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TheHyTunnelCS project aims to conduct internationally leadingmpoemative research

(PNR) to close knowledge gaps and technological bottlenecks in the provisafetgfand
acceptable level of riskn the use of hydrogen and fuel cell cars as well as hydrogen delivery
transport in underground transportation systems. Work Package 4 (WP4) of HyC$w#l
focus on the investigation of hydrogen releases and thiesegjuent ignition within

underground transportation systems.

This document presents tteliverable(D4.3) onthe esults of experimental, analytical and
numerical studies regardimgleases anexplosiondgn tunnels anather confined spaces

Hydrogen safetyhazardsconsequence assessmemignited releasget fire; deflagration
detonationquantitative risk assessmghydrogenin tunnel explosion mitigation;
engineering correlatigmumerical simulationexperimenttunnelsafety ventilationy water
mist hydrogen vehiclghydrogen dispersigmydrogen combustion.
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BLEVE Boiling Liquid Expanding Vapor Explosion

FRR Fireresistance rating

DDT Deflagrationto-Detonation Transition
DNS Direct Numerical Simulations

HPV Hydrogen Powered Vehicle

HRR Heat Release Rate

LES Large Eddy Simulations

LFL Lower Flammability Limit

LNB Leak-no-burst

MIE Minimum Ignition Energy

NTP Normal Temperature and Pressure
PIARC  Permanent International Association of Road Congresses
PNR PreNormative Research

PPP Pressure Peaking Phenomena
QRA Quantitative Risk Assessment

RUD Run-Up Distance

SF Safety

TPRD ThermalPressure Relief Device
UFL Upper Flammability Limit

Accidentis 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 limi{LFL) is the lowest concentration of a
combustible substance in a gaseous oxidizer that will propagate a Tlaenepper

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 (stdonic) into a fresh, unburned mixture.

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

Fire resistance ratingis a measure of time for which a passive fire protection system can
withstand a standard fire resiste 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 distanceis a distance from the (source of) hazard to a deternfioyeghysical or

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

that may | ead to a harm condition (ranging f
equipment or environment.
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Hydrogen safety engineerings theapplication of scientific and engineering principles to the
protection of life, property anithe 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 undepanded jet flow direction.

Minimum ignition energy of flammable gaseand 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 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 pressurg(NTP) conditionsaretemperature 293.15 K and pressure
101.325 kPa.

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

Separation distanceds the minimum separation betwegmazard 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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TheHyTunnelCS project aims to conduct internationally leadingmpwvemative research

(PNR) to close knowledge gaps aedhnological bottlenecks the provision of safety and
acceptable level of riskn the use of hydrogen and fuel cell cars as well as hydrogen delivery
transport in underground transportation systems. Work Package 4 (WP4) of HyTSwwl
focus on tle investigation of hydrogen releases and their subsequent ignition within
underground transportation systems.

This document presents tteliverable(D4.3) Final report on analytical, numerical and
experimental studies on explosions, including innovatigegntion and mitigation strategies
regarding ignited releasesd explosiong tunnels and underground parking.

The activitieswithin this reportfollow the detailed programme and plan defined in deliverable

D4. 1 fADetail ed r eseiaanc hi mp ruwmngdearngmreo wmd etxrpd nossp ¢
(HyTunnelCS D4.1, 2019)Some of the planned activities have been updated in response to
developments and findings within the projekffirst step to the preparation of this document

was gi ven by 3 Resdlteoseaxpenmentali dhdlytical and numerical studies for

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

The experimental campaigns, analytical and numerical studies irfiPdaddresshe

identified knowledge gaps on explosion prevention and mitigation. These were defined through
the critical review of the state of the art conducted in HyTufn8l D1 . 2 A Report on
hazards and risks in tunnel adCSDig,239).Mmhel ar con
analytical, numericahnd experimental studies aim to imprdkie understanding of hydrogen

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

to support the validation of engineering ananeuical 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. Thatcomes 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 wpéckage objectives can be found in

(HyTunnelCS D4.1, P19).

Work Package 4 is structured in 5 tasks closely interconneatie@éach other and with
HyTunnelCS 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 engirAe&seu)correlations.

Task 4.3 aims at the development and validatio@FD model against experiments available

in literature or performed within HyTunr@S programme. Task 4.3 aims at performing the
experimental work that will enhance the current understanding of explosion prevention and
mitigation, along with supporting Tes 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 discussiorf cesults. Finally, Task 4.5 draws on the findings from each of the Tasks 4.2
to 4.4 to produce miterm 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 dispersignitedini
hydrogen jets in tunnels and similar confined spaces. Finally, the outcomes developed within
tasks 4.24.4 will be translated into a suitable language and format to be integrated into the
guidelines and recommendations for RCSs developed within YWEB@&mplete list of the
work-package activities within Tasks 4424 can be found in (HyTunn@S D4.1, 2019 see
Table 1).
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State-of-the-art research done on higinessure hydrogen tank rupture and the attenuation of

blast waves in tunnels is veliynited. Several parameters suchtag energy of the hydrogen

stored based on volume and pressure, and the tunnel dimeadlibiasea significant

influence on peak overpressure and its attenuation in a tunnel. The condensed material used for
explosivesources for the generation of blast wave in tunnels is mostly TNT, or its equivalent
mass in form of another explosive charge. The initial forth@blast wave decay lavas

shown inequation(1), indicatesthe dependence of the peak overpres€yren the ratio of

charge weight] , to volume of enclosure or tunnél, taking thegeneral form:

06 1 — 1)

where! andAare derived empiricallfrom best curve fits, and therefore mostly defined within
specific parameteysuch as distance or overpressi8mith andSapko, 2005; Curran et al.,

1966; Fang et al., 2019; Skjeltorp, 1968). Howetles, methodimits the fitted values off

andAto one-tunnelcase applicability. Furthermore, the constraint in the power law method
suffers from the omission of other fac$ such as the geometrical shape of the turiree| (

aspect ratio), the percentage of energy of tank that becomes blast wave and minor and friction
losses alonghetunnel distancéVith theaim of developng a universally applicable model

across variosi tunnel sizes, thesdditionalparametersreall considered in the novel

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

In theabsence of experimental data, a CFD model, previously validatbdyfepressure tank
rupture in open atmosphere, is used in this stiodgnalyse the effect of highressure

hydrogen tank rupture in a tunn&€his model development arttle relatedsalidation processes
are described elsewhgdolkov et al., 2018a)Within this project building on the previous
CFD model for open atmosphere conditicmparametric numerical study is conducted with
the aimof developng a correlation between blast wave decay and tunnel confinements. This
includes tunnels with crossectims 24, 40 and 139 ffcorresponding to tunnels with 1, 2 and
5 traffic lanes) and tank masses of hydrogen ranging from 0.58 kg to 6véithkgressure

before bursvaluesof 95 MPa, 70 MPa and 35 MPEhe dimensions and parameter of the
tunnels and tankssed inthe simulations arsummarisedn Tablel below.
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Tablel. Tunnel dimensions and hydrogen tank parameters used in rupturetsimul

l%el

Tunnel cross section, Tunnel length, m Tank volume,| Tank mass,| Tank pressure,
m? L kg MPa

24, 40, 139 150 m 10 0.58 95
30 1.7
60 3.5
6.9

40 1500 m 120 5.2 70

40 1500 m 2.6 35

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

of influencearerequired There are various interpretations of these parameterthdmbst
commonlyascertained are the following: atmospheric pressurenergy of the blase), the

crosssection area of the tunnélhand the distancef the waverom the energy release point,

08To find the relationships between these four physical quantiiileensional analysis is
firstly performedidentifying the three basic dimensions as méss Q" Qength 0 &,

time, Y
dimensions.

Table2. Variables of the problem together with the corresponding symbols and dimensions.

Usingthe Buckinghant theorem a relationship between the variables can be represented as

Variable Symbol | Basic dimensions
Atmospheric pressure 0 -, 4
Energy O -, 4
Tunnel crosssection area 0 -, 4
Distance from release 0 - 4

i . Table2 shows the variables for the parameters mentioned together with their

follows; with four physical quantities presented and three dimensions, there s ore ( p
independent dimensionlesgarameter. Choosing three parameters (i.e., P, io Bgrepeating

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

considered as a dimensionless distance based on stmagmergy and tunnel dimensiarsl

represented as:

2)

To convert overpressural hfrom dimensional to dimensionless form it is divided by the
surrounding (atmospheric) pressure:

=

-2

C-zl @

©)

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

r el

eased

mechani

cal
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e x pl os i o ntlegnergybfechemically seacting hydrogend.,combustion engpy). In
calculations, the total released energy is defined as:

0O | tO 1 tO 4
with'©O andO beingthe total mechanical compression and chemical energies of hydrogen in
the vessel respectively;is amechanical energy coefficiemt;is achemical energy
coefficient. For higkpressure tank ruptureloseto the groundsurfacethe shock wave is
reflected back in its entiretand thereforgthe energy associated with theneratedblast wave
will be twice as large. However, due to energy lost to partial reflections and ground cratering, a
factor off p&is usedThechemical energy coefficierit,, indicates the fraction of the total
hydrogen chemical energy gradually released during complete coarbastitributing 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 rugtdiescribed byMolkov and
Kashkarov, 2015))pr byidentifying, throughsimulaion, whenthe primary (or leading) shock
leavesthe combustion zone. Thwentribution 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 feedpaglacoustic waves overcoming the
positive temperature gradient generated spatially at@adrds the leading front. the
absence of detailed experimental data on hydrogen tank rupture in ftin@skscad method
to determine the chemical energy coefficiens used in this study. The determined fractions
of| andf , together with the calculated energies are listelthinie 3 below.

Table3. Determined energies contributing to the leading shock, based on total energy, including
coefficients andf .

Tank mass, k¢ Tank pressure, MP| | I | O ,MJ|f tO ,MJ
0.6 95 MPa 1.8 0.12 6.3 8.2
1.7 0.11 18.9 22.9
35 0.11 37.8 45.9
6.9 0.095 75.6 79.2
52 70 MPa 0.10 51.5 61.8
2.6 35 MPa 0.11 12.5 30.9

Tunnels have different width to height ratend the length of the tunnieffluences resultant
friction andotherminor losses. To account for these phenomena, the original dimensionless
parameter$ and0 are further modified using the similitude analysibéacomed andd . As
shown inFigurel, simulated overpressure, for all tank volumes, pressures and tunnel cross
section areas, collapse in a single line when presented using these new dimensionless
coordinated andD . Figurel presents the peak overpressures obtained in CFD simulations,
the best fit line and the upper limit conservative fit line.

Page27 of 243



Grant Agreement No: 826193 tg%el
D4.3. Final report on analytical, numerical and experimental studies on explosions, including
innovative preventiomandmitigation strategies

108§ IR RS B33 IR EEESE33 R S8 ERga: R BB R T LT LR BRI R BEIEEH T “““E

£ + 1L, 0.6 kg |1

- 1L, 1.7kg |

N x 1L,35kg |-

6L * 1L,6.9kg |

107 ¢ m 2L,0.6Kg |

i ¢ 2L,1.7kg |

v 2L,35kg |:

i A 20,69kg |-

10% & > 2L,52kg |-

g ; < 2L,26kg |-

— * 5L,0.6kg |]
IR % 5L, 1.7kg |
of T o 5L,35kg |

10 Kk . > 5L,6.9kg |3
%\ = =Best fit ]

P =0.095-I; é"& -~ ~Upper limit]

1OO§ 3
107 107 1072 10° 102

Figure 1. Relationship between peak overpressure and distance in tunnels of various lanes (1, 2 and 5),
expressed by their dimensionless valbesand 0 , respectively.

This is a preliminary study of mainly academic interest rather tisa@e of safety guidelines
for storage tankand hydrogespowered vehicle developers. However, with the current
absence of experimental studies on kpghssure hydrogen tank rupture in a tunnel, it
demonstrates a methodology on how to develop a univdireehsionless correlation to be
used for safetguidelines and preest calculations.

The work focuses on the assessment of hazard distances arising from the fireball following the
high-pressure hydrogen tank rupture in a fire. The sampirical 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 filieja@fted hydrogen spills.

