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h i g h l i g h t s

� A tunnel accident of HFCVs is analysed with parallel CFD code GASFLOW-MPI.

� The analysis includes the hydrogen release, dispersion, jet fire and detonation.

� This study demonstrates an integral method for the tunnel safety issue of HFCVs.
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a b s t r a c t

Hydrogen energy is expanding world-widely in recent years, while hydrogen safety issues

have drawn considerable attention. It is widely accepted that accidental hydrogen release

in an open-air environment will disperse quickly, hence not causing significant hydrogen

hazards. A hydrogen hazard is more likely to occur when hydrogen is accidentally released

in a confined place, i.e. parking garages and tunnels. Prediction the main accident process,

including the hydrogen release, dispersion, and combustion, is important for hydrogen

safety assessment, and ensuring the safety installations during accidents. Hence, a

postulated accident scenario induced by the operation of Thermal Pressure Relief Device in

a tunnel is analysed for hydrogen fuel cell vehicles with GASFLOW-MPI in this study.

GASFLOW-MPI is a well validated parallel CFD code focusing on the transport, combustion,

and detonation of hydrogen. It solves compressible Navier-Stokes equations with a

powerful all-speed Arbitrary-Lagrangian-Eulerian (ALE) method; hence can cover both the

non-compressible flow during the hydrogen release and dispersion phases, and the

compressible flow during deflagration and detonation. In this study, a 3D model of real-

scaled tunnel is modelled, firstly. Then the hydrogen dispersion in the tunnel is calcu-

lated to evaluate the risk of Flame acceleration and the Deflagration-Detonation Transient

(DDT). The case with jet fire is analysed with assuming that the hydrogen is ignited right

after being injected forming a jet fire in the tunnel, the consequence of this case is limited

considering the small hydrogen inventory. The detonation in the tunnel is calculated by

assuming a strong ignition at the top of the tunnel at an unfavourable time and location.

The pressure loads are calculated to evaluate the consequence of the hazard. The analysis

shows that the GASFLOW-MPI is applicable at a widely range for tunnel accidents,
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meanwhile, the safety issues related to tunnel accidents is worthy further study consid-

ering the complexity of tunnels.

© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introductoin

As the development of technology for hydrogen fuel cell vehi-

cles (HFCV), this form of transportation will become increas-

ingly popular in the future. In reaching that goal, the impact of

HFCV's on different road structures must be considered. It is

widely accepted that accidental hydrogen release in an open-

air environment will disperse quickly, hence not causing sig-

nificant hydrogenhazards. Ahydrogenhazard ismore likely to

occur when hydrogen is accidentally released in a confined

place, as in this case, tunnels. There are many safety regula-

tions regarding thefire andexplosionhazardof alternative fuel

vehicles in tunnels that enacted in different countries, for

example, the liquefied petroleum gases vehicles are forbidden

in many tunnels in USA and the Swedish authorities requires

that the vehicles in the tunnel should have equivalent safety

level as in the open space [1], however, there is currently no

such safety requirement for HFCVs. For establishment of such

safety rules, research should be conducted thoroughly to pro-

vide basic knowledge on the risks and consequences of

possible HFCV accidents in tunnels.

There are lots of research regarding the safety of hydrogen

vehicles in confined space both experimentally and numeri-

cally, such as under-ground garages, tunnels [2e6]. An inter-

national project, HyTunnel project was established to extend

knowledge and development safety procedures using both

experimental and numerical studies [12]. For the hydrogen

release, the hydrogen is injected at high pressure forming

Mach disc near the injection. Many researchers focuses on the

under expansion jet of hydrogen with experiment [7] and nu-

merical simulations [8e10]. A detailed simulation of the

hydrogen injection manages to capture the detail flow behav-

iour, only very costly.Hence, the inject diameter is enlarged for

the cases focusing on the hydrogen behaviour in tunnels [11].

