ratio, s s (-) 3.54 3.77 4.63 5.6 7.02 

Critical expansion ratio, s s*  (-) 3.89 3.89 3.89 3.89 3.89 

Detonation cell size, l l mm 5095 2320 361 44.6 9.7 

Blockage ratio, BR BR (-) 0.05 0.05 0.05 0.05 0.05 

Spacing, s s m 0.13 0.13 0.13 0.13 0.13 

Critical layer thickness, h* h* m 69 31 4.87 0.60 0.13 

Volume of hydrogen cloud V m3 240 219 160 120 80 

Layer cross-section area A m2 1.97 1.97 1.97 1.97 1.97 

Layer thickness h m 0.6 0.6 0.6 0.6 0.6 

Visible angle Q rad 0.968 0.968 0.968 0.968 0.968 

Length of hydrogen cloud L m 122 111 81 61 41 

Sound speed in products ap m/s 659 682 765 855 983 

Laminar velocity SL m/s 0.25 0.33 0.78 1.46 2.7 

Laminar flame thickness, ɻ  ɻ mm 0.1342 0.1023 0.0425 0.0203 0.0092 

ɔ - parameter  ɹ (-) 3.068 2.372 1.037 0.510 0.233 

D/h - parameter D/h (-) 79.0 79.0 79.0 79.0 79.0 

Run-up-distance (RUD) Xs m 3084 2304 896 393 155 

Result S1 S1 S2 S2 S2 

Table 18. Output data for hydrogen inventory, m = 10 kg, and layer geometry, h = 0.6 m. 

Hydrogen inventory, m = 10 kg 

Parameter name Symbol Unit  

Output values 

Hydrogen mole fraction, XH2 

0.1 0.11 0.15 0.2 0.3 

Expansion ratio, s s (-) 3.54 3.77 4.63 5.6 7.02 

Critical expansion ratio, s s*  (-) 3.89 3.89 3.89 3.89 3.89 

Detonation cell size, l l mm 5095 2320 361 44.6 9.7 

Blockage ratio, BR BR (-) 0.05 0.05 0.05 0.05 0.05 

Spacing, s s m 0.13 0.13 0.13 0.13 0.13 

Critical layer thickness, h* h* m 69 31 4.87 0.60 0.13 

Volume of hydrogen cloud V m3 1200 1095 800 600 400 
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Layer cross-section area A m2 1.97 1.97 1.97 1.97 1.97 

Layer thickness h m 0.6 0.6 0.6 0.6 0.6 

Visible angle Q rad 0.968 0.968 0.968 0.968 0.968 

Length of hydrogen cloud L m 610 556 406 305 203 

Sound speed in products ap m/s 659 682 765 855 983 

Laminar velocity SL m/s 0.25 0.33 0.78 1.46 2.7 

Laminar flame thickness, ɻ  ɻ mm 0.1342 0.1023 0.0425 0.0203 0.0092 

ɔ - parameter  ɹ (-) 3.068 2.372 1.037 0.510 0.233 

D/h - parameter D/h (-) 79.0 79.0 79.0 79.0 79.0 

Run-up-distance (RUD) Xs m 3084 2304 896 393 155 

Result S1 S1 S2 S2 D 

Note: S1 ï subsonic deflagration ( * 3.75s s< = ); S2 - supersonic deflagration ( *s s> , 

SX L>> ); D ï Detonation SX L< . 

 Option 3: Stratified layer of hydrogen-air mixture for the given hydrogen inventory  

This option allows user calculating the detonability of the stratified layer of hydrogen-air 

mixture by the release of 2 and 10 kg of hydrogen. Five levels of maximum hydrogen mole 

fraction at the top of the cloud from 10 to 30% H2 are analysed. 

 Input values 

Table 19. Initial properties of the system. 

Parameter name Symbol Value Unit  

Hydrogen inventory mH2 2 10 kg 

Mole fraction of hydrogen at the 

top 
XH2 

0.1 
(-) 

Mole fraction of hydrogen at the 

top 
XH2 

0.11 
(-) 

Mole fraction of hydrogen at the 

top 
XH2 

0.15 
(-) 

Mole fraction of hydrogen at the 

top 
XH2 

0.20 
(-) 

Mole fraction of hydrogen at the 

top 
XH2 

0.30 
(-) 

Ambient pressure p 1 bar 

Ambient temperature T 293 K 

Area of the tunnel cross-section A 85.8 m2 

Height of the tunnel cross-section H 8.89 m 

Diameter of the tunnel cross-

section 
D 

10.46 
m 

Thickness of the layer h 0.6 m 

Conventional blockage ratio*  BR 0.05 (-) 

Note: * Since the vehicles in the tunnel do not block the flame propagation in a layer on top of 

the tunnel, a conventional blockage ratio of BR = 0.05 corresponding to the natural roughness 

of the tunnel surface of about 10 cm is assumed. 
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 Calculation procedure 

1 Expansion ratio, s Table 12 (-) 

2 
Gradient of concentration, 

grad(XH2) 2 2
( ) /H Hgrad X X h=  (-) 

3 
Efficient layer thickness, 

h*  2 2
* / ( )*H Hh X grad X=  (-) 

4 Critical expansion ratio, s*  ( )0* * 1 K s hs s= + Ö  (-) 

5 
Flame acceleration 

evaluation 
*s s>  

Yes / 

No 

6 Detonation cell size, l Table 12 mm 

7 Blockage ratio 0.05BR=  (-) 

8 Critical layer thickness, h* * 13.5h l=  m 

9 Detonation evaluation * 13.5h h l> =  Yes/No 

10 DDT run-up-distance, XS 
1

lnS

D
X K

C h

g
g

k

è øå õ
= +æ öé ù

ç ÷ê ú
 m 

11 ap, SL evaluation Table 13 m/s 

12 ɔ evaluation 

( )

1

1 3 2 7/3

2
1

m
p

L

a

DS

d
g
h s

+è øå õ
=é ùæ ö

ç ÷-é ùê ú

 (-) 

13 D/h evaluation 
2

1 1

D

h BR
=
- -

 (-) 

14 Kinematic viscosity, ɜ Table 13 cm2/s 

15 Laminar flame thickness 
LS

n
d=  mm 

16 Length of hydrogen cloud /L V A=  m 

17 Volume of hydrogen cloud 
2

2

H

pM
V

X mRT
=  m3 

18 Layer cross-section area 
2sin

2
A R
Q- Q
=  m2 

19 Visible angle arccos
2

R h

R

Q -å õ
= æ ö

ç ÷
 rad 

20 
Final detonability 

evaluation SX L<  Yes/No 

Note: * If the gradient is an input parameter, then h = h*. 
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 Output values 

Table 20. Output data for hydrogen inventory, m = 2 kg, and stratified layer geometry, h = 0.6 m. 