The validationprocesss availablee-Laboratory of Hydrogen Safety developed in NEGJols
https://fch2edu.eu/homelaboratory/project where the tool for the assessmertheffireball

size is proposedbased on the amount of the combustion prodgetserated after full

combustion of all fuel and approximated to the hemisphere. The proposed correlation
reproduces the model prediction aath good agreement with experimental data.

A model for calculation of the maximum fireball size diameter is required for the use in
hydrogen safety engineeriffgr theassessment of hydrogen tank rupture hazards both in open
and confined spaces. There is a lack of experimental data saljeet which can be used for

the validation of the theory and numerical modaléew experiments available in the literature
and suitable for the fireball model validation are described briefly below.
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A TypeHGV-4 hydrogen storage tank rupture in benfire testperformed in the USAs
described byWeyandt, 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&foK
(corresponding to 1.64 kgf hydrogen). Athetime of rupturei.e.,6 min 27 seafter
initiation, (fire heat release rate was 350 k\Wig pressure and temperature raised to 35.7 MPa
and 312.15 K respectively. The reported diameter of the fireball was aboutat.time 45 ms
after the tank rupture. The second tastng aType 3 tankaluminium liner)of 88 L installed
under a typical sport utility vehicle (SUV) (Weyandt, 208&§a slightly lowennitial storage
pressure of 31.8 MPa and resulted in a fireball of 24 m

Two fire tests were conducted in Jap&arfiura et al., 2006) on tanks wihksignpressure 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 measurgast before the tank burst at 11 min aftee 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.a2020). 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 a 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 3stargkeused inbothtestsand

hada volume of 165 land initial presste of 35MPaThelast measuregdressure at the time of
rupturewas43.73 and 44 MPa respectiveAccording to the size of large stones around the

fire test, the maximum fireball diameter was estimated betwm.7

Maximum fireball width and height praded by ignition of the hydrogeair mixture formed
by the sudden release of liquefied hydrogen in the range betwe8f Ri&s has been
assessed in the report by (Zabetakis, 1964). The correlation proposed for the liquefied
hydrogen is represented byuationO & 0 8 , whereDi is the fireball diametemf)
andM i is the hydrogen maskd). The summary of validation experimentpresented in
Table4 below.

Table4. Summary of validation experiments.

Experiments Pressure, | Volume, | Hydrogen | Fireball, | Mechanical
MPa L mass, kg m energy, MJ

(Weyandt, 2005) 35.7 72.4 1.64 7.6 5.45
(Weyandt, 2006) 34.5 88 187 24 6.44
(Undervehicle) '
(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) LH> (9 tests) | 2.7-87.7 0.26.2 12-60 -

Experiments on fireball formation and thermal effects were carried out usiif0.tbns of
industrial fuels, namely, gasoline, kerosene and diesel fu@drpfeev et al.1995).In the
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tests, the fireball started to rise from the grqdadming the mushroom shape between 1 and 2
seconds after ignition. The correlations proposed for maximum rRdm$ of fireball versus
fuel masaM (tonne) wereR = 3 3 N%42R ¥ A correlation developed byRoberts(1981),
relates thanass ofuel involved, in this study propane BLEVE testsiconsidered, tthe
maximumfireball diameterthe resultant equation takes the fdbm5.8MY3. A further
correlation proposed fopropaneair detonationfor the fireball diameter D=6.96#°was
givenby (Dorofeev et al., 1996 Anotherproposed correlation was applied for propane
BLEVE at pressures of p=623MPaand takes the ford=5.33M"3?’ (Hasegawa and Sato,
1978). The empirical corralion reportedy Hord(Hord, 1978) based on tests with rocket
propellantswas usedby (Zalosh and Weyandt, 20Q%) calculate the fireball sizes
D=7.93M327. A recent publication (Li, 2019) givescorrelation for the firebalbf D=5.8M"3,
which is close to those mentioned above and the same as in (RobertsTh&d%)developed
and validated mostly for hydrocarbon fuels i.e., propane at the stoichiometric cgntlion
suggestdthatthe same correlatiorcsan be applied for the hydrogen, based on one test done in
(Zalosh and Weyandt, 2005).

Analysis of the desdyed experimental results shows a scatter in the observed fireball size.
Comparing the USA (Weyandt, 2005) and Chinese (Shen et al., 2018)foatwsslarger
volumetank, i.e.,2.3 timedargerat 165Landwith apressurgust before bursat23% higher

the fireball is shown to balmostthe same sizas that of the 72.4L tankVhile looking &the
Japanese set of experimentith tank volumehalf that of thdJSA testand 4.7 times leghan

tha of theChineseest,the pressuravashigher by 2.65 ané.15 times respectivegndthe

fireball was more thatwice the distancelt is thoughtthat these variations may dae to

several factorghe debris moved by the pressure wave affecting the appearance of the fireball
the entrainment of the gasitwards and neaniformity of the tank opening during rupture
creating the momentutowards aonedirectional 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
moredebris involvedA summaryof the parameterf®r the experiments aggresented ifable

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

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

nearly 3 times bigger fireball in Japan. Thd.ltestparameters (Zabetakis, 19@temostly
excluded from the table due to theuratof the storage artdeabsence of higipressure

storage and initial mechanical component.

A model for calculation of the fireball sizéue to high pressure tank rupturea fireis
availablein thee-Laboratory of Hydrogen Safetffhe methodology is based on the work by
Dadashzade(Dadashzadeh et al., 201Qalculation of a fireball size after a staaldne tank
ruptureis a part of the methodology for the calculation of the blast wave demasidering
compressed gas vessel rupture (Molkov and Kashkarov, 2fiidbhazard distances attributed
to the blast parameters. According to the technique, the fireball sizeusatedl as a
hemisphereoccupied by combustion produgctesulting fromcomplete combustion of released
hydrogen in air (nopremixed turbulent combustion at contact surface occurs at a
stoichiometric concentration of reactani&)e hydrogen mass in servoirmyz is calculated
using the AbeNoble EOS basedn staragepressurgs, temperaturd’; and tank volumé&/ and
has the form
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, : n
@ ORE Y Y ®)

whereRn2 is the hydrogen specific gas constant (J/(kg K)) and b=0.00768t Isydrogen ce
volume constant (kg). The volume of hydrogen in the reservoir is

, a
© 5 C @ (6)

where M2 is the molecular mass of hydrogen (g/mdhevolume ofair requiredto burn the
hydrogen is

W C® P w (7)
The fireball diameter is then
, T
ow
0 ¢z —— 8
C
wherew ®W @ Zed yie. theproduct of theotal volume of combustion

products andheexpansion coefficient.85 This is equivalent to thempirical correlation
0 wpza " (9)

Figure2 combines described hydrogen experimental data on the fireball size versus mass of

fuel for several studiesThe figure gives the new empirical correlations proposed fostéme
alone tank rupture i,@ ogRed 8a(thickessligplime andalséi b e s t
ficonseftaCatp @ed 2, (thick dashed line)The LH correlationas describetly
ZabetakigZabetakis, 1964is also includedin Figure2,it hi ck crosseso symbo
fireball size predictiomusingthee-Laboratory of Hydrogen Safetgol for high-pressure tank

tests and the H> spills based on the mass of spilt hydrogen. As can be seen, there are two
studies that falsubstantiallybelowall three empiricatorrelatiors. Theuprightiit r i an gl e 0
symbol irdicates 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. Theolidii d i a mo nd 0 s ytheliirebhll sizeastheasuaet ia the

experiment by (Shen et al., 2018), which might be due temgiantaneous release and

combustion decreasing the real size of the fireball. Thab®ratory prediction for both cases

has shown a bigger fireball sitean deduced from experimensalidies adis in line with the
Abest fito c dightrgeyfisguareésymbol whichastabogerthempirical

correlation is the experiment for the undeehicle tank rupture test by (Weyandt, 2Q0B)is

tank setups out of scopéor this studybut ha beeradded to show that the presence of the

vehicle increases the fireball size compared to sédmaoke tank rupturd.ight grey ficircleso
andblackficroseg relate to the study by Tamuf@amura et al., 2006yhere the larger

fireball size 0f20 m siggestghat the shape of the fireball was probably elongated anthe
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directional jet caused by the shape oftdre&k opening is resulting in that vaJé®r the model
validation 13 m size has been chosen based on the conclusions from (Motlkkioy2020).

10

D=115*MO%
rd

-
Dge=9.8*M0-33 A Weyandt (2005) 72.4L
D=8.5*M0-33 In| Weyandt (2005) Under-Vehicle 88L
Tamura (2006) 36L
I I Tamura (2006) 35L
Tamura (2006) 36L (Molkov et al 2020)
Tamura (2006) 35L (Molkov et al 2020)
Shen et al. (2018) 168L
—B— Zabetakis (1965) - LH2-Width
m  Zabetakis (1965) - LH2-Height
x e-Laboratory mass @700bar
—— Zabetakis (1965) - LH2 correlation
— — This study - Concervative
— This study - Best fit

Fireball size, m

* 4 4 +

0.1 1 10
Hydrogen mass, kg

Figure 2. Experimental fireball size versus mass of hydrogemparison with correlations.

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

longitudnal lengthLmaxof the fireball in a tunndbr a given crossectional areds given by
0 p T, (10)

whereM: 1 is the mass of fuel anir 1 is the tunnel crossection area, again proposed for
hydrocarbons. It was also shown that the fireball length in a tunnelrof sssection area
is much longer than the fireball diameter when the fuel mass exceeds around 5 kg for the
proposed cortation in an open space.

Figure3 shows the comparison of the best fit and conservative correlafoonselations were
described in the previous section of this repaevhich relate tmpenspacdireballs @nnotated
asdotted lines). Figure3 alsoshowsthe correlatios derivedoy Li (Li, 2019)for a tunnel
(annotated asolid lines)where one, two and five traffic lanes with cressctions of 24, 40
and 0 m? are consideredlhese tunnel crossectional areas are likewise considered by
ShentsoShentsovetal.,20)9 annot at ed FHRguredivthére asimpet udy o

equation0 has beemncorporated to account ftine amount of combustion products

The correlation for the fireball in a tunrislassumed to be ordtmensonal, incontrasto the
threedimensional fireball in an open environment and hetheedifference 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 firebalWhentheactualfireball size is less than the tunnel width the
correlation presumes it still occupies the whole tunnel wr@sulting in the decrease of the
fireball length along the tunndh Figure3 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 proposediartais 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 authar This can be addressed by the means of CFD simulations in the next
study.

But the recent CFD calculation in Secti®id.2.4has shown thahe shockpropagation created
the momentum which pulled the fireball inside the tunnel with the speed of 2atris
conditionall such correlations cannot be applied in the realistic estimation. Even the

, for the same tunnel crosection are@dr and mass of

comparison of th&maxwith 0

inventory which created the volume of combustion products burned at stoichiMngisy
give undesprediction by 2.5 times. This means that none can be applied.

100 |——(Li, 2019) -Single lane, 24m2
——(Li, 2019) - Double lane, 40 m2

90— (Li, 2019) - Five lane, 140 m2

80 " This study -Single lane, 24m2

- = =This study - Double lane, 40 m2
70 = = This study - Five lane, 140 m2 -

------ "Best fit" open space A
60 o “"Concervative" open space -7

50

Distance, m

40
30
20
0

Hydrogen mass, kg

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

CFD simulation of fireball dynamics after tank rupture has been performed in a tunnel with a
crosssection area of 881, with a tark of 62.4L and 700bar, with the total mass of 2kg and

it was presented during HyTunr€lS St akehol der sé6 WoFidguehop (She
shows crossection of the modelled tunnel design and corresponding-sea$i®n of the

calculation domain in CFD simulatiorfsigure5 shows the simated fireball dynamics in the

tunnel crosssection 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 thensa moment, the fireball occupies the wholeri8unnel

width. After 100ms the fireball stastto 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 crossection, tunnel drawing (left), simulated geometry (right).

In Figure5 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 waltglground At the initial stage the fireball is not
touching the side wall until 200 ms and thecreasesvith the size starting to propagate
towards the left.