The consequence of the hydrogen release of HFCVs in

tunnel can vary from case to case because of the complexity of

the tunnel construction, for instance, the analysis on the

hydrogen jet fire reveals different result with different longi-

tudinal inclinations [13] and ventilation conditions [11]. Even

the direction of the release could lead to different conse-

quences [14]. The research shows that for the backward

release, 45� angle is sufficient for both the front doors and the

rear doors are clear for evacuation [14]. Other researches are

conducted for the hydrogen detonation in a confined space

focusing on the threshold for onset of detonation and the

resulting overpressure [3,15], while the result varies with the

experiment conditions. For instance, the maximum over

pressure is 1.5 bar measured at the outlet of the tunnel for an

experiment in a sub-scaled tunnel with the hydrogen pre-

mixed with air and confined in a plastic film barrier [3].

Another experiment is conducted in a flat semi-confined layer

with gradient hydrogen concentration, the over pressure is in

the order of magnitude of 10 bar [15].

Considering the large uncertainties, as well as the costs

and the realizability of experimental study, the numerical

method should be essential to study such a safety issue that is

large-scaled while with severe consequences, in order to

obtain detailed information on the flow behaviour. For

hydrogen safety in tunnels, the flow state has a broad regime

of Mach numbers ranging from subsonic to transonic (critical

flow or sonic deflagration), even supersonic (detonation).

Therefore, a solution algorithm valid for all-speed flow is

needed. The GASFLOW-MPI, a parallel CFD code, is well vali-

dated for all-speed flow [16], hence, is sufficient to study the

whole process of possible tunnel accidents of HFCVs.

In this study, a postulated accident sequence is analysed

with deterministic method including hydrogen release,

dispersion, and combustion for HFCV's to evaluated the

consequence of the accident, meanwhile, to demonstrate the

code capability as an integral method for the hydrogen safety

issues in the tunnel. The accident is assumed to be initiated

with the opening of the Thermal Pressure Relief Devices

(TPRD) during a tunnel accident, which is designed to open at

high temperatures to protect the hydrogen tank. If the TPRD is

not present or it fails, the tank may rupture resulting in a

catastrophic release likely with a hydrogen fireball [17]. A

literature survey shows that it is the most possible scenario

for HFCV in tunnels [18].

The paper is constructed as following: firstly, the

GASFLOW-MPI code is briefly introduced; then the modeling

of the tunnel is illustrated, including the geometry model, the

initial and boundary conditions. In the following three chap-

ters, the dispersion, combustion and detonation of hydrogen

are analysed respectively with different assumptions. For the

design of the TPRDs, the hydrogen is assumed to be ignited

right after being released forming a jet fire in the tunnel after

the TPRDs operating. While the detonation case is assumed

with a delayed ignition when the hydrogen has been well

mixedwith the ambient air. The propagation of the blast wave

is calculated to evaluate its impact on the surroundings. The

ignition is a hypothetical assumption with the timing and

location selected to obtain the most unfavourable pressure

load to the surrounding structures in this case. This

assumption can provide an unfavourable result for the

following damage analysis.

GASFLOW-MPI

The parallel CFD code GASFLOW-MPI is well validated and

widely used for analyses regarding hydrogen release, disper-

sion, and combustion. GASFLOW-MPI uses a robust Implicit
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Continuous Eulerian-Arbitrary Lagrangian-Eulerian solution

algorithm (ICE’d ALE) to solve compressible Navier-Stokes

equations; hence, the code is validated for all-speed flows.

Combustion modeling

GASFLOW-MPI solves the 3-D transport equation of the

density-weighted mean reaction progress variable to model

the flame front propagation

d
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where Sc is the Schmidt number, x is the reaction progress

variable, which is 1 for the burnt gas and 0 in the fresh gas.

The model constants B1 ¼ 4:0 and B2 ¼ 0:5: Y is the local

mass fraction for each species, and 4 is the equivalence ratio.