Hydrogen inventory, m = 2 kg 

Parameter name Symbol Unit  

Output values 

Hydrogen mole fraction, XH2 

0.1 0.11 0.15 0.2 0.3 

Expansion ratio, s s (-) 3.54 3.77 4.63 5.6 7.02 

Gradient of concentration  grad(XH2) 
% H2 

/m 

16.7 18.3 25 33.3 50 

Critical expansion ratio, s s*  (-) 3.89 3.89 3.89 3.89 3.89 

Detonation cell size, l l mm 5095 2320 361 44.6 9.7 

Blockage ratio, BR BR (-) 0.05 0.05 0.05 0.05 0.05 

Spacing, s s m 0.13 0.13 0.13 0.13 0.13 

Critical layer thickness, h* h* m 69 31 4.87 0.60 0.13 

Volume of hydrogen cloud V m3 481 437 321 240 160 

Layer cross-section area A m2 1.97 1.97 1.97 1.97 1.97 

Layer thickness h m 0.6 0.6 0.6 0.6 0.6 

Visible angle Q rad 0.968 0.968 0.968 0.968 0.968 

Length of hydrogen cloud L m 244 222 163 122 81 

Sound speed in products ap m/s 659 682 765 855 983 

Laminar velocity SL m/s 0.25 0.33 0.78 1.46 2.7 

Laminar flame thickness, 

 ɻ
 ɻ mm 

0.1342 0.1023 0.0425 0.0203 0.0092 

ɔ - parameter  ɹ (-) 3.068 2.372 1.037 0.510 0.233 

D/h - parameter D/h (-) 79.0 79.0 79.0 79.0 79.0 

Run-up-distance (RUD) Xs m 3084 2304 896 393 155 

Result S1 S1 S2 S2 S2 

Note: S1 ï subsonic deflagration ( * 3.75s s< = ); S2 - supersonic deflagration ( *s s> , 

SX L>> ); D ï Detonation SX L< . 
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Table 21. Output data for hydrogen inventory, m = 10 kg, and stratified layer geometry, h = 0.6 m. 

Hydrogen inventory, m = 10 kg 

Parameter name Symbol Unit  

Output values 

Hydrogen mole fraction, XH2 

0.1 0.11 0.15 0.2 0.3 

Expansion ratio, s s (-) 3.54 3.77 4.63 5.6 7.02 

Gradient of concentration  grad(X 

H2) 

% H2 

/m 

16.7 18.3 25 33.3 50 

Detonation cell size, l l mm 5095 2320 361 44.6 9.7 

Blockage ratio, BR BR (-) 0.05 0.05 0.05 0.05 0.05 

Critical layer thickness, h* h* m 69 31 4.87 0.60 0.13 

Volume of hydrogen cloud V m3 2404 2186 1603 1202 801 

Layer cross-section area A m2 1.97 1.97 1.97 1.97 1.97 

Layer thickness h m 0.6 0.6 0.6 0.6 0.6 

Visible angle Q rad 0.968 0.968 0.968 0.968 0.968 

Length of hydrogen cloud L m 1221 1110 814 611 407 

Sound speed in products ap m/s 659 682 765 855 983 

Laminar velocity SL m/s 0.25 0.33 0.78 1.46 2.7 

Laminar flame thickness, 

 ɻ
 ɻ mm 

0.1342 0.1023 0.0425 0.0203 0.0092 

ɔ - parameter  ɹ (-) 3.068 2.372 1.037 0.510 0.233 

D/h - parameter D/h (-) 79.0 79.0 79.0 79.0 79.0 

Run-up-distance (RUD) Xs m 3084 2304 896 393 155 

Result S1 S1 S2 D D 

Note: S1 ï subsonic deflagration ( * 3.75s s< = ); S2 - supersonic deflagration ( *s s> , 

SX L>> ); D ï Detonation SX L< . 

 Option 4: Stratified hydrogen-air mixture filled the whole tunnel cross-section for the 

given hydrogen inventory  

This option allows the user to calculate the detonability of the stratified hydrogen-air mixture 

fill ing the total tunnel cross-section by the release of 2 and 10 kg of hydrogen. This option was 

chosen to be more realistic for a very long release time in the case of a very large hydrogen 

inventory or smaller nozzle diameter (0.5, 1 mm ID) for TPRD devices. Five levels of 

maximum hydrogen mole fraction at the top of the cloud from 10 to 30% H2 are analysed. The 

concentrations above 15% seemed to be less probable. 
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 Input values 

Table 22. Initial properties of the system. 

Parameter name Symbol Value Unit  

Hydrogen inventory mH2 2 10 kg 

Mole fraction of hydrogen at the 

top 
XH2 

0.1 
(-) 

Mole fraction of hydrogen at the 

top 
XH2 

0.11 
(-) 

Mole fraction of hydrogen at the 

top 
XH2 

0.15 
(-) 

Mole fraction of hydrogen at the 

top 
XH2 

0.20 
(-) 

Mole fraction of hydrogen at the 

top 
XH2 

0.30 
(-) 

Ambient pressure p 1 bar 

Ambient temperature T 293 K 

Area of the tunnel cross-section A 85.8 m2 

Height of the tunnel cross-section H 8.89 m 

Diameter of the tunnel cross-

section 
D 

10.46 
m 

Thickness of the layer H 8.89 m 

Blockage ratio*  BR 0.207 (-) 

Note: * The stratified mixture covers total tunnel cross-section. Then the channel will be 

blocked by cars and trucks. 

 Calculation procedure 

1 Expansion ratio, s Table 12 (-) 

2 
Gradient of concentration, 

grad(XH2) 2 2
( ) /H Hgrad X X h=  (-) 

3 Layer thickness, h h H=  (-) 

3 Spacing between cars, s s D=  (-) 

3 
Efficient layer thickness, 

h*  2 2
* / ( )*H Hh X grad X=  (-) 

4 Critical expansion ratio, s*  ( )0* * 1 K s hs s= + Ö  (-) 

5 
Flame acceleration 

evaluation 
*s s>  

Yes / 

No 

6 Detonation cell size, l Table 12 mm 

8 Critical layer thickness, h* * 13.5h l=  m 

9 Detonation evaluation 1** * 13.5H h l> =  Yes/No 

4 Pre-detonation length, L 
2 1

D S
L

d

D

+
=
å õ
-æ ö
ç ÷

 or 
1 1

D
L

BR
=
- -

if ( S D= ) 
m 

5 Blockage ratio / 0.207iBR A A=S =  (-) 

6 Ratio d/D 1
d

BR
D
= -  (-) 
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7 Detonation evaluation 2* 7L l>  Yes/No 

8 DDT run-up-distance, XS 
( )

( ) ( )

· 1

1 1.5· ·10 1

p

S

L

a D BR
X

BR S s

-
=
+ -

 m 

9 ap, SL evaluation Table 13 m/s 

16 Length of hydrogen cloud /L V A=  m 

17 Volume of hydrogen cloud 
2

2

H

pM
V

X mRT
=  m3 

18 Layer cross-section area 
2sin

2
tunnelA A R

Q- Q
= -  m2 

19 Visible angle arccos
2

H R

R

Q -å õ
= æ ö

ç ÷
 rad 

20 
Final detonability 

evaluation SX L<  Yes/No 

Note:  * If the gradient is an input parameter then h = h*.  