In this particular example, the fireball is relatively small, fireball development is simitae
behaviour of fireball i n open spaceFgmed well
but further studyarerequired to assess thazard distance at which this fireball will propagate

along the tunnel.
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Figure 5. Fireball dynamics in a tunnel with cressction area 83 f{temperature contours): 2D
tunnel centreline crossection (left), 3D walls (right).
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The semiempirical correlations to assess the fireball size afterpighsure hydrogen tank

rupture in open space are proposed and compared with the expidicata 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. &greliminary 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 esestions and tank inventories

that are requir for verification of the proposed correlations and to support the preliminary
conclusions will be performed in Secti8tv.
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In the case of an unscheduled hydrogen release from-piEgbure 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 follow#termal 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 rekeasifice of 10 mm and spouting pressure of 40 MPa,
generated an overpressure of 20 kPa at 4 m distance (Takeno et al., 2007), whichtlseabove
serious injury threshold (Lachance et al., 2011).

The study aimed to develop an engineering correlationréatigting 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 inrdrgge 0.565.0 MPa and release orifice diameter

0.552.5 mm. This approach is different from that suggested in D4.1 (HyF@8ie#l.1,

2019) as it was deemed more relevant and widely applicable. It is believed that a correlation
developed fodelayed ignition of hydrogen jets in an open space, may still be applicable to jets

in enclosed spaces for defined boundary conditions.

A total of 78 tests were selected to analyse the phenomenon and build the empirical
correlation:(Royle and Willoughby, 201Q)Grune et al., 2013]Grune, 2019 Takeno et al.,

2007) (Takeno, 2019]Miller et al.,2015)(Daubech et al., 201%Friedrich et al., 2021)

These include experiments on delayed ignitibbath steady and unsteady, free, horizontal
hydrogen jets. The location and number of sensors for overpressure measurements was variable
and dependent on the experiment. Experiments Ydicbgpen storage pressure in the range 0.5

65 MPa, storage temperaaB3300 K, release diameter 882.5 mm. Maximum distance of the

target from the release source was 50 m.

The storage pressure and release diameter determine the mass flow rate of hydrogen forming a
flammable mixture and, therefraffect the deflagration overpressure produced by delayed
ignition of a hydrogen undexpanded 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 temerature, it is reasonable to suggest that deflagration overpressure grows with
storage pressur®,. Thus, the first dimensionless parameter was: 0j 0 , whered is the
ambient pressurét was assumed that the fraction of flammable mixture twtlirogen
concentration in air 285% 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., 2018In that studyit was observed that only a small fraction of a
nonuniform hydrogerair mixture, with burning velocity within a narrow range B30% of

the maximum value of burning velocity, defines the maximum vented deflagration pressure.
This correspondi hydrogen concentration range-25% 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 wit 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) andaxpd&ded
jets (Molkov, 2012). The distance between the centre of ##g52bflammable cloud and the
pressure sensor (in experiment) or M.iTker get 0
experimental studies demonstrated that the overpreisstire 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 paranveds defined here as the ratio of the orifice

diameterQQ to the distance ‘Q 'Y . The derived dimensionless parameters were
combined, following the similitude analysis rules, into a new dimensionless number:
L L Q — 00— (11)

The dimensionless overpressure in the deflagration blast Wave 70 , can berepresentedsa
a function of the dimensionless number in previous equation:

y

N — 00— (12

The derived correlation has been presented, analysed and calibrated against experimental data,
and is shown in the next section.

Figure6 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 (HSEPao&cience (PS) present several values

of YO jO forthe same dimensionless numbefThese 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 correlatiofor determining the maximum overpressure that could be produced by
delayed ignition of any hydrogen jet for arbitrary ignition conditions. Therefore, the maximum
values ofY0 j 0 will be used to build a conservative correlatiBigure6 shows that the

overpressure raticY0d j O correlates well to the dimensionless numlierd  2'G 'Y
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Figure 6. Derived correlation for predigtg overpressure from delayed ignition of turbulent hydrogen
jets versus experiments.

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

conditions and Atargetodo | ocation can be pres

3 8
O T TOM— O— (13

e

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.

An empirical correlation to estimateaximum overpressure from delayed ignition of hydrogen
jets wagderived and calibrated against experimental data available in literature.

The engineering tool for prevention and mitigation of composite hydrogen tank explosion in a
fire is a part othe bigger model of tanrli PRD system performance in a fire., non-adiabatic
blow-down modelThe modelwasdescribedn the publicatiorpresented ahe International
Conference on Hydrogen Safety (Dadashzadeh et al., a0ii9sa journal papefMolkov et

al., 2021) The parametric study and the results obtaingtis section are based on the
validation case presentedthre paper(Dadashzadeh et al., 201%hetank andhe ambient

(fire) parametersveredescribed in the aforementioned paper

The engineerig tools allow us to predict the time to tank rupture in a fieg,its fire
resistanceating 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 HiRRsdsdhe
tankds FRR (Kashkarov et al ., 2ubtil, 8fteraKi m et
certain HRRvalue,it reaches saturation, whéme FRRdoes notrasticallydecrease anymore
and is equal abodt6 min. Later, it was discovered at Ulstbata similar dependence trend
and the FRR fAsaturationo occurs alisdirefor t
source HRR divided by its ared, i.e., HRR/A. It was revealed thattifes at ur at i ono
occurs when the specific heat release rafe@feaches valugdRR/A=1 MW/n?, seeFigure
7.

To obtain the relationship demonstrated in Figure 1@tiggneering 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/m

Exp.: CH4-air fire (engulf.), HRR/A=0.29 MW/m?, Type IV tank
CFD: CH4-air fire (engulf.), HRR/A=0.29 MW/m?, Type IV tank
Exp.: CH4-air fire (engulf.), HRR/A=0.62 MW/m2, Type |V tank

N
[&)]

CFD: CH4-air fire (engulf.), HRR/A=0.62 MW/m?, Type IV tank

A
A
v
v
E Exp.: C3H8 fire (engulf.), HRR/A=0.65 MW/m?, Type Il tank
4
L 4

N
o

Exp.: C3HS8 fire (engulf.), HRR/A=1.63 MW/m? Type IV tank
CFD: C3H8 fire (engulf.), HRR/A=1.63 MW/m2, Type IV tank
Exp.: C7H16 pool fire (engulf.), HRR=2 MW/m2, Type IV tank

Exp.: C7H16 pool fire (engulf.), HRR/A=4.27 MW/m2, Type IV tank
Exp.: H2-O2 jet fires (engulf.), HRR/A=7.45 MW/m2, Type IV tank
CFD: C3H8 fire (localised), HRR/A=0.2 MW/m?, Type IV tank
CFD: C3H8 fire (localised), HRR/A=1 MW/m?, Type IV tank

CFD: C3H8 fire (localised), HRR/A=1 MW/m2, Type IV tank

w CFD: C3H8 fire (localised), HRR/A=2.3 MW/m?, Type IV tank

ae <

—_
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Figure 7. Hydrogen storageank FRR vs fire source HRR{Molkov et al., 2021)

Theheat fluxvalues were obtained for fires with HRR/AIMW/m?, 0.62 MW/nt and 0.29
MW/m? (Figure8 below). The parameters of the modelled 36 L and 700 bar Type IV tank and
fire characteristics were described in the publicatMalkov et al., 2021)
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Figure 8. Tark rupture in a firewith varyingHRR/A 1 MW/n?, 0.62MW/n? and 0.29 MW/m(tank
volume 36 L, initial pressure 700 bagdynamics of tank wall decomposition, ldagaring wall
thickness and tank storage press(iviolkov et al., 2021)

In Figure8 above, the Yaxis (left) is the tank wall thickness: liner (hatched bottom region) and
carbon fibre reinforced polymer (CFRP) overwrap. Thaxis (right) is thenternaltank

pressure. The pressure increases froriMP@at the start of the firgp thefinal pressure at

which thetank ruptures. The 4xis is the fire test duration. The black cigsbow the

dynamics ofoadbearing thickness arpressure; the red cursshow the dynamics aésin
decomposition front in the tank wallhe tank rupture criterion is defined as the contattef
resin decomposition front moving inwardly
outwardly) loadbearing thicknesdJsing heat flux from fire with a given HRR/A as input the
tool can easily predict the FRR of tanktire respectivéire. Tank FRRcan directly influence

the risk of orboard hydrogen storage for differepplications unlesthe tank isexplosion

free in a fire.

Wi

This sectiorgivesanexampleof the engineering to@pplication fomodeling tank

performance in a fireoupled withsimulation of tankblowdown dynamics through a TPRD

and effect oheat 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 behavipwhich can bebserved in the fire test of higitessure

hydrogen storage tagksuch asconjugate heat transfer from a fire to tank, tank materials
degradationinternalhydrogen pressumynamicstemperature dynamics and tank failure
mechanism with determined FRfRa(idated in the stud¢gMolkov et al., 2021) initiation of
hydrogen release through TPRD with remtiabatic gas behaviour, liner melting causing the
potential additional hydrogen leak etc. A number of assumptions were made in this parametric
study. Firsly, two TPRD orifice size were usederei A0.45mm andA 0.65mm. The
reducedorifices would help to prevent the pressure peaking phenomenon and exclude long jet
fires. The TPRD activation time w&dnin after fire initiation and the fire HRR/A wds
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MW/m?, the tank was of Type IV, 36 L amtiarged t&0 MPaas mentioned in the previous
section seeFigure9 below.

26 ] —— Resin decomposition front - 1500
- —— Load-bearing thickness/P, (D;pgp=0.45mm) — 1400
24 7] —— Load-bearing thickness/P, (D;prp=0.65mm) - 1300
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Figure 9. 36 L,70MPabar tank performance in a fire with bleshown through TPRD{0.45 mmand
A0.65 mmactivation at180s after fire initiation- dynamicsof tank wall decomposition front, load
bearing wall thickness, storage pressure and liner melting {iidotkov et al., 2021)

It is seen that aftahe TPRDinitiation the loadbearing thickness of CFRP (and pressua3
slowly decreasinglue tothe pressuralropin the tankdown to about 140 bar for orifick0.45
mm, and below 50 bar for orific®0.65 mm The liner leakageccurred at 868 and 75% for
TPRD orificesA 0.45 mm andh 0.65 mm respectively causifigrther pressure droplown to
atmosphac pressuregas shown with blue dash curyégcause it createtiditional to TPRD
orifice release areas

The model allows thevaluation of the DDT conditions in a tunnel geométnynon-uniform
hydrogen air mixturedt consists of the four major parameters:

1. Geometry factors:
- Confinement degree (confined, semiconfined, part@ilyfined), lateral venting,
end venting, smooth channel, rough channel, obstructions, fans, natural wind.
- Scale (characteristic sizecrosssection, length of the channel, length of the cloud
of the hydrogerair mixture).
- The linearity of the channel (sight, bended, iljunction, Yi junction, zigzagging).
2. Mixture characterization:
- Mixture uniformity/noruniformity (longitudinal gradient, vertical stratification,
vertical gradient).
- Mixture reactivity (laminar flame velocity, expansion ratio, speesbohd,
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 fumdistance, runway distance to flame
accderation and DDT)

Parameter Symbol Unit
Height of the tunnel H m
Height of the hydrogeair layer h m
Width of the tunnel b m
Cross sectionraa A m?
Blockage ratio BR (-)
Distance X m
Spacing between obstacles S m
Diameter d, D m
Gravity acceleration g m/s
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/m®
Characteristic time t S
Hydrogen inventory m kg

The model operates with several basic characteristics for DDT evaluation:

1. The mixture of hydrogen with air should be within the flammability limits# %H:
(vol.). The criterion for flame acceleration is the critical expansion ratio for flame
acceleration to speed of sousd=3.75 for hydrogen 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 nunkber = >>100ifor tunnels. For
partially confined envelope of hydrogémir mixture, the critical expansion ratio
depends on the opening degree, mixture uniformity and blockage ratio as the ratio of
blockedarea to the total crosectionarea;seeFigure10 (Kuznetsov et al., 2011;

Grune et al., 2013; Kuznetsov et al., 2015; Friedrich et al. 2019).
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Air
supply!| Extract

7.70
7.60

9,40

|

10.80 |

1 Gotthard Tunnel, Switzerland 1969 to 1980
2 Westtangente, Bochum 1980 to 1981
3 Rennsteig Tunnel, Thuringia 1998 to 2003

Figure 10. Examples of crossections (mined road tunnels). Grey area is the total esestion, A,
blue area is blocked by turfoans and/ or by <cars, Ai. BR

A linear correlation between the critical expansion rati@and the ratio of the spacing
between the obstacles and the layer thickre#sswas derived by Kuznetsov et al. (2011) for
fast flame propagation based on large scale experinfégtg¢11) and theoretical
considerations:

.., 0p 0J]Q (14)

whereso* = 3.75 is the critical expansion ratio for uniform hydroggnmixture fully

occupied the tunnel crosection;K = 0.175 is a constant depending on the blockage ratio BR

= ARA, whereA is the tunnel crossection A is the total visible blockage for cars, busses,

trucks ventilators and other supporting equipment inside the tunnel; the spaamge a

distance between cars in one laBg.(14) is true for a layer of stratified hydrogair mixture;

his the layer thicknes$-{gurel3, left, bottom). It is validor 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. Boelatively high concentration gradient-80%H>

/m, efficiently, the onlypart of the mixture above 8% H. 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.
Forinstance, it needs the maximum hydrogen concentration oHL86the ceiling

corresponding to 0.24 m of efficient layer thickness compared to H>&nd a layer thickness

of 0.6 m for a uniform hydrogeair composition to provide flame acceleratiorspeed of

sound.