The key to this model is the source term
R

V

SxdV. For the

Eddy dissipation model (EDM) [19], the source term for com-

bustion is given in Eq. (2). For the one-step Arrhenius com-

bustion ratemodel, the source term for combustion is given in

Eq. (3). The combustion model of GAFLOW-MPI is thoroughly

validated for combustion and detonation simulations with

several experimental data; for instance, turbulent combustion

of premixed H2-air mixture in the ENACCEF facility [19] and

THAI facility [20], hydrogen-air detonation in a hemispherical

balloon located in the open atmosphere [21]. Detailed infor-

mation for these validation studies can be found in Refs.

[19,22]. The large-scaled hydrogen-air detonation experiment

conducted at RUT tunnel facility is validated against the

GASFLOW-MPI, the result shows that the complicated shock

wave structures could be captured accurately [23].

The EDM is validated with the H2 jet fire in a vented com-

bustion chamber seeing in reference [24], hence is adopted in

the following jet fire analysis. The detailed combustion for a

detonation is rather complexed and difficult to simulate.

Because this study mainly focuses on the propagation of the

pressure wave, the detonation is calculated assuming being

ignited with a strong ignition.

Radiative heat transfer

The radioactive heat transfer plays an important role during

combustion. Since the hydrogen combustion involves gas

mixture including H2, O2, N2, and H2O, only the absorption

data for H2O is determined as the other gas components are

transparent to thermal radiation comparing to water vapor

[24]. In absence of photon scattering and with the assumption

that the gas is in local thermal dynamic equilibrium. The

transport equation of radiative heat transfer for a gray gas is

given in Eq. (4) [25].
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where c is the light speed, a is the absorption coefficient, s is

the Stefan-Boltzmann constant and T is the gas temperature.
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; tÞ is the specific radiation intensity, a function of

the position vector r
.

, the directional vector U
.

and the time t. li
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and

the coordinate directions xi.

The differential equation of radiation energy density Ur

and the radiation flux vector li is obtained by means of the

“moment” or “differential” approximationmethod, as listed in

Eqs. (5) and (6). TheUr is given as Eq. (7). The right side of Eq. (5)

with opposite sign appears on the right-hand side of the in-

ternal energy transport equation to provide proper coupling

between the fluid and thermal transport equations.
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where l is the photon “mean free path”, with value of 1=a.

Modeling of the tunnel

Geometry modeling

The geometry model consists eight cars placed in two lanes in

the tunnel as shown in Fig. 1 (a). The geometry information for

the cross section of the tunnel is given in Fig. 1 (b) [5]. The

computational region is with a length of 12 m, width of 9.6 m,

and height of 6.6 m as shown in Fig. 2, and is divided into

260 � 160 � 240 grids at x, y and z direction respectively, with

total grid number 9,984,000. The mesh is refined with mini-

mum size of 0.02m at the injection location as well as near the

tunnel ceiling and the maximum computation volume is

progressively stretched to 0.1m. Each of the cars located at the

centre of each lane with a spacing distance of 1.3 m between

cars to simulate a tight traffic condition.

Initial and boundary conditions

In this study, it is assumed that the TPRD is triggered by some

unforeseen external event. The mass flow rate injection given

in Fig. 3 is equivalent to the flow rate when three TPRDs open

within a hydrogen fuel cell car (70 MPa) [18,26]. The hydrogen

injection location is at the rear of the second car, which is also

in themiddle of the computational region, and the orientation

of the injection is assumed to be vertical towards the tunnel

ceiling, which is the most severe case for the heat release rate

(HRR) and thermal load to the tunnel structure based on

reference [18]. Thediameter of aTPRD is 2.25mm[18], however

that of the injection is enlarged to 0.1 m for the calculation,

mainly considering the computational cost. This assumption

can be acceptable because the diameter of the hydrogen jet

increases within a height of several times of the injection

diameter, as the hydrogenmixing with ambient air [27].
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The Large Eddy Simulation model (LES) [28] is adopted for

the hydrogen dispersion phase. The combustion model is

described in the previous section. Non-reflecting boundary

conditions are imposed at both ends of the tunnel. Heat losses

are neglected for the detonation calculation because the time

scale of heat transfer is larger than that of the propagation of

the blast wave. The detailed information on the modeling of

the three cases are listed in Table 1.