 ** The most dangerous DDT criterion should be chosen 

 Output values 

Table 23. Output data for hydrogen inventory, m = 2 kg, and stratified hydrogen-air mixture. 

Hydrogen inventory, m = 2 kg 

Parameter name Symbol Unit  

Output values 

Hydrogen mole fraction, XH2 

0.1 0.11 0.15 0.2 0.3 

Expansion ratio, s s (-) 3.54 3.77 4.63 5.6 7.02 

Gradient of concentration  grad(XH2) 
% H2 

/m 

1.1 1.2 1.7 2.2 3.4 

Critical expansion ratio, s s*  (-) 4.52 4.52 4.52 4.52 4.52 

Detonation cell size, l l mm 5095 2320 361 44.6 9.7 

Critical layer thickness, h* h* m 68.8 31.3 4.87 0.60 0.13 

Volume of hydrogen cloud V m3 481 437 321 240 160 

Cloud cross-section area A m2 77.8 77.8 77.8 77.8 77.8 

Cloud thickness h m 8.89 8.89 8.89 8.89 8.89 

Visible angle Q rad 1.589 1.589 1.589 1.589 1.589 

Length of hydrogen cloud L m 6.2 5.6 4.1 3.1 2.1 

Sound speed in products ap m/s 659 682 765 855 983 

Laminar velocity SL m/s 0.25 0.33 0.78 1.46 2.7 

Run-up-distance (RUD) Xs m 656 472 171 80 38 

Result S1 S1 S1 S2 S2 

Note: S1 ï subsonic deflagration ( * 4.52s s< = ); S2 - supersonic deflagration ( *s s> , 

SX L>> ); D ï Detonation SX L< . 
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Table 24. Output data for hydrogen inventory, m = 10 kg, and stratified hydrogen-air mixture. 

Hydrogen inventory, m = 10 kg 

Parameter name Symbol Unit  

Output values 

Hydrogen mole fraction, XH2 

0.1 0.11 0.15 0.2 0.3 

Expansion ratio, s s (-) 3.54 3.77 4.63 5.6 7.02 

Gradient of concentration  grad(X 

H2) 

% H2 

/m 

1.1 1.2 1.7 2.2 3.4 

Critical expansion ratio, s s*  (-) 4.52 4.52 4.52 4.52 4.52 

Detonation cell size, l l mm 5095 2320 361 44.6 9.7 

Critical layer thickness, h* h* m 68.8 31.3 4.87 0.60 0.13 

Volume of hydrogen cloud V m3 2404 2186 1603 1202 801 

Layer cross-section area A m2 77.8 77.8 77.8 77.8 77.8 

Cloud thickness  h m 8.89 8.89 8.89 8.89 8.89 

Visible angle Q rad 1.589 1.589 1.589 1.589 1.589 

Length of hydrogen cloud L m 30.9 28.1 20.6 15.5 10.3 

Sound speed in products ap m/s 659 682 765 855 983 

Laminar velocity SL m/s 0.25 0.33 0.78 1.46 2.7 

Run-up-distance (RUD) Xs m 656 472 171 80 38 

Result S1 S1 S2 S2 S2 

Note: S1 ï subsonic deflagration ( * 4.52s s< = ); S2 - supersonic deflagration ( *s s> , 

SX L>> ); D ï Detonation SX L< . 

 Conversion units 

Pressure P should be in Pascal (Pa). So whatever unit the user selects (bar, Pa, atm, MPa, kPa 

or psi), pressure should be converted to Pa: 

Á ὖ ὖ ρπρσςυ 

Á ὖ ὖ ρπππππ 

Á ὖ ὖ φψωτȢχφ 

Á ὖ ὖ ρππππππ 

Á ὖ ὖ ρπππ 

Following the completion of the calculations, for the purposes of the creation of the results 

table, the units of pressure should be converted back into the units initially chosen by the user: 

Á ὖ  

Á ὖ  

Á ὖ
Ȣ

 

Á ὖ  

Á ὖ  

Temperature T should be in Kelvin (K). So whatever unit the user selects (C or F), 

temperature should be converted to K: 
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Á Ὕ Ὕ ςχσȢρυ 

Á Ὕ Ὕ τυωȢφχz  

Following the completion of the calculations, for the purposes of the creation of the results 

table, the units of temperature should be converted back into the units initially chosen by the 

user: 

Á Ὕ Ὕ ςχσȢρυ 

Á Ὕ Ὕ ᶻ τυωȢφχ 

Distance (length) L (in our case height and width H&W) should be in meters (m). Whatever 

unit the user selects (ft, inch, cm), it should be converted to m: 

Á ὒ ὒ πȢσπτψ 

Á ὒ ὒ πȢπςυτ 

Á ὒ ὒ πȢπρ 

Following the completion of the calculations, for the purposes of the creation of the results 

table, the units of distance should be converted back into the units initially chosen by the user: 

Á ὒ
Ȣ

 

Á ὒ
Ȣ

 

Á ὒ
Ȣ

 

2.5 Analytical model for water spray/mist system effect on hydrogen combustion 

and a shock wave attenuation (4.2, KIT) 

 Background 

Water injections like spray or mist generation system are traditionally applied to extinguish 

fires in conventional accident scenarios. However, it might be a challenge for the conventional 

fire protection systems when hydrogen vehicles are involved in fire due to hydrogen release in 

confined spaces like traffic tunnels. It is still a question whether a water spray is able to 

extinguish effectively a hydrogen fire. Nuclear containment safety studies for water reactors 

have shown that water spray is not a sufficiently good extinguisher to hydrogen fire in some 

circumstances, but the injected water droplets and vaporized steam can change the composition 

of the atmosphere in the containment and the chemical sensitivities of the gas mixtures. 

In case of hydrogen deflagration or detonation in confined spaces like tunnels, injected water 

mist interacts with shockwave caused by explosion. The pressure waves are supposed to be 

attenuated by the interaction. The attenuation effect is still unclear and has to be investigated. 

 Objectives 

The cooling mechanism of the sprayed water droplets acting on the hot products of hydrogen 

combustion is to be investigated by means of theoretical analysis of the heat and mass transfer 

laws between the liquid phase and the gas phase. An empirical correlation between hydrogen 

release rate and the required water spray flow rate is proposed if the fire ambient gas 

temperatures are cooled down to the same level. 
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The interaction between droplets and pressure shock front is investigated to reveal the 

attenuation mechanism of water mist on shockwave. A theoretical model - droplet breakup 

model is established for implementation. 