In case of a stratified hydrogeir mixture fully occupied the crosection of the system
(Kudriakov et al., 2013; Kuznetsov et al., 2019), the process of combustion and flame
acceleration is governed by the maximum hydrogen concemtiatihe top of the system with
h=H in Eq.(14).
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3.5

0 1 2 3 4 5
dimensionless vent area, s/h

Figure 11. Critical conditions for effective flame acceleration as functafnexpansion 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 dimensioimgtance,

an equivalent diameterO 10T to the detonation cell sizB)I . The ratioD/I

should exceed the valié 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 sernonfined layer of hydrogen air mixture are

given in terms of theatio h/l , whereh is the layer thicknessgeFigurell, 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 kdtiof the characterig sizelL
over the detonation cell siteas a measure of detonability of the mixture:

- 0° (19

whereN* is the critical value for detonation onset (DDT) or detonation propagation dependent
on the geometry of the system. The tunnel relevant critical ratio$ ébr detonation onset in
a channel with obstacles fully filled with uniform mixture are sumnedgrin Table5.
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Table5. Dimensionless scale for different processes.

Dimensionless|  Critical .
. Detonation relevant phenomenon References
scale value N*, (-)
, Detonation propagation in a
DIl 14 smooth channel with diametBr Moen et al. (1981)
Detonation propagation in
d/l 1 obstructed tubes with orifice side ;I'le908d8c;rczyk etal.
(BR*<0.43)
L/l 2 Detonation onset inbstructed Dorofeev et al. (2000
channels
L/l 2 Detonation onset in multhamber Dorofeev et al. (2000
structure

Most of the practical cases are covered by more universal critgtion7 based on large scale
experiments (Dorofeev et al., 2000). Characteristiclsipe detonation onset is formulated
depending on the size of the chanbetlimension of unobstructed passagéween obstacle
and sidewalt and spacing between repeatolgstacles:
. O i
0 ——=
(16)
¢ P

aw

For tunnel geometry, it will be more convenient to express the ratio d/D through the blockage
ratio BR because-garameter is not well defined for the complex geometry of obstacles:

Q0 Wp O6°Y (17)

Thecomplex blockage ratio, in turn, can be expressed as follows

0'Y 0 70 (18

whereA is the area of each visible object which is blagkhe tunnel crossection (a car or
cars, a jet fan or ventilator, a truck or trucks). Then, assuming equidistant spadng
Eq. (16) can be deriveds a function of blockage ratio BR and an equivalent diameter D
keeping constant the DDT conditibd = 7:
0 o X (19
o Vo &Y T

Table6 summarizes the results of such a practical transformation ¢i.&qlt may tell us

several conclusions useful for tunnel safety assessment. For very small blockage BR = 0.1
characteristic length for DDT is about @@&metergL/D = 19.5). For practically unblocked
tunnel (BR=0.1) the critical ratiD/| =0.36 approachtotheratirl =1/ =~ f blaemet by
al. (1981) for smooth tubes. The critical radib = 0.96 for BR = 0.3 and/| = 1.22 for BR =
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0.4 are very close to the DDT criteridft = 1 found byTeodorczyk et al. (1988pr
obstructed tube witBR < 0.43. The higher blockage leads to larger r&ibsandd/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@D%.

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

Blockage ratio BR L/D D/ 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 fdetonation onset are relevant to the very
hypothetical scenario for uniform hydrogaim mixture fully filled the tunnel crossection.

The most realistic scenario for tunnel geometry is the formation of a stratified layer of the
hydrogenrair mixture on tp of the channelRigure12). It was found by.i (2019) that due to
open boundaries in the axial direction, the cloud grows only in the lmigal direction with
almost constant layer thickness remaining withir@&m.

B (7T [ ™.

b)

Vh2. 0.04014024034044054 064074084 084

. ; E
— - | 7} d —a-=

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 seronfined layer of the uniform hydrogeir
mixture have been experimentally found in a cylinder vessel of 3.5 m ID (Kuznetsov et al.,
2011;Kuznetsov et al., 2015):

Q_ popr (20

whereh is the layer thickness. For the stratified layer, similar to shoviagumre12, If the

hydrogen concentration gradient is not larger #@¥H/m, the critical condition for a

detonation onset is the same (see(EQ)) as for uniform hydrogen composition of the same
hydrogenconcentration as the maximum concentration of the stratified composition. It happens
whenthe efficient layer thickneds notless than the corresponding layer thickness for the
uniform mixture.

KO RN A RO 1IN )) (21
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For instance the efficient layer thickndsgs= 1.05 m for grad(¥2) = 20%H>/m andh* = 0.7
m for grad(X2) = 30% Hz/m for stratified compositionsvhich are larger than 0.6 m of
detonable uniform composition. In the case of a very steejiegita(more than 60%i#m) the
effective layer thickneds* = 0.33 m becomes too thin to be detonable. For such a layer
thickness the maximum hydrogen concentration should be higher thaH23%is value is
very close tdhe experimental one 23.6%, (Kuznetsov et al., 2015). Then, for the stratified
semiconfined layer the critical DDT condition

Qi_ poprt (22

3. Both oftheaforementioned criteria for flame acceleration and DDT require the
satisfactionofse al | eypdiistmance ( RXBBEX), whereliigaer i on o,
characteristic length of hydrogemir cloud along the channel (Veser et al., 2002;
Kuznetsov et al., 2005; Ciccarelli et al., 2008). If the cloud dimensietonger than
the runup-distance to speed of souns then the detonatianayoccur.

The runup distance to detonation depends on mixture reactivity and the level of turbulence.
Both factors can promote flame acceleration and shorten theprdistance<s. A high level

of turbulence can biatroducedby fans or byotherobstaclesln atunnel 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 orgpurce of theurbulent motion. Based on the critical thickness of

the boundary layer for detonation on8etld a runup-distance to detonation was

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

® UvuLT (23
Eq.(23) is valid for very thick tubesimilar toatunnel with D > 20. For relatively narrow

tubes with 10 < D < 20 the rurup-distance Xs is proportional to tube diameter D depending
on roughness :

® ¢T1T ¢XoOh 3 prmm (24)
® pYpuOh 3 prnrmn (25)
W p¢pPptOh 3 vmnAM (26)

These values fit very well t8s = (1540) 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 Etions(24) to (26) have been transformed as follows (Ciccarelli et

al., 2008)

. rp, ., O .
o- Py g = 2
® 06"0(8[’,,Q 0 (27)
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wherek, K, and C are the physical constant from turbulent boundary layer theory (Landau and
Lifshitz, 1986):k = 0.4, K = 5.5, and C = 0.9)/h can be expred through the blockage ratio:

o) c

Q p Mo 8Y (28)

T (29)
-Y, p ©O

whereS i s t he | ami nar Lidthedamiear flarpectteckinessjsi thekinesnAti
viscosity;h andmare two incognita derived from experimental data (Kuznetsov et al., 1999;
Lindstedt et al., 1989; Kuznetsov et al., 2005b; Kuznetsov et al., 2083}t and m=0.18.
Relations Eq(27) to (29) consider roughness as a measure of blockage but the relations are
valid only upto very small blockage ratio BR < 0.1. There is another relationship to calculate
the runup-distance to supersonic flame within the range BR 5 @35 (Veser et al., 2002):

wO02p OY

— (30)
P PADYDPIRY, p

Dueto the gap of blockage ratios for the validity of E2)) and Eq.(30) between BR = 0.1

and BR = 0.3, a linear interpolation between two bounding points ¢&R20.3) and Xs/D
(BR=0.1) can be used (Ciccarelli et al., 2008). For the practical application, we can propose to
extend the correlation E(B0) to blockage ratio BR =.@ with 3 times undeprediction

compared to Eq27).

Both relationships Eq27) and Eq(30) include laminar flame speed SL and laminar flame
thickness U as t he me aesThe detonalilify factoe detortationdelt y o f
sizel is notincluded in the consideration. Then, it might be a curious result obtained that the
distance is enough for the detonatamset,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 correlatio(®&/Eand Eq.(30) is that

they cover the cases of uniform mixtures in an enclosed ch&wmthat for a serrgonfined

layer of a stratified hydrogeair mixture it might be an undgredicted result (a shorten run
up-distance). The und@rediction can be compensated by the existence of local zones

enriched with hydrogen in the vicinityf the source and also by some barriers of the tunnel
structure or big trucksaritying huge carg reducing the ruip-distance.

4. Characteristic reactivity, geometry, tbealédimension of the hydrogeair cloud
produced by accidenthldrogen 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 formatn.

The cloud can be unifornirigure 13, left, very hypothetical) or a more realistic stratified layer
(Figurel3, right). It can be fully filled the tunnel crosgction Figurel3, top) or formed aa
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layer on top of the compartmeiigurel13, bottom). The typical layer geometry of the cloud is
shown inFigure1l2 andFigure1l4 based on GASFLOW numerical simulations. The case of
uniform hydrogen distribution is more typical for vertical vents from a tunnel to the
atmosphere. Thease ohigh-pressurdnydrogen jet cloud with a radial hydrogen distribution
will not be considered in the tool. The average hydrogen concentration in the case of a uniform
hydrogenrair cloud and the maximum hydrogen concentration at the ceiling of thel tign
assumed to be the characteristic concentration of hydrogen to evaluate the reactivity of the
cloud.

] ]
0o ()]
"ﬂ <<<<<<<<<<< " ° l!ol < . 9'&'-9' <<<<<<< ﬂﬂol!ol -- B ° iale"-
L L
_ = <
\ S |
~m A -~ A"

Figure 13. Typical geometry of hydrogeair cloud inside the tunnel: uniforeomposition (left);
stratified composition (right); fully filled crossection (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 MRRD 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 tunnelRigure14). The figure shows the flammable hydrogen cloughv(i>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 l@ypenlodstible

hydrogen with thickness 0&.6m is formed at the tunnel ceilingigure14 (d) at 16 s
corresponds to the time when hydrogen inventoryiwithe flammability limits has a

maximum of about 2.5 kg. The mass flow rate drops doem 0.5 kg/go 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 inventomasreleased 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 respéethe 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 evaluatin 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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Figure14. 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 hydrogenclouds for different tunnel geometries.
Three most typical tunnel cressctions are given ikigure10. A round shape (4) and a
rectangular crossection (5) can also be introduced as the simplest and the basic ones to be
combined to reproduce the real tunnel cresstions. Within the Hytunn&l'S project (D2.2,

Ch. 4.3), typical dimensions for differetunnels and hydrogen inventories for typical vehicles
are summarized to be used as input data for safety evalu@itetrie 7, Table8, Table9, Table
10). Depending on the hydrogen inventadtyevolume and dimension of the cloud a
characteristic hydrogen concentration can be calculatachffirm and stratified hydrogen
clouds.