Firstly, the hydrogen dispersion is analysed in the tunnel

and the risk of flame acceleration (FA) and the flame acceler-

ation and the Deflagration-Detonation transient (DDT) isFig. 1 e Diagram of the geometry model.

Fig. 2 e Diagram of the computational region.

Fig. 3 e Mass flow rate of the injection.
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evaluated for the resulting hydrogen cloud, with widely-

adopted criterion, the s criteria and the l criteria respectively.

Since the TPRD is designed to release the hydrogen ini-

tiatively when high external temperature is detected in order

to avoid the rupture of the storage tank, the most likely case

for the TPRD release is that the hydrogen is ignited inten-

tionally right after the TPRD being triggered, forming a jet fire

in the tunnel. Hence, the process of the jet fire is analysed to

evaluate the thermal load to the surrounding structures.

Finally, a detonation case is analysed assuming that the

hydrogen is ignited with delayed ignition at an unfavourable

location and time leading to adetonation. The timeof ignition is

selected for the maximum of DDT cloud inventory allowing

more hydrogen to reaction. The location of the ignition is

selected to resulting in the maximum pressure load. The prop-

agationandthedamageof theblastwave isanalysed toevaluate

the damage to human beings. The main reason for this

assumption is that the ignition can be random in the tunnel,

hencea thoroughanalysis foreachscenario isnotpractical. This

Table 1 e Summary of the analysed cases.

Case Process Mesh Turbulence
model

Combustion
model

Boundary
conditions

Heat transfer

1 Dispersion X � Y � Z:

260 � 160 � 240

grids:9,984,000

DXmin ¼ 0.02 m

LES model e Continuous Convective and Radiative

heat transfer2 Jet fire Eddy dissipation

model [29]

Continuous

3 Detonation One-step

combustion

None-reflecting neglected

Fig. 4 e Velocity magnitude at 1s.

Fig. 5 e Velocity fluctuation and Frequency spectrum.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 1 2 4 7 4e1 2 4 8 612478



Fig. 6 e Distribution of hydrogen cloud (>4%) - the x-z cut at the injection.
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assumptioncanprovideanunfavourableresult for the following

damage analysis. Conducting the analysis with adverse

boundary conditions is a conservative assumption commonly

used in safety analysis for engineering applications to study

hazards with low probability but high consequence.

According to reference [15], the DDT criterion for a semi-

confined hydrogen-air mixing layer is that the layer thick-

ness d is 13e14 times larger than the detonation cell size l

(d > 14l), about two times of that for the open space (d > 7l).

The detonation cell size is a function of thermal characteris-

tics of the gas mixture which can be written as Eq. (8) [30].

log 10 l ¼ ðP� aÞ

�

1

0:1� a
þ bðP� 0:1Þ

�

�

c� dþ
e

T
b

	

þ d� 2

b ¼
f

ðxh2 � g=TÞh
þ iðxh2 � jTÞ2 þ kðxh2 � jTÞ

(8)

where l is the detonation cell, m; P is the atmospheric pres-

sure, MPa; T is the temperature, K; xh2 is the mole fraction of

hydrogen in dry air, %. The values for the parameters are listed

in reference [30].

Hydrogen release and distribution in the tunnel

Hydrogen is released upward in the tunnel and accumulates

under the tunnel ceiling due to the density difference between

hydrogen and air.

Fig. 4 shows the velocity magnitude near the injection and

an analysis of mesh resolution and time step size using the

frequency spectrum is shown in Fig. 5. It can be observed a�5/

3 energy decay for a wide range of frequency, which is the

characteristic slope of the inertial range. The shape of the

frequency spectrum indicates that mesh resolution and time

step size is fine enough to satisfy the requirement for LES

model.