 Knowledge gaps and accident scenarios assessed 

In view of fire protection, water spray brings both advantages and disadvantages. The 

advantage is to cool down the hot gases of combustion, while the disadvantage is that the spray 

action can, in some circumstances, intensify the turbulent effect in gas flow then to intensify 

the combustion of gaseous fuel like hydrogen. 

 Engineering model development 

 Water spray model 

In the transport process of a water particle from the spray nozzle to the gas volume of e.g. a 

tunnel model, a phase change occurs, due to vaporization and condensation. In the scenario of 

tunnel hydrogen fire, vaporization of the liquid particle certainly dominates. Besides the 

convective heat and radiative heat transfer, the latent heat of the vaporized steam brings away 

the major part of the explicit heat of hot gases of combustion. The heat and mass transfers 

between the two phases are the essential mechanisms of the cooling effect of the spray. 

The heat transfer is formulated by 

 
άὧ ὃȟὬὝ Ὕ ή Ὤ, 

(38) 

 

 

where, 

ά  ï liquid particle mass, kg, 

ὧ ï specific heat of water, J/kg, 

Ὕ ï liquid temperature, K, 

Ὕ ï gas temperature, K 

ὃȟ ï surface area of particle, m2, 

Ὤ ï heat transfer coefficient between liquid and gas, W/(m2ÅK), 

ή ï rate of radiative heating of the particle, W, 

Ὤ ï vaporization latent heat of liquid particle, J/kg, 

ὸ ï physical time, s. 

Accordingly, the mass transfer between the liquid-gas phases is modeled as, 

 Ὠά

Ὠὸ
ὃȟὬ” ὣȟ ὣȟ ȟ 

(39) 

 

 

where, 
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Ὤ  ï mass transfer coefficient due to phase change, m/s, 

” ï gas density, kg/m3, 

ὣȟ ï liquid equilibrium vapor mass fraction, 

ὣȟ ï vapor mass fraction in gas phase. 

Due to far insufficient data available at KIT, the FDS code being implemented in the above-

described phase change model is applied to analyse the relationship between the hydrogen 

injection flow rate and the sprayed water flow rate. 

In a simplified rectangular cross-section tunnel model, hydrogen is released from a 70 MPa 

storage tank into the tunnel with a longitudinal ventilation velocity of 3 m/s. The hydrogen 

mass flow rate decays as time goes by owing to the blowdown flow feature. Hydrogen is 

ignited from the starting point of the release; meanwhile, water spray is activated, which is 

positioned on the tunnel ceiling right above the hydrogen release location. For a given 

hydrogen fire scale corresponding to a hydrogen release rate, the water spray flow rate is tuned 

that the high temperature of hot products of hydrogen combustion is decreased by the spray to 

the same low temperature, e.g., with the average gas temperature in the whole tunnel model as 

the reference temperature.  

In afore-described assumptions, the obtained water spray flow rates are listed in Table 25 and 

shown in Figure 15. 
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Table 25. Correlation between hydrogen mass flow rate and water spray flow rate. 

Hydrogen mass flow rate, ά , kg/s Water spray mass flow rate, ά , L/min 

0.05 80 

0.10 690 

0.11 1600 

0.12 3100 

0.13 6000 

0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14

4

5

6

7

8

9

ln
 (

w
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a
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 L
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in
)

Hydrogen mass flow rate (kg/s)

 

Figure 15. Logarithm of water flow rate in L/min as a function of hydrogen mass flow rate in kg/s. 

According to Figure 15, an empirical correlation between the water spray flow rate and the 

hydrogen release mass flow rate can be obtained by a linear fitting of the data points. 

 
ά ÅØÐ υσά ρȢυω, (40) 

where, 

ά  ï hydrogen release mass flow rate in kg/s, 

ά  ï water spray flow rate in L/min. 

It manifests that the water spray mass flow rate increases exponentially if  the hydrogen release 

rate increases, in order to cool the hot gas mixture after burning down to the same low 

temperature level. Attention should be paid hereby that, this is not a general conclusion, but 

valid only for the specific scenario defined in the FDS simulations, e.g., 

- Tunnel ventilation 3 m/s. 

- Spray nozzle is right above the H2 release location. 

- Ignition occurs from the H2 release start. 

The required fast increasing water flow rate to cool down the hydrogen combustion mixture 

with increasing leak rate is caused maybe by the ventilation flow, which can readily blow the 

hot gases away from the spray region. Therefore, a larger coolant water flow rate is necessary 

to cool down the combustion products before they are blown away. 
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 Droplet breakup model 

Droplet break-up is an important mechanism in the shockwave attenuation process by water 

mist. The theoretical break-up model contains three key model parameters, i.e., the critical 

Weber number, the droplet breakup time and the secondary droplet size. 

Critical Weber number 

Figure 13 shows the different droplet breakup modes depending on varying Weber number 

(We), which in principle dominates the breakup mode of the droplet. The starting of breakup 

process is also controlled by the Ohnesorge number (Oh). By considering both factors, the 

correlations to determine the critical Weber number is formulated as, 

ὡὩ
ρςρ ρȢπχχὕὬȢ ȟ ὭὪ τ ὕὬ ρπ

ρςρ ρȢυὕὬȢ ȟ ὭὪ ὕὬ τ
 (41) 

 

 

Figure 16. Different droplet breakup modes depending on the Weber number 

Droplet breakup time 

The droplet breakup time depends on a characteristic time (ὸ ) and a factor (Ὕᶻ ), namely, 

 
ὸ ὸ Ὕzᶻ , 

(42) 

 

where, the characteristic time ὸ  is formulated as, 

 
ὸ

Ὀ

ȿό όȿ

”

”
 (43) 

with Ὀ  ï droplet diameter, ό  ï droplet velocity, ” ï droplet density, ό ï gas flow velocity, 

” ï gas density. And the factor Ὕᶻ  is depending on the Weber number and the Ohnesorge 

number, formulated as, 
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Ὕᶻ Ὕᶻ

ừ
ỬỬ
Ừ

ỬỬ
ứ

ừ
Ử
Ừ

Ử
ứ
φ ὡὩ ρς Ȣ               Ƞ ρς ὡὩ ρψ    ὥὲὨ ὕὬ πȢρ

ςȢτυὡὩ ρςȢ          Ƞ  ρψ ὡὩ τυ    ὥὲὨ ὕὬ πȢρ

ρτȢρ ὡὩ ρς Ȣ          Ƞ   τυ ὡὩ συρ  ὥὲὨ ὕὬ πȢρ

πȢχφφὡὩ ρςȢ           ȠσυρὡὩ ςφχπ ὥὲὨ ὕὬ πȢρ
υȢυ                                              ȠςφχπὡὩ              ὥὲὨ ὕὬ πȢρ

τȢυ ρ ρȢςὕὬȢ                 Ƞ                                             ὕὬ πȢρ

.  (44) 

 

Secondary droplet size 

After the breakup process, the original droplet is broken into smaller droplets, which are called 

secondary droplets. The size of the secondary droplet is determined by, 

 
Ὀ Ὀ ρȢυὕὬȢὡὩ Ȣ  (45) 

 

where, the corrected Weber number ὡὩ  is defined as, 

 
ὡὩ

ὡὩ

ρ ρȢπχχὕὬȢ
 (46) 

 

The droplet breakup model has been implemented into the COM3D code. 