The characteristic length of the cloudor the given average hydrogen concentragsncan
be calculated for hydgen inventorym of uniform hydrogen distributiorF{gure 13, left):

0 o, (31)

whereV is the volume of hydrogeair mixture as a function of average hydrogen
concentratioXHz

o LMY (32)
BB

Ais the tunnel crossection area (CSA)@ble7, Table8) of a layer crossection area:

0 wdQ for rectangular tunnel b*H  (33)
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Table7. Dimensions of European road tunnels

Tunnel Description Crosssection Real Equivalent
Area, CSA | Diameter, D | Diameter, D (m)
(m?) (m)
1 Single lane tunnel 24.10 N/A 5.54
2 Doublelane tunnel 39.50 N/A 7.09
3| Gotthard tunnel, double lane 49.35 7.74 7.93
4 | Rennsteig tunnel, double lang 72.95 7.5 9.64
5| Tyne tunnel (Original), double 48.10 7.3 7.83
lane
Table8. Dimensions of European rail tunnels
Tunnel Description Crosssection Real Equivalent
Area, CSA | Diameter, D | Diameter, D (m)
(m?) (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 typetraffic, single rail 44.6 N/A 7.54
4 | Rectangular section urban rai 56.3 N/A 8.47
two rail
5 Severn tunnel, two rail 60.0 7.93 8.74
6 Channel tunnel single rail 53.5 7.6 8.25
Table9. Initial hydrogen inventory, mass flow rate and discharge time for different vehicles
) Total Vehicle Single Tank | Initial mass flow Discharge time
Vehicle Inventory Inventory rate (se?:s)
(kg) (kg) (kg/s)
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
Table10. Hydrogen storage specifications for different.car
NoO Vessel | Mass per | Volume per tank /
Car/Model Year tanks | Pressure tank / total total
(MPa) (kg) (liters)
MercedesBenz GLC F | 2018 2 70 22144 57.5/115
CELL.
Hyundai NEXO Fuel Celll 2018 3 70 216 52 /156
Honda Clarity Fuel Cell | 2016 2 70 ? /5.46 144
Toyota Mirai 2015 2 70 23/46 | 60+62.4/122.4
Hyundai Tucson/ix35 | 2013 2 70 ?/56 /133
FCEV
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0 ——"Y, for acircular crossection of the tunnel (39

whereR=D/2; Q is a vision angle for the segment of hydrogen layer of the hieight

- A OA A+Gfor acircular crossection of the tunnel (35)

The average hydrogen concentratd in Eq.(32) and the layer thicknessshould 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 froXn2 (MAX, AVERAGE) to 0 within the &yer thickness is
assumed. Then, the gradient of concagtidn is calculated as follows

Qi Wl ® jQ (36)

The volume of the cloud of hydrogérair mixture will be two times larger compared to the
uniform cloud with the same hydrogen concentraXgsn

. ¢ nbo
©onavy (37

The height of the layer in a tunnel geometry with gai@rge TPRD device (about 5 mm ID)
is recommended to be by default 0.6 m supported by the natural gravity and density
differences.

This option allowgheuserto calculae the detonability of the uniform hydrogeir cloud
formed by the release of 2 and 10 kg of hydrogen in an assumption of the totslentiss
filled with the cloud. Five levels of average hydrogen mole fraction in the cloud fréol0
30% H areanalysed

Table 11 Initial properties of the system

Parameter name Symbol Value Range Unit
Cloud uniformity andgyeometry Ul (Figurelld) | (U1, U2, N1,

U, N N2) )
Hydrogen inventory Mu? 2 | 10 0.1-100 kg
Mole fraction of hydrogen Xh2 0.1 8-75 ()
Mole fraction of hydrogen Xn2 0.11 8-75 (-)
Mole fraction of hydrogen Xh2 0.15 8-75 8-75
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lwel

Mole fraction of hydrogen Xh2 0.20 8-75 (-)
Mole fraction of hydrogen Xn2 0.30 8-75 (-)
Ambient pressure p le5 (1-2)e5 Pa
Ambient temperature T 293 253313 K
Areaof the tunnel crossection A 85.8 0.1-100 m?
Height of the tunnel crossection H 8.89 1-15 m
Diameter of the tunnel cross 10.46
: D 1-15 m
section
Spacing between cars S 10.46 0.1-50 m
Blocked area by three cars EAi| 17.79 Table9) m m?
Steps 1,2, 3¢é
1 | Hydrogenair cloud Figurel3 )
geometry
2 | Expansion ratios Tablel2 )
3 | Flame acceleration s> 8 375 Yes / No
evaluation
4 | Detonation cell sizd, Tablel2 m
5 | Predetonation length, L L= D+S or L= D if (S=D) m
2;’%_ d 1- V1 BR
¢ D
6 | Blockage ratio BR= $\/ A )
7 | Ratio d/D g: T BR )
D
8 | Detonation evaluation L>7/ Yes/No
9 | DDT runup-distanceXs ~ a, D-(l- BR) m
® (1+1.5BR)105 (s -}
10 | &, S evaluation Tablel3 m/s
11 | Length of hydrogen cloud L=V/A m
12 | Volume of hydrogen cloud _ 1 pM m?
X, MRT
13| Universal gas constariR R=8314.4] J/IK/kmol
14 | Final detonability Xs<L Yes/No
evaluation
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Algorithm of solution:

START Hydrogen FA condition
Tunnel dimensions, concentration Xuz agx=ag* 1
hydrogen inventory,
cloud of hydrogen,
blocked area
Return message DDT condition
“FINISH" L>T74 2
RUD condition
X, <L 3 1
Return message:
1: “51:Subsonic deflagration” Return message |
2: "FSupersonic deflagration” “D: DDT occurs” |

3: "52: Subsonic deflagration”
8 <
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Tablel12. Main properties of hydrogeair combustible mixtures

Detonation| H,
H2> mole | Expansion cell mole Expansion Detonation
fraction* | ratio** Size*** fraction | ratio cell size
X2 S [, mm X2 S [, 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 caritearly or by spline interpolated.

** Expansion ratios are calculated by STANJAN and Cantera codes (Reynolds, 1986;
Goodwin, 2001).

*** Detonation cell sizes are calculated with CELH2 program based on Gavrikov et al.
(2000) paper.

Table13. Laminar flame speed and speed of sound for combustion products

Laminar H>
H2>mole | velocity | Speed of | Kin. mole Laminar | Speed of| Kin.
fraction* | ** sound** | viscosity** | fraction | velocity | sound viscosity
Xei2 SL, m/s | ap, m/s AT ADY | Kz SL,m/s |ap,mis [AZ YD)
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 Cantmrdes (Reynolds, 1986; Goodwin, 2001).

Pages6 of 243



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

Grant Agreement No: 826193

innovative preventiomandmitigation strategies

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

l%el

Hydrogen inventory, m = 2 kg

Output values

Parameter name Symbol | Unit Hydrogen mole fraction, Xu2
0.1 0.11 0.15 0.2 0.3

Expansion ratios S (-) 3.54 3.77 4.63 5.6 7.02
Detonation cell sizd, I mm 5095 2320 361 44.6 9.7
Blockage ratio, BR BR () 0.207 | 0.207 | 0.207 | 0.207 | 0.207
Predetonation 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 me 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 & m/s 659 682 765 855 983
Laminar velocity S m/s 0.25 0.33 0.78 1.46 2.7
Runup-distance (RUD) Xs m 666 467 171 81 39

Result S1 S2 S2 S2 S2
Note: S11 subsonic deflagrations(< & 3.75); S2- sypersonic deflagrationg > s*,
Xs>>L).

Table15. Output data for hydrogen inventory, m = 1Q kg
Hydrogen inventory, m = 10 kg
Output values
Parameter name Symbol | Unit Hydrogen mole fraction, Xu2
0.1 0.11 0.15 0.2 0.3

Expansion ratios S (-) 3.54 3.77 | 4.63 5.6 7.02
Detonation cell sizd, I mm 5095 2320 361 44.6 9.7
Blockage ratio, BR BR () 0.207 | 0.207 | 0.207 | 0.207 | 0.207
Predetonation 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 & m/s 659 682 765 855 983
Laminar velocity S m/s 0.25 0.33 0.78 1.46 2.7
Runup-distance (RUD) Xs m 666 467 171 81 39

Result S1 S2 S2 S2 S2

Note: S17 subsonic deflagrations(< & 3.75); S2- supersonic deflagrationg > s*,

Xs > >L).

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

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

hydrogen mole fraction in the cloud from 10 to 3B&tareanalysed
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Table 16. Initial properties of the system

lwel

Parameter name Symbol Value Unit
Hydrogen inventory MH2 2 | 10 kg
Mole fraction of hydrogen X2 0.1 ()
Mole fraction of hydrogen Xu2 0.11 (-)
Mole fraction of hydrogen X2 0.15 ()
Mole fraction of hydrogen Xu2 0.20 (-)
Mole fraction of hydrogen Xu2 0.30 (-)
Ambient pressure p 1 bar
Ambient temperature T 293 K
Area of the tunnel crossection A 85.8 m?
Height of the tunnel crossection H 8.89 m
Diameter of théunnel cross 10.46

. D m
section
Thickness of the layer h 0.6 m
Conventional blockage ratio* BR 0.05 ()

of the tunnel surface of about 10 cm is assumed.

1 | Expansion ratios Table12 (-)
2 | Critical expansion ratics* s*= gl K s )
3 Flame qcceleratlon s> & Yes /
evaluation No
4 | Detonation cell sizd, Tablel2 mm
5 | Critical layer thickness, h* h* =13.5/ m
6 | Blockage ratio BR=0.05 (-)
. D

6 | Spacing, s :5(1 ~1 BR) ()
7 | Detonation evaluation h>h %3.5/ Yes/No

el, A& D &
8 | DDT runup-distance Xs Xq =%§Z|n§gﬂ %PK m
9 | &, S evaluation Tablel3 m/s

1
] e oy Y3 73
10|25 evaluation g=é & 2%80 ¢)
¢S (s 1 cb g

11| D/h luati b.__ 2z _
evaluation h 1. V1 BR )
12|Ki nemati c Vi Table13 cn¥é/s

n

13| Laminar flame thickness :g mm
14 | Lengthof hydrogen cloud L=V/A m
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15 | Volume of hydrogen cloud L>7/ m®
16 | Layer crosssection area A:Q_%%? m?
aR -h
17| Visible angle % = arcco%? rad
¢
Final detonability
: X<s<L
18 evaluation s Yes/No

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

Hydrogen inventory, m = 2 kg
Output values
Parameter name Symbol | Unit Hydrogen mole fraction, Xu2
0.1 0.11 0.15 0.2 0.3
Expansion ratios S (-) 3.54 3.77 | 4.63 5.6 7.02
Critical expansion ratics s* (-) 3.89 3.89 3.89 3.89 3.89
Detonation cell sizd, I 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 me 240 219 160 120 80
Layer crosssection area A m? 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 & m/s 659 682 765 855 983
Laminar velocity S m/s 0.25 0.33 0.78 1.46 2.7
Laminar flame thickness, 1 mm | 0.1342 | 0.1023| 0.0425| 0.0203| 0.0092
0 - parameter ! ) 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
Runup-distance (RUD) Xs m 3084 2304 896 393 155
Result S1 S1 S2 S2 S2

Table18. Output data for hydrogen inventory, m = 10 kg, and layer geometry, h =.0.6 m

Hydrogen inventory, m = 10 kg

Output values
Parameter name Symbol | Unit Hydrogen mole fraction, Xu2

0.1 0.11 0.15 0.2 0.3
Expansion ratios S (-) 3.54 3.77 | 4.63 5.6 7.02
Critical expansion ratics s* ) 3.89 3.89 3.89 3.89 3.89
Detonation cell sizd, I 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 \% m3 1200 1095 800 600 400
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lwel

Layer crosssection area A m? 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 & m/s 659 682 765 855 983
Laminar velocity S m/s 0.25 0.33 0.78 1.46 2.7
Laminar flame thickness, 1 mm | 0.1342 | 0.1023| 0.0425| 0.0203| 0.0092
0 - parameter ) ) 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
Runup-distance (RUD) Xs m 3084 2304 | 896 393 155
Result S1 S1 S2 S2 D

Note: S11 subsonic deflagrations(< & 3.75); S2- supersonic deflagrationg > s*,
Xs> >L); DT DetonationXg < L.