Fig. 6 shows the hydrogen cloud (H2 vol >4%) in the tunnel

at different time points. The hydrogen cloud is blocked at

ceiling and is pushed sidewise along the tunnel by the

continuous hydrogen release forming a flammable layer

under the tunnel ceiling. The hydrogen concentration has a

strong vertical gradient with the maximum hydrogen con-

centration around 40% near the ceiling decreasing to 0% at the

bottomof the layer. Fig. 7 shows the of the equivalent ratio f of

hydrogen at the range of 0.125e6.25, which is the approxi-

mately flammable range of hydrogen in dry air [31].

The hydrogen accumulates under the ceiling of the tunnel

and forms a hydrogen-air mixing layer, which ranges

approximately from 5.4m to 6.6m. The risk of both the FA and

the DDT is analysed for the hydrogen layer in the tunnel. The

s criterion (s/scritical) [29] is calculated for the hydrogen layer

and themass of hydrogen is compared between the s cloud (s/

scritical > 1) is shown in Fig. 8 to compare with the hydrogen

inventory. The result shows that the former one is slightly

lower than the hydrogen inventory with difference less than

0.08 kg.

The l criterion is calculated to analyze the risk of DDT in

the tunnel. The thickness of the hydrogen layer d calculated

with average height along the cross-section of the tunnel,

resulting in value of 0.82 m. The diagram of the l criterion

(above the threshold) at different cuts is shown in Fig. 9. The

analysis shows that there is a significant DDT could (d/14l > 1)

at the top of the tunnel if no mitigation measurements are

taken. The maximum volume of the DDT cloud is 71.6 m3

reaching at 16 s after the injection begins. This indicates that

the deflagration in the tunnel could develop to detonation

with a postulate ignition and may create significant pressure

impulse that could damage the surround vehicles, human

being or even the structure of the tunnel. Therefore, the

consequence of the detonation is analysed in the following

sections including the propagation of the pressure wave and

the damage criteria analysis for the detonation.

Hydrogen jet fire in the tunnel

One of the mitigation measurements for the HFCV is to ignite

the hydrogen intentionally to avoid further accumulation.

Fig. 8 e Hydrogen integrity in the computational region.

Fig. 7 e Chemical equivalent ratio (0.125e6.5) at 16 s.
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Fig. 9 e The DDT criterion with the maximum volume of DDT cloud.

Fig. 10 e Progress of the combustible cloud with temperature above 500 K.
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Besides the released hydrogen could be ignited by external

ignition source after the TPRDs being triggered by external

events, for instance, a car accident. In this condition, a jet fire

will be created at the outlet of TPRDs before the hydrogen fully

mixing with the ambient air, hence mitigates the conse-

quence of hydrogen release. In this study, the ignition is

assumed to locate near the hydrogen injection and starts at

the beginning of the injection.

Fig. 10 shows the progress of the combustion cloud

(T > 500 K) at different time points. Because of the intentional

ignition, the combustion appears at a thin layer around the

hydrogen cloud where the hydrogen is mixed with oxygen,

meanwhile, the centrepart of the cloud,where is underoxygen

starvation, is still at low temperature. The jet fire is confined by

the ceiling of the tunnel and then disperses horizontally under

it forming a layer of flame cloud. This layer increases firstly,

and then shrinks as the injected flow rate decaying.

Fig. 11 shows the HRR of the combustion and that is

absorbed by the surroundings. The peak HRR is 43 MW

appearing at 4s after being ignited and then the HRR decays as

the injecting rate decaying. The combustion heat can be

mainly divided by three parts, the increase of the gas internal

energy, radiation, and convective heat transfer to the sur-

rounding structures. The thermal load to the surrounding

structure has certain delay comparing with the other two

parts. The HRR of HFCV is larger than the traditional fuel due

to high value for combustion heat [1], nevertheless, the

hydrogen inventory is only ~4 kg for the HFCVs comparing

with other vehicles.