 Discussion 

The obtained empirical correlation is valid only for the specific tunnel model with the 

specifically configured water spray e.g., spray position and droplet size and tunnel ventilation 

condition etc., and under the specific assumptions made in the study. Nevertheless, it shows an 

exponential increase feature of the water flow rate if hydrogen release increases. In other 

words, the water spray design for a tunnel is highly dependent on the TPRD design of a 

hydrogen vehicle.  

 Application of research findings 

In general, the manufacturing cost (~ 2M Euro per km) and maintenance cost (~ 40k Euro per 

km) of a water spray system for a tunnel is quite expensive. Due to the exponential increasing 

feature of water spray flow rate along the increasing TPRD opening diameter, the capacity 

design of the water spray system must be referenced to the TPRD design of hydrogen vehicles. 

It means the tunnel engineering entities must have sufficiently detailed communications with 

the automobile industry.   
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3 Numerical studies (Task 4.3 / NCSRD) 

3.1 Deflagration of non-uniform hydrogen-air cloud created by release in HSE 

tunnel experiments Task 4.4 (4.3, NCSRD) 

 Introduction 

Pre-test deflagration simulations of hydrogen released from a train inside the HSE tunnel 

(HyTunnel-CS-D2.3), (HyTunnel-CS-D4.4) were conducted. The length of the tunnel is equal 

to 70 m and the maximum height equal to 3.25 m. Initially dispersion simulation was 

performed, in order to define the initial conditions for the deflagration simulations. Both the 

empty and the non-empty cases were studied. In the non-empty case, the train obstacles are 

included. Ventilation equal to 1.25 m/s from the one opening of the tunnel was considered. The 

hydrogen volume is equal to 159 liters stored at 511 bars. The release diameter is equal to 5.7 

mm and the release direction is upwards. For more details, please refer to (HyTunnel-CS-

D2.3), (HyTunnel-CS-D4.4). 

 Simulations details 

For the simulations the ADREA-HF CFD code (Venetsanos et al. 2010) was used. For 

turbulence, the Kato-Launder modification (Kato et al. 1993) of k-e model was utilized. The 

equations were discretized using the second order upwind bounded numerical scheme for the 

convection terms and a first order upwind discretization for time. Release was modelled using 

the Birch (Birch et al. 1984) notional nozzle approach. For deflagration simulation a recently 

developed model was used. The model utilized the Schmidôs formula for turbulent flame speed 

and several wrinkling factors to account for flame instabilities. Model details and validation 

can be found in (Tolias et al. 2018), (Tolias et al. 2020) and (Momferatos et al. 2021). 

The release was discretized using 4 cells. For the deflagration simulations the total number of 

(active) cells was equal to 650,000 in the empty tunnel case and equal to 960,000 in the non-

empty case. A denser grid was used in the non-empty tunnel case at the area with the obstacles. 

The grid was extended beyond both openings and also in the vertical direction. Picture of the 

domain and grid details are presented in Figure 17 and Figure 18. 

  

Figure 17. Numerical grid for the deflagration simulations of the empty tunnel case. 
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Figure 18. Numerical grid for the deflagration simulations of the non-empty tunnel case. 

 Empty tunnel case 

 Examined deflagration cases 

The results of the empty tunnel case are presented in this Section. In Figure 19 the results of 

the dispersion simulations are presented. The volume of hydrogen clouds at various ranges are 

shown as a function of time. The maximum flammable volume inside the tunnel is equal to 350 

m3 at 19 s from the release start. The maximum 25-35% cloud is equal to 4.1 m3 at 4.4 s from 

the release start whereas the maximum 32-42% cloud is equal to 0.6 m3 at 2.6 s. Hydrogen 

concentrations at the 32-42% range are observed only in the core of the hydrogen jet, below the 

ceiling. 

  

Figure 19. Hydrogen volumes in the range of 4-75% (flammable volume), 25-35% and 32-42% as a 

function of time. 
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In Figure 20 the hydrogen volume concentration and the turbulent kinetic energy are shown at 

four characteristic times, 4, 8, 12 and 16 s. We observe that the average concentration in 

hydrogen cloud is around 16%. Moreover, high levels of turbulence are developed downwind 

the release area at short release durations. Due to the release blowdown turbulence decreases 

with time. 

 

Hydrogen volume fraction Turbulent kinetic energy 

 
 

 

 

 

 

  

Figure 20. Hydrogen volumetric concentration (left) and the turbulent kinetic energy (right) at 4, 8, 12 

and 16 s from the release start. 

In Table 26 the times and the positions at which ignition was considered for deflagration 

simulations are presented. In total 3 deflagration simulations were carried out. Two ignition 

locations were studied at the time of 4.0 s in order to assess the sensitivity of the results on the 

ignition position. A higher ignition delay was also considered in which the hydrogen cloud has 

increased in size and has been moved away from the high turbulence area. The height of 

ignition location in all case was near the ceiling. 

Table 26. Deflagration scenarios for the empty tunnel case. Ignition delay and ignition location. 

Time (s) Description Horizontal Distance from release 

(m) 

4.0 High turbulence 36 

4.0 High turbulence 38 

8.0 Large cloud 38 

 

 Deflagration results 

In Figure 21 the effect of ignition position on overpressure for a 4.0 s ignition delay is shown at 

four sensor positions in the tunnel (35, 40, 50 and 60 m from the opening with the ventilation). 

We observe that both ignition positions (at 36 and 38 m) give similar results. Notable 
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differences in the maximum overpressure are observed only at 60 m distance. The maximum 

overpressure among all sensors is approximately equal to 36 kPa. 

  

  

Figure 21. Effect of ignition position. Overpressure time series at 35, 40, 50 and 60 m, for two ignition 

positions, 36 and 38 m (ignition 4.0 s after the release). 

In Figure 22 the effect of ignition delay is shown. The 4.0 s case is compared to the 8.0 s case. 

In both cases the ignition was positioned at 38 m. We observe that the ignition at 8.0 s achieves 

higher maximum overpressures in most of the sensors. The maximum overpressure at 35, 40, 

50 and 60 m is equal to 40, 36, 37 and 28 kPa, respectively, in the case of ignition at 8.0 s.  
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Figure 22. Effect of ignition delay. Overpressure time series at 35, 40, 50 and 60 m, for two different 

ignition times, 4.0 and 8.0 s (ignition at 38 m). 