This option allows user calculating the detonability of the stratifigdrl of hydrogerair
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 3@%oareanalysed

Table 19. Initial properties of the system

Parameter name Symbol Value Unit
Hydrogen inventory MH2 2 | 10 kg
mgle fraction of hydrogen at the Xt 0.1 )
mgle fraction of hydrogen at the Xt 0.11 )
mgle fraction of hydrogen at the Xt 0.15 )
mgle fraction of hydrogen at the Xt 0.20 )
l\ggle fraction of hydrogen at the Xt 0.30 )
Ambient pressure p 1 bar
Ambient temperature T 293 K
Area of the tunnel crossection A 85.8 m?
Height of the tunnel crossection H 8.89 m
Diameter of the tunnaross 10.46

: D m
section
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 = @@%esponding to the natural roughness
of the tunnel surface of about 10 cm is assumed.
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lwel

1 | Expansion ratios Tablel12 )
Gradient of concentration
’ rad = / h -
2 | gradtdn) grad(X,,) = X, )
3 rE]IfICIeI’It layer thickness, =X, / grad X,)* )
4 | Critical expansion ratics* s*= g L K s -)
5 Flame z_icceleratlon s> & Yes/
evaluation No
6 | Detonation cell sizd, Tablel12 mm
7 | Blockage ratio BR=0.05 ()
8 | Critical layer thickness, h* h* =13.5/ m
9 | Detonation evaluation h>h 43.5/ Yes/No
. _gel _a D o
10 | DDT run-up-distance Xs=Za-Ingg— 5K m
> s sTc& @h 9
11| &, S evaluation Table13 m/s
1
] e oy Y3 73
12| evaluati on g=éa—p22%8u )
¢S (51 ¢ =g
13| D/h luati b - 2
n —= -
evaluatio h 1.1 BR Q)
14/Ki nematic vi Table13 cné/s
n
15| Laminar flame thickness :§ mm
16 | Length of hydrogen cloud L=V/A m
17| Vol f hyd loud - 2 3
olume of hydrogen clou X, mRT m
18| Layer crosssection area A= Q -;m Cg?z m?
aR -h
19| Visible angle %:arccoge? rad
¢
20 Final dgtonablllty X, <L Yes/No
evaluation

Note: * If the gradient is an inpygarameterthenh = h*.
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lwel

Table 20. Output data for hydrogen inventory, m = 2 kg, and stratified layer geometr.&m.

Hydrogen inventory, m = 2 kg

Output values
Parameter name Symbol | Unit Hydrogen mole fraction, Xn2
0.1 0.11 | 0.15 0.2 0.3

Expansion ratios S (-) 3.54 3.77 | 4.63 5.6 7.02
Gradient of concentration| gradX+2) 0/? rln_l 2 16.7 18.3 25 33.3 >0
Critical expansion ratics s* ) 3.89 3.89 | 3.89 | 3.89 | 3.89
Detonation cell sizd, I 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 31 487 | 0.60 | 0.13
Volume of hydrogen cloug \% m® 481 437 321 240 160
Layer cross-section area A m? 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 & m/s 659 682 765 855 983
Laminar velocity S m/s 0.25 0.33 | 0.78 | 1.46 2.7
Laminar flame thickness, . mm 0.1342 | 0.1023| 0.0425| 0.0203| 0.0092
1
0 - parameter 1 ) 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
Runup-distance (RUD) Xs m 3084 | 2304 | 896 393 155

Result S1 S1 S2 S2 S2

Note: S11 subsonic deflagrations(< & 3.75); S2- supersonic deflagrationg > s*,

Xs>>L); D DetonationXg < L.
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Table21. Output data for hydrogen inventory, m = 10 kg, and stratified layer geometr{.&m.

l%el

Hydrogen inventory, m = 10 kg

Output values

Parameter name Symbol | Unit Hydrogen mole fraction, Xn2

0.1 0.11 | 0.15 0.2 0.3
Expansion ratios S (-) 3.54 3.77 | 4.63 5.6 7.02
Gradient of concentration| grad(X | %H: 16.7 18.3 25 33.3 50

Ho) /m
Detonation cell sizd, I 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 31 487 | 0.60 | 0.13
Volume of hydrogen clou \Y m® 2404 | 2186 | 1603 | 1202 | 801
Layer cross-section area A m? 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 = m/s 659 682 765 855 983
Laminar velocity S m/s 0.25 0.33 | 0.78 | 1.46 2.7
Laminar flame thickness, . mm 0.1342 | 0.1023| 0.0425| 0.0203| 0.0092
1
2 - parameter . ) 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
Runup-distance (RUD) Xs m 3084 | 2304 | 896 393 155
Result S1 S1 S2 D D

Note: S11 subsonic deflagrations(< & 3.75); S2- suypersonic deflagrationg > s*,
Xs> >L); DT DetonationXg < L.

This option allowgheuserto calculae the detonability of the stratified hydrogeair mixture

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

chosen to be more realistic favery long release time in the caseaofery large hydrogen
invertory 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 to39&6e analysed. The
concentrations above 15% seemed to be less probable.
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Table 22. Initial properties of the system

Parameter name Symbol Value Unit
Hydrogen inventory MH2 2 | 10 kg

{\c/l)gle fraction of hydrogen at the Xt 0.1 )

{\c/l)gle fraction of hydrogen at the Xt 0.11 )

{\c/l)gle fraction of hydrogen at the Xt 0.15 )

{\c/l)gle fraction of hydrogen at the Xt 0.20 )

l\él)gle fraction of hydrogen at the Xt 0.30 )

Ambient pressure p 1 bar
Ambient temperature T 293 K

Area of the tunnel crossection A 85.8 m?
Height of the tunnetrosssection H 8.89 m

Diameter of the tunnel cross D 10.46 m

section

Thickness of the layer H 8.89 m

Blockage ratio* BR 0.207 (-)

Note: * The stratified mixture covers total tunnel cregxtion. Then the channel will be
blocked by cars anucks.

1 | Expansion ratios Table12 ()
Gradient of concentration
’ rad = /h -
2 | e grad(X,,,) = X, 0
3 | Layer thicknesgh h=H ()
3 | Spacing between cars, s=D ()
3 Efluem layer thickness, ¥ =X, / grad X,)* )
4 | Critical expansion ratics* s*= g (. K st )
5 Flamea_cceleratlon s> & Yes/
evaluation No
6 | Detonation cell sizd, Table12 mm
8 | Critical layer thickness, h* h* =13.5/ m
9 | Detonation evaluation 1** H>h %35/ Yes/No
_ L:P;S OrL:Lif(S:D)
4 | Predetonation length, L 2%_ d 1- V1 -BR m
¢ D
5 | Blockage ratio BR= &/ A 6207 )
6 | Ratio d/D % =1 -BR )
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7 | Detonation evaluation 2* L>7/ Yes/No
8 |DDT dist 3,D{1- BR
run-up-distance Xs s = (1+1.58R) 105 (s ) m
9 | &, S evaluation Table13 m/s
16 | Length of hydrogen cloud L=V/A m
17| Vol f hyd loud - 2 M 3
olume of hydrogen clou X, mRT m
18 | Layer crosssection area A=A e Q%Q‘? m?
aH -R
19| Visible angle Q = arcco%eT rad
¢
Final detonability
: Xs<L
201 evaluation S Yes/No

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

** The most dangerous DDT criterion should be chosen

Table23. Output data for hydrogen inventory, m = 2 kg, and stratified hydragemixture

Hydrogen inventory, m = 2 kg

Output values

Parameter name Symbol | Unit Hydrogen mole fraction, Xu2
0.1 0.11 | 0.15 0.2 0.3
Expansion ratios S ) 3.54 3.77 | 4.63 5.6 7.02
Gradient of concentration| gradX2) 0/?:2 11 12 1.7 2.2 3.4
Critical expansion raticg s* ) 4.52 452 | 452 | 452 | 452
Detonation cell sizd, I mm 5095 | 2320 | 361 44.6 9.7
Critical layerthickness, h* h* m 68.8 31.3 | 487 | 0.60 | 0.13
Volume of hydrogen clouc \Y m? 481 437 | 321 | 240 | 160
Cloud cross-section area A m? 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 & m/s 659 682 765 855 983
Laminar velocity S m/s 0.25 0.33 | 0.78 | 1.46 2.7
Runup-distance (RUD) Xs m 656 472 171 38
Result S1 S1 S1 S2 S2

Note: S11 subsonic deflagrations(< & #.52); S2- swpersonic deflagrationg > s*,

X¢>>L); DT DetonationX < L.
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Table24. Output data for hydrogen inventgmn = 10 kg, and stratified hydrogexir mixture

Hydrogen inventory, m = 10 kg
Output values
Parameter name Symbol | Unit Hydrogen mole fraction, Xu2
0.1 0.11 | 0.15 0.2 0.3
Expansion ratios S (-) 3.54 3.77 | 4.63 5.6 7.02
Gradient of concentration| grad(X | %H: 1.1 1.2 1.7 2.2 3.4
Ho) /m
Critical expansion raticg s* () 4.52 452 | 452 | 452 | 452
Detonation cell sizd, I mm 5095 | 2320 | 361 | 44.6 9.7
Critical layer thickness, h? h* m 68.8 31.3 | 487 | 0.60 | 0.13
Volume ofhydrogen cloud \Y m® 2404 | 2186 | 1603 | 1202 | 801
Layer cross-section area A m? 77.8 778 | 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 | 155 | 10.3
Sound speed in products = m/s 659 682 765 855 983
Laminar velocity S m/s 0.25 0.33 | 0.78 | 1.46 2.7
Runup-distance (RUD) Xs m 656 472 171 80 38
Result S1 S1 S2 S2 S2

Note: S11 subsonic deflagrations(< & #4.52); S2- sypersonicdeflagration & > s*,
Xs> >L); DT DetonationXg < L.

PressureP should be in Pascal (Pa). So whatever unit the user selects (bar, Pa, atm, MPa, kPa
or psi), pressure should bens@rted to Pa:

A

0 0 pPpTTPOCU
A D 0 PTMMTMMT
AD 0 ¢ Y &TQ
A D 0 PTMTMTIT
A D 0 PTITT

Following the completion of the calculations, for the purposes of the creation of the results
table, the units of pressure sk be converted back into the units initially chosen by the user:

C

A

C

A

C

A

C

A

C

A

Temperature T should be in Kelvin (K)So whatever unit the user selectsofG-),
temperature should be converted to K:
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AY Y ¢ xgu

A Y Y T udwxz-
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 unitlyinfi@sen by the
user:

AY Y c¢xguv
A Y Y z- 1 vapy

Distance (length) L(in our case height and width H&Vghould be in meters (myVhatever
unit the user selects (ft, inch, cm), it should be converted to m:

A D 0 T T Y

A D 0 TIC LT

A D 0 TI8T p
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:

A D
A D

8

AU e

Water injections like spray or mist generation system are traditionally applied to extinguish
fires inconventional 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 erwptay 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
circumstancg but the injected water dropletschmaporized 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 shockwa 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.

The cooling mechanism of the sprayed water droplets acting on the hot produatsogihny
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 prbfdbe 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 mdiatgllet breakup
modelis established for implementation.

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 ésdpeyth
action can, in some circumstances, intensify the turbulent effect in gas flow then to intensify
the combustion of gaseous fuel like hydrogen.

In the transport process of a water particle from theyspmazle to the gas volume of e.g. a

tunnel modelaphase 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 stgaraway

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 éffesprdy.