In this case, consequence of the combustion is quite limited

after the intentional ignition since all the hydrogen is ignited

after being released, and the region of the combustion cloud is

limited to the jet fire near the injection and the ceiling. The

TPRD is designed to be activated at high temperatures to pro-

tect the hydrogen tank from rupture. If the fire was large

enough to activate theTPRDwhich releaseshydrogen from the

tank, it is assumedtobeenough to ignite the releasedhydrogen

immediately, forming a jet flame. Based on this analysis, the

region of the combustion cloud is limited to the jet fire near the

injection and the ceiling. Hence the activation of TPRD can

mitigate the consequence of a tunnel accident for HFCVs.

However, the situation canbemore complex considering other

influences, such as the ventilation system or the toxic gases

released by other combustible materials. Therefore, the fire

hazard of the HFCVs in tunnels is worthy to study in detail.

Hydrogen detonation in the tunnel

Although the hydrogen vehicles have smaller inventory, it

does not necessarily indicate that they are safer than other

types of fuel. Because the hydrogen has shorter DDT distance

indicating much easier to develop into detonation during ac-

cidents [1]. If the hydrogen is with better mixing with the

ambient air, for example, the ignition is delayed, or the com-

bustion is enhanced by some external obstacles, the com-

bustion could develop into detonation under certain

circumstance creating significant pressure impulse to the

surrounding structures, vehicles or human being. Hence a

detonation case is analysed in this section to evaluate the

consequence of the hydrogen detonation in the tunnel. The

timing and location of the ignition is selected to resulting in

unfavourable pressure load to the tunnel. The ignition time is

assumed at 16s when the maximum volume of the lambda

cloud is reached allowing more hydrogen to detonation. The

ignition location is selected for two reasons: firstly, it is where

the hydrogen volume fraction is the highest; secondly, it al-

lows the longest propagation distance for the pressure wave

in the DDT cloud leading to the most unfavourable result for

the pressure load. It is assumed to initiate the detonationwith

a strong ignition. The location of ignition and the initial con-

dition of hydrogen cloud is shown in Fig. 12.

Pressure load of the detonation

Acut viewof the overpressure (Ps ¼ Pab � 1, bar) in the tunnel is

shown in Fig. 13. The viewing angles and elevation cuts are

different in Fig.13 (a)e(d) to demonstrate characteristics at

different times. Themaximumoverpressure reachesa valueof

8 bars at the front of the blast pressure wave as the pressure

Fig. 11 e Heat release rates.

Fig. 12 e Hydrogen concentration and the location of

ignition - A-A view.
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wave propagating in the flammable cloud (Line-1), while the

peak pressure decays as the wave propagates into the non-

combustibles, as shown in Fig. 13(a). The blast pressure prop-

agates in a different way in the hydrogen jet region. The pres-

sure propagates along the hydrogen injection jet forming a

vertical cone above the injection, as shown in Fig. 13 (b). The

cone ishollow insidebecause there is insufficientoxygen in the

conecentre.Thiscone-shapedwavesuperposesontheoriginal

blast wave creates an overpressure peak value of 3 bar as

shown in Fig. 13 (c). Meanwhile, the front of the pressure wave

reaches the first adjacent cars in the first row, with an over-

pressure of 3.1 bar. The superimposed pressure peak reaches

the adjacent side cars shown in Fig. 13 (d). In themeantime, the

pressurewave propagating from the ceiling hits the cars in the

third row with overpressures of around 2e3 bars.

The transient overpressure profiles from the ignition, along

axis Line-1 and Line-2 (seeing in Fig. 13(a)), are shown in

Fig. 14(a) and (b), respectively. The overpressure along Line-1

ranges from 6 to 8 bar without decaying while propagating,

because the hydrogen cloud mainly accumulates along the

Line-1 (Fig. 14 (a)). The overpressure along Line-2 is 8.8 bar at

the height of 6.26 m, and decays in the inflammable region

along the z-axis direction (Line-2) as shown in Fig. 14 (b). The

slight increasing at the height of 2.23 m is caused by the

superimposed wave illustrated in Fig. 13 (c). This pressure

value is significantly higher than the experiment in Ref. [3],

where the overpressure is at the order of magnitude ~102 kPa.