In Figure 23, the deflagration dynamics are presented through the temperature and 

overpressure contours for the case of ignition at 38 m and 8.0 s. We observe that the average 

temperature inside the tunnel at the end of combustion is around 1500 K. The high temperature 

cloud occupied mainly the area downwind the release point where the flammable cloud was 

accumulated. The maximum overpressures are achieved at around 0.30 s. At this time the high 

value of pressure occupies the entire tunnel length.  

Temperature (K) Overpressure (kPa) 

 

 

  

  

  

  

  



Grant Agreement No: 826193 

D4.3. Final report on analytical, numerical and experimental studies on explosions, including 

innovative prevention and mitigation strategies 

Page 78 of 243 

 

Figure 23. Temperature (left) and the overpressure (right) at 0.20, 0.25, 0.30, 0.35, 0.40, 0.45 s from 

the ignition (ignition at 38 m, 8.0 s after the release). 

 Non-empty tunnel case 

 Examined scenarios 

In Figure 24 the effect of ignition position on overpressure for a 4.0 s ignition delay is shown at 

four sensor positions in the tunnel (35, 40, 50 and 60 m from the opening with the ventilation). 

We observe that both ignition positions (at 36 and 38 m) give similar results. Notable 

differences in the maximum overpressure are observed only at 60 m distance. The maximum 

overpressure among all sensors is approximately equal to 36 kPa. 

  

  

Figure 24. Effect of ignition position. Overpressure time series at 35, 40, 50 and 60 m, for two ignition 

positions, 36 and 38 m (ignition 4.0 s after the release). 

In Figure 25 the effect of ignition delay is shown. The 4.0 s case is compared to the 8.0 s case. 

In both cases, the ignition was positioned at 38 m. We observe that the ignition at 8.0 s 

achieves higher maximum overpressures in most of the sensors. The maximum overpressure at 

35, 40, 50 and 60 m is equal to 40, 36, 37 and 28 kPa, respectively, in the case of ignition at 

8.0 s.  
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Figure 25. Effect of ignition delay. Overpressure time series at 35, 40, 50 and 60 m, for two different 

ignition times, 4.0 and 8.0 s (ignition at 38 m). 

In Figure 26, the deflagration dynamics are presented through the temperature and 

overpressure contours for the case of ignition at 38 m and 8.0 s. We observe that the average 

temperature inside the tunnel at the end of combustion is around 1500 K. The high temperature 

cloud occupied mainly the area downwind the release point where the flammable cloud was 

accumulated. The maximum overpressures are achieved at around 0.30 s. At this time, the high 

value of pressure occupies the entire tunnel length.  

Temperature (K) Overpressure (kPa) 
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Figure 26. Temperature (left) and the overpressure (right) at 0.20, 0.25, 0.30, 0.35, 0.40, 0.45 s from 

the ignition (ignition at 38 m, 8.0 s after the release). 

 Deflagration results 

In Figure 27 the effect of ignition position, for 4.0 s (after the start of the release) ignition delay 

is shown at four sensor positions in the tunnel (35, 40, 50 and 60 m from tunnel entrance, i.e., 

the opening with the ventilation). We observe that the ignition at 38 m generates much higher 

overpressures. The reason for this behavior is that this ignition point is at the center of the 

hydrogen cloud inside the high turbulence area whereas the 42 m ignition point is at the right 

end of the cloud (see Figure 28). The maximum overpressure is close to 50 kPa which is higher 

than the maximum overpressure of the worst-case scenario of the empty tunnel case which was 

equal to 40 kPa. 
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Figure 27. Effect of ignition position. Overpressure time series at 35, 40, 50 and 60 m, for ignition at 38 

and 42 m (4.0 s ignition delay). 

In Figure 28 the effect of ignition delay is shown. The 4.0 s case is compared with the 12.0 s 

case. In both cases the ignition point was set at 38 m (near the ceiling). We observe that the 

ignition with 4.0 s delay achieves much higher maximum overpressures. The reason for this is 

the high turbulence area that exists at 4.0 s near the release. Moreover, the hydrogen 

concentration around the ignition position is higher at 4.0 s compared to 12.0 s.  

We observe that in 12.0 s case, two pressure peaks are formed. The second one is higher, 

especially in longer distances from the release. At 60 m, this peak has the highest value being 

equal 30 kPa. This peak is generated due to the high turbulence area that is developed behind 

the last part of the train as deflagration progresses. Deflagration imposes high velocity field 

which leads to the development of the high turbulence at the recirculation area. These 

observations can be seen in Figure 29 where the hydrogen volume fraction and turbulent 

kinetic energy are presented for different times of the deflagration. 
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Figure 28. Effect of ignition time. Overpressure time series at 35, 40, 50 and 60 m, for two different 

ignition times (ignition location at 38 m). 

Hydrogen volume fraction Turbulent kinetic energy (m2/s2) 

 

 

 

 

 

 

Figure 29. Hydrogen volume fraction (left) and turbulent kinetic energy (right) at 0.30, 0.35 and 0.40 s 

from the ignition (ignition at 38 m, 12.0 s ignition delay). 

In Figure 30 the effect of ignition location is shown for ignition delay 12.0 s. We observe that 

the worst-case scenario in terms of maximum overpressure is the ignition near the release at 38 

m. As we move away from the release, both pressure peaks are reduced. In the ignition at 56 m 

case, only one pressure peak is observed in all sensors. This ignition point is very near the end 

of the train and as a result turbulence does not have enough time to develop in that area. 
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Figure 30. Effect of ignition position. Overpressure time series at 35, 40, 50 and 60 m, for four different 

ignition positions (12.0 s ignition delay). 

In Figure 31, the deflagration dynamics are presented through the temperature and 

overpressure contours for ignition at 38 m, 12.0 s after the release. We observe that the average 

temperature inside the tunnel at the end of the combustion is around 1500 K. The high 

temperature cloud occupied mainly the area downwind the release point where the flammable 

cloud was accumulated. At 0.35 s when the first overpressure peak occurs, pressure is high at 

the central area of the tunnel. After that time pressure decreases. However, at 0.45 s a sudden 

pressure increase occurs at the end of the train due to the violent combustion that occurs in the 

high turbulence region. The pressure wave then propagates throughout the tunnel. 

Temperature (K) Overpressure (kPa) 
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Figure 31. Temperature (left) and the overpressure (right) at 0.25, 0.30, 0.35, 0.40, 0.45, 0.50 s from 

the ignition (ignition at 38 m, 12.0s after the release). 

 Conclusions 

CFD pre-tests simulations were conducted in the HSE tunnel geometry. Two geometrical 

configurations were considered, the empty tunnel case and the non-empty tunnel case. The 

effect of ignition location and of ignition delay was investigated. The generated overpressure 

highly depends on ignition position and ignition delay. The maximum overpressure among all 

examined cases was equal to 50 kPa. This pressure was generated in the non-empty tunnel case 

(with train carriages), with ignition delay equal to 4.0 s after the release and ignition location at 

38 m (i.e., 3 m downwind the release). This time corresponds to the time that the maximum 25-

35 % hydrogen volume concentration occurs. In the empty tunnel case, the maximum 

overpressure is equal to 40 kPa. This value is achieved with ignition delay 8.0 s after the 

release and ignition position at 38 m.  