The heat transfer is formulated by

6 Hd— BFQY Y o —1, (38)

where,

a 1 liquid particle mass, kg,

o1 specific heat of water, J/kg,

“Y7 liquid temperature, K,

"Y1 gas temperature, K

0 i surface area of particle,?m

Qi heat transfer coefficient between liquid and gas, \W(iK )
N 1 rate of radiative heating of the particle, W,

"Q 1 vaporization latent heat of liquid particle, J/kg,

01 physical time, s.

Accordingly, the mass transfer between the liegagd phaseis modeled as,

[0 (39
00 0 7 Q Wi Wi h

where,
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"Q 1 mass transfer coefficient due to phase change, m/s

" T gas density, kg/f
@ T liquid equilibrium vapor mass fraction,
Wp T vapor mass fraction in gas phase.

Due to far insufficient data available at KIT, the FDS code being implemantieeabove
describephase change model is appliecatalysehe relationship betweendtydrogen
injection flow rate and the sprayed water flow rate.

In a simplified rectangular cros®ction 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 flov rate decayss 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 firescale 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 theuwhelenodel as

the reference temperature.

In aforedescribed assumptions, the obtained water spray flow rates are liSiole25 and
shown inFigurel5.

Page69 of 243



Grant Agreement No: 826193 twel

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

innovative preventiomandmitigation strategies
Table25. Correlation between hydrogen mass flow rate and water spray flow rate

Hydrogen mass flow raté, , kg/s | Water spray mass flow raté, , L/min
0.05 80
0.10 690
0.11 1600
0.12 3100
0.13 6000

9
£ o >
< s ’
%7' P
5 %
©
E yd s
=g L’

’ d
4

T T T T T T T T T 1
0.04 0.05 0.06 0.07 008 0.09 0.10 011 012 013 0.4
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 toFigurel5, an empirical correlation between the water spray flow rate and the
hydrogen release mass flow rate can be obtained byaa fitiag of the data points.

G AoDb a PR W (40)
where,
& 1 hydrogen release mass flow rate in kg/s,
a T water spray flow rate in L/min.

It manifests that the water spray mass flow rate increases exponehtiadiyhnydrogen 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 isgetexal conclusion, but
valid only for the specific scenario defined in the FDS simulations, e.g.,

- Tunnel ventilation 3 n¥.
- Spray nozzle is right above thk releasdocation.
- Ignition occurs from thél> release start.

The required fast increasing watlw rate to cool down the hydrogen combustion mixture
with increasing leakateis causednaybeby the ventilation flow, which can readily blow the
hot gases away from the spray region. Therefore, a larger coolant water flownetegsary
to cool down the combustion products before they are blown away.
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Droplet breakup is an important mechanism in the shockwave attenuation process by water
mist. The theoretical breakp model contains three key model paramsetiee., the critical
Weber number, the droplet breakup time and the secondary droplet size.

Critical Weber number

Figurel3shows the different droplet breakup modes depending on varying Weber number
(We), which in principle dominates the breakupda 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,

pcp PAIXxKQ® h QO 0UQ pn

0 Q o - 47
@ pcp pAQ® h QEQ T (41

CO —— QOQ Vibrational breakup We <12
@Q —'@ : v — Bag breakup 12< We <50
C@:) - <§ — o .. Bag-and-stamen breakup 50 < We <100

@ —— @, Sheet stripping breakup 100 < We < 350
{E — 3 _’ Catastrophic breakup 350< We

Figure 16. Different droplet breakup modes depending on the Weber number

Droplet breakup time

The droplet breakup time depends on a characteristic ime)and a factor"fy ), namely,

6 o Y, (42
where, the characteristic tinte is formulated as,
: °_ (43)
0] -
D 038

with 'O 1 droplet diameteryp i droplet velocity,” i droplet densityd i gas flow velocity,
" 1 gas density. And the factd¥ is depending on the Weber number and@haesorge
number, formulated as,
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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 deternyined

(o) O pd 0Q®wQ 8 (45)

where, the corrected Weber numbef) is defined as,

wQ
o 4
wo p P8 xXQ8 (49

The droplet breakup model has beaplemented into the COM3D code.

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 undehne 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 higlelgenénton the TPRD design af

hydrogen vehicle.

In general, thenanufactuing 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 ofthe water spray systemustbe refeencedio the TPRD design of hydrogen vehicles.

It means the tunnel engineering entitiegsthave sufficiently detailed communications with

the automobile industry.

Pager2of 243



Grant Agreement No: 826193 t%el
D4.3. Final report on analytical, numerical and experimental studies on explosions, including
innovative preventiomandmitigation strategies

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)

3.1.5 Introduction

Pre-test deflagration simulations of hydrogen released from a train inside the HSE tunnel
(HyTunnetCSD2.3), (HyTunnelCS-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
emptyand the norempty cases were studied. In the sgonptycasethe 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 releastedisnequal to 5.7

mm and the release direction is upwards. For rdetails,please refer to (HyTunn&S

D2.3), (HyTunnelCS-D4.4).

3.1.6 Simulations details

For the simulations the ADREAIF CFD codgVenetsanos et al. 201@)s used. For

turbulence, the Katbaunder modificatiorfKato et al. 1993pf k-e model was utilized. The

equations were discretized using the second order upwind bounded numerical scheme for the
convection terms and adirorder upwind discretization for time. Release was modelled using

the Birch(Birch et al. 1984hotional nozzle approach. For deflagration simulation a recently
devel oped model was wused. The model utilized
and several wrinkling factors to account for flame instabilities. Model details and validation

can be fand in (Tolias et al. 2018 (Tolias et al. 202Dand Momferatos et al. 2031

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 960n@000R t

empty case. A denser grid was used in theerpty 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 presente#igurel7 andFigurel8.

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 rempty tunnel case.

3.1.7 Empty tunnel case
3.1.7.1 Examined deflagration cases

The results of the empty tunnel case are presented in this Sectoguial9 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
m? at 19 s from the release start. The maximur32% cloud is equal to 4.1%at 4.4 s from

the release start whereas the maximur3® cloud is equal to 0.6%at 2.6 s. Hydrogen

concentrations at the 32% range are observed only in the core of thedgalr jet, below the
ceiling.

Flammable cloud inside tunnel Hydrogen volume
400 T T T T 4.5 T T T T T T
——Volume of 25-35%
350 ——Flammable cloud 4 /\ |
\ ——Volume of 32-42%
200 VAR 35 /’° \ i
Fn \ a3
E 250 3 / \
= / @ 25
£ 200 5 / \
30/ \ s 1/
©
150 >
- / 1.5
100 ™
AN 1 .
50 ™
\\ 0.5 — \\\ P ——
0 o]
0 10 20 30 40 50 60 70 80 90 100 o 1 2 3 4 5 6 7 8 9 10 11 12
Time (s) Time (s)

Figure 19. Hydrogen volumes in the range a78% (flammable volume), 2Z86% and 3242% as a
function of time.
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In Figure20the 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 turbulenaeastoped downwind
the release area at short release durations. Due to the release blowdown turbulence decreases
with time.

30

Hydrogen volume fraction

0.04 0.06 0.07 0.09 0.10 0.12 0.13 0.14 0.16 0.17 0.19 0.20 0.22 0.23 0.25

0.04 0.06 0.07 0.09 0.10 0.12 0.13 0.14 0.16 0.17 0.19 0.20 0.22 0.23 025

0.04 0.06 0.07 0.09 0.10 0.12 0.13 0.14 0.16 0.17 0.19 0.20 0.22 0.23 0.25

40 50 60
X

Turbulent kinetic energy

0.00 0.36 0.71 1.07 1.43 1.79 2.14 2.50 2.86 3.21 3.57 3.93 429 4.64 5.00

0.00 0.36 0.71 1.07 1.43 1.79 2.14 2,50 2.86 3.21 3.57 3.93 4.29 4.64 5.00

0.00 0.36 0.71 1.07 1.43 1.79 2.14 2,50 2.86 3.21 3.57 3.93 4.29 4.64 5.00

0.00 0.36 0.71 1.07 1.43 179 2.14 2.50 2.86 3.21 3.57 3.93 4.29 4.64 5.00

40 50 60
X

Figure 20. Hydrogenvolumetric concentration (left) and the turbulent kinetic energy (right) at 4, 8, 12
and 16 s from the release start.

In Table26the times and the positions at whigmition 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. Ahigher 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 Figure21the effect of ignition position on overpressure for agdignition delay is shown at
four sensor positions in the tunnel (35, 40, 50 and 60 m from thengpeith 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 eg 38 kPa.
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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 Figure22the 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 oserpas35, 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 Figure23, 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 tunratlithe 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 pessure occupies the entire tunnel length.

Temperature (K) Overpressure (kPa)

432 591 750 909 1068 1227 1386 1546 1705 1864 2023 2182 2341 2500 34 29 11 6 0 6 11 17 23 29 34 4

3 432 591 750 909 1068 1227 1386 1546 1705 1864 2023 2182 2341 2500 40 34 -29 -23 - - -6 6 11 17 23 29 34

6 11 17 23 29 34 4

432 591 <40 34 -29 -

432 591 750 909 1068 1227 1386 1546 1705 1864 2023 2182 2341 2500 10

40 34 -20 -23 17 6 11 17 23 29 34 4

3 432 5091 750 909 1068 1227 1386 1546 1705 1864 2023 2182 2341 2500 10 6 11 17 23 28
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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).

3.1.8 Nonempty tunnel case
3.1.8.1 Examined scenarios

In Figure24the effect of ignition position on overpressure for asdignition delay is shown at
four sensor positions in the tunnel (35, 40, 50 and 60 m from the opening with the ventilation).
We obseve 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.
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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 Figure25the effect of ignition delay is shown. The 4.0 s case is compared to the 8.0 s case.
In both caseghe ignition was positioned at 38 m. We observe that the ignition at 8.0 s
achieves higher maximum overpressures in most adéhsors. 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
8.0s.

Pager8of 243



Grant Agreement No: 826193 t%el
D4.3. Final report on analytical, numerical and experimental studies on explosions, including
innovative preventiomandmitigation strategies

X =35 m (above release) Xx=40m

40

| 40 :
o N [ VN .|
VAR SR - Y N =

s 20 / g / N
HLANA AN
g ° 4(:1 012 \03 \4 0/5 06 g- ’ 40'1 0/2 \03 (r 0.5 0i6
o -10 \ / o -10 \ / \
20 ‘\/ 20 \
\, \J -
-30 -30
Time (s) Time (s)
X=50m X=60m
40 T 40 :

—40s —40s
30 MM #r\\ I 30 I

m N I AV N
i

\ A~
\
0 01 02 \03 )‘4 05 06
/

Overpressure (kPa)
o
N
/

Overpressure (kPa)
o

10 \
] AN N/
(ﬁé‘ 0.5 0.6

\ \’\ -10 \f‘N—" .
-20 S -20
-30 -30
Time (s) Time (s)

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 Figure26, the deflagation 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 occuped mainly the area downwind the release point where the flammable cloud was
accumulated. The maximum overpressures are achieved at around 0.30 s. At thie timggh

valueof pressure occupies the entire tunnel length.

Temperature (K) Overpressure (kPa)

273 432 591 750 909 1068 1227 1386 1546 1705 1864 2023 2182 2341 2500 40 34 29 23 17 11 6 0 B8 11 17 23 29 34 40

273 432 591 750 909 1068 1227 1386 1546 1705 1864 2023 2182 2341 2500 40 34 -29 -23 17 11 6 0 6 11 17 23 29 34 40

750 909 1068 1227 1386 1546 1705 1864 2023 2182 2341 2500 17 11 6 0 6 11 17 23 29 34 40
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40 34 -20 -23 17 41 6 0 6 11 17 23 20 34

273 432 591 750 909 1088 1227 1386 1546 1705 1864 2023 2182 2341 2500 10 40 34 20 23 17 11 6 0 6 11 17 23 29 34 4

273 432 591 750 909 1068 1227 1386 1546 1705 1864 2023 2182 2341 2500 10 40 34 -20 -23 17 11 6 0 6 11 17 23 29 34 4

30 40 50 0 10 20 30 40 50 60
X X

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 Figure27 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 en&ance,
the opening with the ventilation). We observe thatignition 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 (sdeigure28). The maximum overpressure is close to 50 kPa which is higher
than the maximum overpressure of the waeste 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 Figure28the 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. Tte feathis is

the high turbulence area that exists at 4.0 s near the ré\d@smver,the hydrogen

concentration around the ignition position is higher asé®mpared to 12.0 s.