This is because the hydrogen layer beneath the ceiling forms a

semi-confined layer. The experimental study conducted on a

flat semi-confined hydrogen layer shows overpressure at the

order of magnitude ~101 bar [15]. The blast pressure wave

propagates much faster along the lengthwise direction than

that of the vertical direction due to the gas mixture is in-

flammables below. It takes 5.1 ms for the pressure wave to

propagate from the ignition location to the edge of computa-

tional region (Line-1), while it takes 7.2 ms to propagate to the

height of the injection (Line-2).

Damage criteria analysis for the detonation

This section evaluates the consequence of the detonation for

human beings, using the damage criteria proposed by Baker,

1983 [32,33]. The overpressure is scaled as dimensionless over

pressure, and the scaled impulse is calculated to apply for

different criteria. Although the overpressure along Line-1 is

higher than other two lines, there is not likely human being at

the elevation of the tunnel. Hence only the impulse along the

Line-2 is calculated to analyze the damage criterion for

human. There are the three aspects analysed below, i.e. the

lung damage criteria [34], the ear drum threshold [34] and the

lethality [35]. For the lethality curve, the target is assumed

vertical to the blast wave, which is a conservative assumption

comparing to horizontal direction [34].

For the lung damage, the scaled impulse is calculated with

Eq. (9) to compare with the criteria [33].

Is ¼
is

P0
1=2mt

1=3
(9)

Fig. 13 e The overpressure at different cuts in the tunnel.
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where is is the impulse, approximated as ð1 =2ÞPsT, P0 is the

initial pressure, Pa, and mt is the mass of the target human,

which is assumed as 75 kg in this study.

The comparison between the scaled impulse at different

elevation along the Line-2 and the lung damage criteria is

shown in Fig. 15. The comparison between the impulse and

the damage criteria for both ear drum and lethality is shown

in Fig. 16. Fig. 15 shows that the profiles of scaled impulse are

below the threshold at the elevation below 2 m (possible area

for human being) as the maximum overpressure decreasing

along the height. Meanwhile, the scaled impulse is still lower

than the curve of 99% survival probability for the area above

2m. Fig. 16 shows that the blast wave is under the threshold of

lethality, however, is higher than that for ear drum, indicating

the blast wave can cause severe damage to man's ear drum

although is not lethal.

Conclusions

The transient hydrogen release, dispersion, and combustion

in a tunnel for fuel cell vehicles is analysed using the parallel

CFD code GASFLOW-MPI in this paper. The following conclu-

sions can be drawn:

(1) This study demonstrates that the GASFLOW-MPI is

applicable at a wide range for the safety issue for HFCVs

in tunnels.

(2) Hydrogen accumulates beneath the ceiling, forming a

thin layer with strong concentration gradients. The

evaluation of the s criteria and the l criteria shows that

there is a certain amount of hydrogen cloud existing in

the tunnel that is at the risk of both FA and DDT.

(3) For the case that hydrogen ignited at the injection, a jet

fire is formed in the tunnel with maximumHRR 43 MW.

The HRR decayswith the injection rate and the region of

the combustion cloud is limited to the jet fire near the

injection and the ceiling. Hence the activation of TPRD

can mitigate the consequence of a tunnel accident for

HFCVs.

(4) For the case with delayed ignition, the pressure wave

propagates through the detonatable hydrogen cloud
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Fig. 14 e Transient profiles of overpressures.
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with the overpressure ~8 bars. Then the blast wave

decays the unburnable region at a lower speed resulting

in a lower overpressure to the surrounding cars.

(5) The analysis of the damage criterion on human being

shows that the pressure wave will cause lung damage,

severe damage toman's ear drum, although is not lethal.

The situation for a tunnel can be rather complex consid-

ering the supporting systems, the geography or even traffic

conditions, hence the tunnel accidents with these influences

will be further studied.
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