In the non-empty tunnel case, a secondary pressure peak was developed due to the deflagration 

of hydrogen behind the back end of the train. At this area high turbulence exists increasing the 

reaction rate and thus the pressure. The violence of this secondary explosion depends on the 

ignition position. The further the ignition position from the back of the train is, the higher the 

overpressure in this area is. In order for this explosion to happen, the ignition needs to occur 

after some time from the release (in our case after 12.0 s) in order hydrogen to reach the area. 

The above results suggest to the experimentalists that different ignition delays may be studied 

for the same release scenario. Ignition positions near the release should be included because 

they correspond to the worst-case scenarios. Finally, repetitions of some experiments would be 

useful to be conducted for model validation in order to assess the uncertainty of the 

experimental results. Small changes in the ignition condition (e.g., exact ignition location or 

initial mixture concentration) may lead to not negligible changes in the overpressure. Finally, 

special caution needs to be taken at the area of the end of the train because high values of 

pressure may be developed. 
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3.2 Deflagration of non-uniform hydrogen-air cloud created by release in tunnel 

(4.3, KIT) 

 Background 

Many studies have been dedicated to the combustion of the homogeneous hydrogen-air 

mixture. In hydrogen release accident scenarios in confined spaces like tunnels, the released 

hydrogen could not have sufficient time to mix with the ambient air before ignition. Thus, the 

hydrogen combustion occurs mostly in a non-uniform mixed state, e.g., in stratified layers on 

the top side of the tunnel. Such an accumulation of hydrogen is the consequence of a delayed 

ignition, which is supposed to take place with a certain possibility in the hydrogen leak 

accident. In this section the hydrogen combustion of a non-uniform cloud is studied by means 

of numerical simulations. 

 Objectives 

The pressure and thermal loads of the non-uniform hydrogen-air mixture combustion in the 

semi-confined tunnel model are mainly concerned through the simulations, with special 

focuses on the peak pressure caused by hydrogen deflagration. As one of the mitigation 

measures, the influence of tunnel ventilation on hydrogen behaviour is discussed. 

 Knowledge gaps and accident scenarios assessed 

A horse-shoe cross section tunnel is modeled in 3D with eight cars in it. Hydrogen is released 

through the TPRD of one of the eight car models. Non-uniform hydrogen cloud is formed in 

the tunnel domain. An artificially delayed ignition source starts the hydrogen combustion 

process. The caused peak pressure is evaluated. 

 Numerical simulation development 

The 3D compressible Navier-Stokes flow dynamics equations with multiple gas species 

transport models are solved. The flow turbulence is formulated by a two-equation standard k-

epsilon model. An adiabatic boundary condition is assumed at the overall boundaries of the 

tunnel model. A simplified chemistry of hydrogen combustion is adopted. 

 Validation / optimisation 

The hydrogen distribution and combustion models in the KIT in-house HyCodes have been 

widely validated in many nuclear applications and hydrogen energy applications and been 

verified against experiments performed on the KIT hydrogen test facilities as well as the 

experiments carried out by the collaborating institutes. 

 Results 

 Without tunnel ventilation 

Model 

A tunnel section is modelled in 12 m long, 9.6 m wide and 6.6 m high, which has two lanes 

with eight operating cars, as shown in Figure 32. The whole domain is meshed by 130 x 80 x 

120 cells with an average cell size of 10 cm for hydrogen distribution simulation, but a refined 

mesh by 130 x 80 160 x 120 cells with an average cell size of 7 cm for hydrogen combustion 

simulation. The discretized computational domain is shown in Figure 33. 
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Figure 32. A horse-shoe cross-section tunnel model with eight cars. 

 

Figure 33. Discretized computational domain. 

Hydrogen source 

Hydrogen is released at the rear of the second car with a vertical upwards injection. The 

hydrogen mass flow rate is shown in Figure 34, which is equivalent to three TPRD openings of 

70 MPa storage tanks of fuel cell vehicle. 

 

Figure 34. Injected hydrogen mass flow rate through three TPRD opens (ū=2.5 mm) in H2 tanks @ 70 

MPa and 293 K.  

Hydrogen distribution  

Figure 35 presents the released hydrogen cloud developing process. The hydrogen plume rises 

upwards and spreads bi-directionally along the ceiling after it touches the tunnel ceiling, which 
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is due to unavailable tunnel ventilation. The gas mixing is very limited and strongly stratified 

hydrogen layers are formed on the top side. 

  

(a) 1 s                                                                (b) 4 s 

  

(c) 8 s                                                                (c) 16 s 

Figure 35. Flammable hydrogen clouds with greater than 4 vol. % H2 in longitudinally vertical cut 

through the injection point at 1 s, 4 s, 8 s and 16 s, without tunnel ventilation. 

 

 

Figure 36. Hydrogen concentration distribution in a transverse cut at 16 s showing the ignition position 

with the spark in red close to the ceiling. 

Hydrogen combustion 

The hydrogen cloud is ignited at 16 s. The distributed hydrogen in the whole domain at the 

moment is about 3.5 kg. The artificial ignition spark is located at the ceiling as shown in Figure 

36. 
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(a) 2 ms                                                                    (b) 4 ms 

  

 (c) 7 ms                                                                    (d) 9 ms 

Figure 37. Pressure distributions in the tunnel at 2 ms, 4 ms, 7 ms and 9 ms later than the ignition in 

case of no ventilation. 

The pressure distributions at transverse and longitudinal cuts of the tunnel are shown in Figure 

37. Significantly high pressure appears due to the hydrogen deflagration of the non-uniform 

mixture. Attention should be paid to that the tunnel has no ventilation and the hydrogen release 

rate is significantly high. Although the assumed scenario is somehow beyond the real situation, 

the computed high overpressure proves that ventilation is indispensable for tunnels of any 

length to avoid potential hydrogen risk. 

 With tunnel ventilation  

3.2.10.2.1 COM3D code 

The numerical simulation of the hydrogen release, dispersion and explosion in a tunnel was 

carried out by using the in-house COM3D code developed in the Karlsruhe Institute of 

Technology. 
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At the hydrogen dispersion stage, 

¶ implicit solver (ALE) was utilized, 

¶ the flow turbulence was modelled by the RNG k-Ů model. 

After the ignition, 

¶ the simulation of the turbulence was carried out with the RNG k-Ů model and, 

¶ the TVD 2nd order solver was utilized in present simulations, 

¶ the combustion was modelled utilizing the KYLCOM model coupled with the 

turbulence burning velocity correlation proposed by Schmidt. 