We observe that in 12.0 s case, two pressure peaks are formed. Tite@ezes 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 pesges. Deflagration imposes high velocity field

which leads to the development of the high turbulence at the recirculation area. These
observations can be seerHigure29 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 (m%s%)

29 43 57 71 86 100 114 129 143 157 17.1 186 20.0

0.04 0.06 0.07 0.09 010 0.12 0.13 0.14 0.16 0.17 0.19 020 0.22 023 025 29 43 57 74 86 10.0 114 129 143 157 17.1 186 20.0

»
P

29 43 57 7.1 86 100 114 129 143 157 17.1 186 20.0

X

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 Figure30the effect of ignition location is shown for ignition delay 12.0 s. We observe that
theworstcasescenario in terms of maximum overpressure is the ignition near the release at 38
m. As we moe away from the release, both pressure peaks are reduced. In the ignition at 56
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 devbhifarea.
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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 Figure31, the deflagrabn dynamics are presented through the temperature and

overpressure contours for ignition at 38 m, 1Rditer the release. We observe that the average
temperature inside the tunnel at the end of the combustion is around 1500 K. The high
temperature cloudccupied 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, atdud8ena
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)
I S O N I
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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).

CFD pretests simulations were conducted in the H@tfel geometry Two geometrical
configurations were considered, the empty tunnel case and themmaig tunnel case. The

effect of ignition location and of ignition delay was investigated. The generated overpressure
highly depends on ignition position and iigon delay. The maximum overpressure among all
examined cases was equal to 50 kPa. This pressure was generated iretmptydinnel case

(with train carriages), with ignition delay equal to 4.0 s after the release and ignition location at
38 m {.e.,3 m downwind the release). This time corresponds to the time that the maxiraum 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 norempty tunnel case, a secondary pressure peak was developed due to the deflagration
of hydrogen behind thigack endbf 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 th
overpressure in this area is. In orémarthis explosion to happen, the ignition needs to occur

after some time from the release (in our case after 12.0 s) intordi®rgen to reach the area.

The above results suggest to the experimentalists fifetedit ignition delays may be studied

for the same release scenario. Ignition positions near the release should be included because
they correspond to theorstcasescenarios. Finally, repetitions of some experiments would be
useful to be conducted foradel validation in order to assess the uncertainty of the
experimental results. Small changes in the ignition condigan,éxact ignition location or

initial mixture concentration) may lead to not negligible changes in the overprdssiaily,
specidcaution 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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Manystudies have been dedicated to the combustitmedfomogeneous hydrogexir

mixture. In hydrogen release accident scenarios in confined spaces like tunnels, the released
hydrogen could not have sufficietitne to mix with the ambient air before ignition. Thus, the
hydrogen combustion occurs mostly in a «ummiform mixed state, e.g., in stratified layers on

the topside of the tunnelSuch an accumulation of hydrogen is the consequence of a delayed
ignition, which is supposed to take place watbertain possibility in the hydrogen leak

accident. In this section the hydrogen combustion of aumifiorm cloud is studied by means

of numerical simulations.

The pressure and thermal loads of the-npiform hydrogerair mixture combustion in the
semtconfined 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 influencé tunnel ventilation orhydrogen behaviour is discussed.

A horseshoe cross section tunnel is modeled in 3D with eight cars in it. Hydrogen is released
through the TPRD of one of the eight car modslsi-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.

The 3D compressible Navi&tokes flow dynantis equations with multiple gas species
transport models are solved. The flow turbulence is formulated by-aguation standard k
epsilon model. An adiabatic boundary condition is assumed at the overall boundaries of the
tunnel model. A simplified chemist of hydrogen combustion is adopted.

The hydrogen distribution and combustion models in the Kifiomse HyCodes have been
widely validated irmanynuclear applications and hydrogen energy applications and been
verified againstxperiments performed on the KIT hydrogen test facilities as well as the
experiments carried out by the collaborating institutes.

Model

A tunnel section is modelled in 12 m long, 9.6 m wide and 6.6 m high, which hasego la

with eight operating cars, as showrFigure32. 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 discreted computational domain is shownHigure33.
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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 shownFigure34, which is equivalent to three RP openings of
70 MPa storage tanks of fuel cell vehicle.
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Figure 34. Injected hydrogen mass flow rdteought hr ee TPRD opeHxankE@F®2 . 5 mm
MPa and 293 K

Hydrogen distribution

Figure35 presents the released hydrogen cloud developing process. The hydrogen pkime rise
upwards and spreads-directionally along the ceiling after it touches tbanel 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.

wha: 0.04 014 024034 044 054 0.64 074 0.84 0.94 Wh2: 0.04 0.14 0.240.34 044 0.54 064 0.74 0.84 0.94
o
{ i

(@1s (b) 4s

Vh2: 0.04 0.14 0.24 0.34 044 0.54 064 0.74 0.84 0.94 vh2: 0.040.14 0.240.34 044 0.54 064 074 084 094

(c) 8s (c)16's

Figure 35. Flammable hydrogen clouds with greater than 4 vol. 94nHongitudinally vertical cut
through the injection pointat 1 s, 4 s, 8 s and 16 s,ouitkunnel ventilation

u
Vh2: 004014 024034044 054064074064 094

N —"

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
momentis about 3.5 kg. The artificial ignition spark is located at the ceiling as shawgure
36.
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(a) 2ms (b) 4 ms

(c) 7ms (d)9 ms

Figure 37. Pressure distributions ithetunnel at 2 ms, 4 ms, 7 ms and 9 ms later than the ignition in
case of nwentilation

The pressure distributions at transverse and longitudinal cuts of the tunnel are shaunen

37. Significantly high pressure appears due to the hydrdgagration of the neaniform

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 overpressymves that ventilation is indispensable for tunnels of any

length to avoid potential hydrogen risk.

3.2.10.2 With tunnel ventilation

3.2.10.2.1COM3D code

The numerical simulation of the hydrogen release, dispersion and explosion in a tunnel was
carried out by using the4house COM3D code developed in the Karlsruhe Institute of
Technology.
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At the hydrogen dispersion stage,

71 implicit solver (ALE) was utilized,
 the flow turbulence was modelled by the RN&k mo d e |

After theignition,

 the simulation of théurbulence was carried out with the RN@k mo d e | and,

1 the TVD 2nd order solver was utilized in present simulations,

1 the combustion was modelled utilizing the KYLCOM model coupled with the
turbulence burning velocity correlation proposed by Schmidt.

The geometry model @hecircular tunnel consists of an actual scaled tunnel and eight cars, as
shownin Figure38 (a), and the geometry model idctangular tunnel adopts the same road
width (8.7 m) and the crossectional area (54.8%nas the circular tunnel, as showmrFigure

38 (b). The geometry information for the longitudinal and transverse cross séetioaf the
tunnelis given inFigure39 andFigure40, respectively. The crossectional diameter of the
circular tunnel is 4.8 m. The cressctional dimension of the rectangular tunnel is 6.3 x
8.7m2. The actual model consisi§ eight cars placed in vlanes 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 &ion 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 efifRfection given inis equivalent to the flow rate
when TPRD wth 2 mm diameter is activated in a hydrogen fuel cell car equipped by an
inventory of 5kg Hin 0.125 ni at 70MPa.

For the circular tunnethecalculation domain of the tunnel is given with a length of 25 m,
width of 9.6 m, and height of 6.6 fRor therectangulatunnel,the calculation domain of the
tunnel is given with a length of 25 m, width of 8.7 m, and height of 6 Bonthe ventilation
case, a extra gas volume is set on the exit end of the tunnel to ensure the stability of the flow
field and thenonreflecting boundary conditions are imposed at all boundaries efthee
volume except the bottolroundary The velocity boundary conditiowith 3 m/s ventilation is
specified at another end of the tunnel as the entrance of ventifigeaicalculation region is
discretized into 4,698,000 numerical cells with a cell size of 0 Bomthe norventilation

case, the two additional volumes argposed at both ends of the tunnel, respectividhg
nonereflecting boundary conditions are also set at all boundariestiat volumes except
bottomboundary 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(Bgnsors
isin the centre of the tunnel, two met above the ground. Another line of sensos} i€?

above the leak, 5 meters above the groBath rows of sensors are separated by f2om

each other. Band Rsare 0.4 m and 1.6 m horizontally away from the leakage point,
respectively. The position of the pressure sensor and the hydrogen laekagewn irFigure

38 andFigure39. 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 grouRdr the cases without ventilatiotie ignition point is
directly above the léa 6 m above the ground.

(a) (b)

Figure 38. Diagram of the geometry model, (a) circular tunnel; (b) rectangular tunnel.

> Injection

Figure 39. Computational region of the circular tunnel and the location of sensor&grgitudinal
cross section; (b) transverse cross sec{i@s x 6.6 nr).
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Figure 40. Computationategion of the rectangular tunnel and the location of sensordo(ajtudinal
cross section; (b) transverse cross secf@B x 8.7 n¥).
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Figure 41. Mass flow rate of thel,injection(2mnmu T P BkBH.in 0.125m at 70MPa)

3.2.10.2.Main results

3.2.10.2.3.1Hydrogen distribution

When the hydrogen stored in the 70 MPa high pressure cylisd@igased, hydrogenet is
generated anH: diffuses rapidly Figure42 shows the longitudinal hydrogen concentration
contours withHz concentratior> 4 vol. %along the tunnel axis at t = 5 s with and without
ventilation in circular and rectangular tunnels, respectividdg.flammable hydrogeoloud
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was several metres long at the time of B/Ben the 3 m/s ventilation was set in the tunnel,
almostall the hydogen clouds were blown downstream. The hydragi@mds with ventilation
in thecircular tunnel Figure42a) and rectangular tunndtigure42c) was similar. The
position where the hydrogen cloud touches the tunnel ceiling is at the downstream of the
leakage locatior-igure42(b) andFigure42(d) show the hydrogen distribution without
ventilation. Ahydrogenet was generated amglickly reached to the top of the tunnel, and then
rapidly diffused The hydrogen accumulated at the tunnel ceiling due to the delifétence
between hydrogen and air. In addition, the hydrogen diffusion length in the rectangular tunnel
was shorter thathat 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 theveortilation cases.

Figure43 shows the hydrogen concentration contonstransverse direction of the tunneltat
= 5 s under different configurations. The result showsviéntilationpromotes hydrogen
diffusion. The hydrogen did not accumulate right below the ceiling, as shdwgure43(a)
andFigure43(c), but for the notventilation case, the hydrogen jet flows impinge on the
ceiling of the tunnel and then spregldng the ceilingTheflammable hydrogen cloud was
very close to the ceiling and havsteatified high concentratiarTherefore, it can be
concluded that ventilation can greaityluence the distribution of hydrogen when hydrogen
released from the TPRDs.
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Figure42. Longitudinal view of hydrogen concentration contours at t = 5(&jrtircular 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 = §a&) icircular tunnel with
ventilation; (b) circular tunnel without ventilation; (c) rectangular tunnel with ventilation; (d)
rectangular tunnel without ventilation.

Thehydrogen cloudvas ignited at 5.2 s after the startlodérelease. The pressure historybf
deflagration in different configurations is showrFigure44to Figure47. As shown irFigure

44 andFigure45, thepeakof the pressure in both circular tunnel dhdrectangular tunnel is
similar for cases with ventilation, whicgreeswith the distribution of H 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 observedha pressure contour plot, as shawirigure48. Besides,

the pressure changes of both lines of sensors are similar in the same tunnel. As ghiguve in

46 andFigure47, a higher overpressure is obtained in the cases without ventilation, with a
narrow pressure peak distribution. The data points are farther frael¢lase 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.Xfiéar for
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