3.2.10.2.2 Modelling of the tunnel 

The geometry model of the circular tunnel consists of an actual scaled tunnel and eight cars, as 

shown in Figure 38 (a), and the geometry model of rectangular tunnel adopts the same road 

width (8.7 m) and the cross-sectional area (54.8 m2) as the circular tunnel, as shown in Figure 

38 (b). The geometry information for the longitudinal and transverse cross section view of the 

tunnel is given in Figure 39 and Figure 40, respectively. The cross-sectional diameter of the 

circular tunnel is 4.8 m. The cross-sectional dimension of the rectangular tunnel is 6.3 × 

8.7 m2. The actual model consists of eight cars placed in two lanes in the tunnel. Each of the 

cars is located at the centre of each lane with a spacing distance of 1 m between cars to 

simulate a tight traffic condition. The length and width of the car model are 4 m and 2 m, 

respectively. The hydrogen injection location is at the rear of the second car, venting upwards 

to the tunnel ceiling which is assumed as the most severe scenario based on the reference 

(Lafleur et al., 2017). The mass flow rate of H2 injection given in is equivalent to the flow rate 

when TPRD with 2 mm diameter is activated in a hydrogen fuel cell car equipped by an 

inventory of 5kg H2 in 0.125 m3 at 70 MPa. 

For the circular tunnel, the calculation domain of the tunnel is given with a length of 25 m, 

width of 9.6 m, and height of 6.6 m. For the rectangular tunnel, the calculation domain of the 

tunnel is given with a length of 25 m, width of 8.7 m, and height of 6.3 m. For the ventilation 

case, an extra gas volume is set on the exit end of the tunnel to ensure the stability of the flow 

field and the non-reflecting boundary conditions are imposed at all boundaries of the extra 

volume except the bottom boundary. The velocity boundary condition with 3 m/s ventilation is 

specified at another end of the tunnel as the entrance of venting air. The calculation region is 

discretized into 4,698,000 numerical cells with a cell size of 0.1 m. For the non-ventilation 

case, the two additional volumes are imposed at both ends of the tunnel, respectively. The 

none-reflecting boundary conditions are also set at all boundaries of extra volumes except 

bottom boundary. The calculation region is discretized into 5,742,000 numerical cells with a 

cell size of 0.1 m. 

Two rows of sensors are set to record pressure histories in the tunnel. One line of sensors (P1) 

is in the centre of the tunnel, two metres above the ground. Another line of sensors (P2) is 

above the leak, 5 meters above the ground. Both rows of sensors are separated by 2 m from 

each other. P13 and P14 are 0.4 m and 1.6 m horizontally away from the leakage point, 

respectively. The position of the pressure sensor and the hydrogen leakage are shown in Figure 

38 and Figure 39. For the cases with ventilation, the ignition point is at 1.8 m downstream of 
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the leak and 4 m above the ground. For the cases without ventilation, the ignition point is 

directly above the leak, 6 m above the ground. 

 

Figure 38. Diagram of the geometry model, (a) circular tunnel; (b) rectangular tunnel. 

 

Figure 39. Computational region of the circular tunnel and the location of sensors, (a) longitudinal 

cross section; (b) transverse cross section (9.6 × 6.6 m2). 
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Figure 40. Computational region of the rectangular tunnel and the location of sensors, (a) longitudinal 

cross section; (b) transverse cross section (6.3 × 8.7 m2). 

 

Figure 41. Mass flow rate of the H2 injection (2mmū TPRD, 5kg H2 in 0.125m3 at 70MPa). 

3.2.10.2.3 Main results 

3.2.10.2.3.1 Hydrogen distribution 

When the hydrogen stored in the 70 MPa high pressure cylinders is released, a hydrogen jet is 

generated and H2 diffuses rapidly. Figure 42 shows the longitudinal hydrogen concentration 

contours with H2 concentration > 4 vol. % along the tunnel axis at t = 5 s with and without 

ventilation in circular and rectangular tunnels, respectively. The flammable hydrogen cloud 
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was several metres long at the time of 5 s. When the 3 m/s ventilation was set in the tunnel, 

almost all the hydrogen clouds were blown downstream. The hydrogen clouds with ventilation 

in the circular tunnel (Figure 42a) and rectangular tunnel (Figure 42c) was similar. The 

position where the hydrogen cloud touches the tunnel ceiling is at the downstream of the 

leakage location. Figure 42(b) and Figure 42(d) show the hydrogen distribution without 

ventilation. A hydrogen jet was generated and quickly reached to the top of the tunnel, and then 

rapidly diffused. The hydrogen accumulated at the tunnel ceiling due to the density difference 

between hydrogen and air. In addition, the hydrogen diffusion length in the rectangular tunnel 

was shorter than that in the circular tunnel, which means the hydrogen is more likely to 

accumulate in rectangular tunnels. Comparing with the ventilation cases, the higher hydrogen 

concentration was observed in the tunnel with the non-ventilation cases. 

Figure 43 shows the hydrogen concentration contours in a transverse direction of the tunnel at t 

= 5 s under different configurations. The result shows that ventilation promotes hydrogen 

diffusion. The hydrogen did not accumulate right below the ceiling, as shown in Figure 43(a) 

and Figure 43(c), but for the non-ventilation case, the hydrogen jet flows impinge on the 

ceiling of the tunnel and then spread along the ceiling. The flammable hydrogen cloud was 

very close to the ceiling and have a stratified high concentration. Therefore, it can be 

concluded that ventilation can greatly influence the distribution of hydrogen when hydrogen 

released from the TPRDs. 
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Figure 42.  Longitudinal view of hydrogen concentration contours at t = 5 s in (a) circular tunnel with 

ventilation; (b) circular tunnel without ventilation; (c) rectangular tunnel with ventilation; (d) 

rectangular tunnel without ventilation.  

 

Figure 43. Transverse view of hydrogen concentration contours at t = 5 s in (a) circular tunnel with 

ventilation; (b) circular tunnel without ventilation; (c) rectangular tunnel with ventilation; (d) 

rectangular tunnel without ventilation. 

3.2.10.2.3.2  Pressure 

The hydrogen cloud was ignited at 5.2 s after the start of the release. The pressure history of H2 

deflagration in different configurations is shown in Figure 44 to Figure 47. As shown in Figure 

44 and Figure 45, the peak of the pressure in both circular tunnel and the rectangular tunnel is 

similar for cases with ventilation, which agrees with the distribution of H2 mole fraction as 

mentioned in last section. The overpressure for both cases is very low, about 0.04 bar. The 

pressure field has a spatially and temporally uneven distribution. A maximum overpressure of 

about 0.07 bar can be observed in the pressure contour plot, as shown in Figure 48. Besides, 

the pressure changes of both lines of sensors are similar in the same tunnel. As shown in Figure 

46 and Figure 47, a higher overpressure is obtained in the cases without ventilation, with a 

narrow pressure peak distribution.  The data points are farther from the release location, the 

pressure rise occurs with a longer delay, which presents the flame propagation process. For the 

upper line of P1 sensors, the maximum overpressures are about 0.15 bar and 0.17 bar for the 












































































































































































































































































































