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The paper presents safety strategies to support choice of diameter and release direction for thermally activated
pressure relief device (TPRD) onboard a hydrogen fuel cell electric vehicle. Analytical and numerical modelling
campaigns were performed to study hazards of unignited and ignited hydrogen releases from a vehicle in a real
underground parking. TPRD diameter to prevent flammable mixture formation during upward release was
U R determined using similarity law for hydrogen concentration decay along jet centreline. Parametric CFD simu-
nderground parking

TPRD lations studied effect of different TPRD diameter, release direction, vehicle distance from obstacles, ceiling
CFD height, influence of carpark ventilation on hydrogen hazards. Hazards of unignited releases were associated with
the lower flammability limit of hydrogen-air clouds. For ignited releases the temperature threshold 70 °C was
used as a no-harm criteria for assessment of thermal hazards to people and threshold 300 °C as a damage criteria
for mechanical ventilation system following requirements of BS 7346-7-2013 standard for carpark ventilation.
Recommendations on TPRD design were formulated to support safe integration of hydrogen-powered vehicles in
the existing underground parking facilities and infrastructure.

1. Introduction

The development of safety strategies to prevent the formation of
flammable hydrogen-air composition in underground traffic infrastruc-
ture and parking areas is of interest for safety and design engineers in
connection with increasing number of fuel cell electric vehicles (FCEV)
on public roads. In case of a hydrogen leak in an enclosure, it is rec-
ommended to have a ventilation system preventing accumulating of
hydrogen concentration above 1 % vol. [1-3]. In the context of under-
ground parking, the hydrogen release may originate from an acciden-
tally triggered thermally activated pressure relief device (TPRD), which
is a standard safety feature required for onboard storage of every FCEV.
Requirements for mechanical ventilation installed in underground
parking areas to control air quality and to counteract potential fire
hazards are specified by corresponding regulations, codes and standards
(RCS), e.g. BS 7346-7-2013 [4]. In the event of a fire, the BS 7346-7-
2013 requires that a mechanical ventilation system shall clear the
smoke produced by the fire to facilitate the occupants escape and the
first responders’ intervention and shall provide at least 10 Air Changes
per Hour (ACH). This standard also states that “All fans intended to
exhaust hot gases used within a car park ventilation system should be

* Corresponding author.

tested in accordance with BS EN 12101-3 to verify their suitability for
operating at 300 °C for a period not less than 60 minutes (class F300).”
Interaction of hydrogen releases from TPRD with mechanical ventilation
in underground parking is a credible accident scenario. It is fundamental
to assess whether potential unignited or ignited releases from a TPRD
would lead to non-compliance of existing carpark mechanical ventila-
tion with the requirements of current RCS for underground parking.
Furthermore, it should be ensured that the hydrogen release from a
TPRD would not present hazards to people obstructing their self-
evacuation from the FCEV and preventing operations of fire and
rescue services.

The effect of mechanical ventilation on hydrogen dispersion in
closed spaces was examined in few numerical studies. In CFD study [5]
hydrogen TPRD releases were simulated using FLACS in a private and
large parking garage. Release flow rates started from 500 g/s taking into
account blowdown, however, TPRD orifices were not specified and
ventilation was absent, as the focus of the study was on comparison of
hydrogen and methane blend i.e. hythane. The paper was mainly
focused on the assessment of pressure effects rather on the TPRD choice.
In 2013 Choi et al. [6] performed numerical simulations of hydrogen
release from onboard storage in an underground parking with and
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without mechanical ventilation. The considered parking had dimensions
W x L x H=18.0 x 16.7 x 2.3 m. In simulations with ventilation the
parking entrance was wide open, W x H = 5.0 x 2.3 m, with mechanical
ventilator located on the floor centrally and air flow direction towards
the parking exit. Ventilation rates of 20, 40 and 60 m®/min were
simulated, which corresponded to 1.7, 3.5 and 5.2 ACH. Hydrogen
release was simulated vertically downward, with a release opening 5 x
5 cm, hydrogen velocity chosen to provide constant volume rate Q =
0.655 and 1.310 m>/min. The authors observed that for the studied
hydrogen flow rates the ventilation significantly affected the flammable
cloud volume and practically eliminated it in both considered cases,
which was attributed to a much larger ventilation rate than the
hydrogen leakage and relatively low release velocity.

Matsuura et al. [7] examined numerically the effect of ventilation
velocity in a scaled model of semi-open hallway (L x W x H = 2.9 x
0.74 x 1.22 m) aiming to devise a control system for the forced venti-
lation. One end of the hallway was completely open. A single hydrogen
leak opening and a single roof vent had the same sizes, 0.15 x 0.30 m.
Effect of vent location in the roof and hydrogen leak location in the floor
for different release flow rates 1.18 x 1074-9.44 x 10~* m%/s, extrac-
tion fan rates 2.32 x 10 2-6.97 x 10~ m%/s (32-958 ACH) and
extraction fan operation pattern were studied. The authors demon-
strated that under the investigated conditions the location of mechanical
ventilation opening and ventilation rate had a significant effect on
hydrogen distribution and propagation through the enclosure. The
larger ventilation rates imposed strong inflow from the open end of the
studied hallway, which overcame hydrogen plume buoyancy and pre-
vented hydrogen from rising to the ceiling leading to its propagation
along the floor.

Two engineering models were developed within HyIndoor project to
aid ventilation design for indoor hydrogen installations. The passive
ventilation model [8] assumes hydrogen accumulation from a steady-
state release in a stratified layer under the enclosure ceiling. The
approach was validated against 48 small-scale experiments with natu-
ral/passive ventilation performed by CEA [9] on helium release in a
small scale enclosure of size H x W x D =1.26 x 0.93 x 0.93 m with one
vent located on a wall near the ceiling. The calculation procedure may
also be adapted to find the volumetric flow rate of mechanical ventila-
tion not to exceed the targeted maximum hydrogen concentration in the
stratified layer for a given constant hydrogen release rate. The second
model [10] is based on the perfect mixing equation and assumes uniform
hydrogen distribution through the entire enclosure. The model allows
calculating the forced ventilation flow rate not to exceed the targeted
maximum hydrogen concentration for a given steady-state hydrogen
release rate.

Solutions for both the passive ventilation model [8] and the forced
ventilation perfect mixing model [10] are based on two strong as-
sumptions: (1) perfect mixing in the stratified layer and perfect mixing
in the entire enclosure respectively, (2) steady-state formulation corre-
sponding to the constant hydrogen release rate. Violation of each of the
approaches’ assumptions leads to a decrease of the modelling results
accuracy. Transient release of finite onboard storage inventory in a large
enclosure, e.g. underground parking, is a real-life scenario leading to
spatial and temporal distribution of hydrogen violating both above as-
sumptions. Application of analytical models in this situation would not
be justified and engineering solutions should employ more accurate
technique like CFD analysis which is also applicable for the jet fires.

The recent study [11] within HyTunnel-CS project provides impor-
tant insights into the effectiveness of mechanical ventilation systems
during accidental hydrogen releases in confined spaces as underground
garages. The experiments were conducted in a 40 ft. ISO container to
find the mass flow rate limit and TPRD diameter limit that do not require
a change in the ventilation system. The findings indicate a correlation
between hydrogen concentration, mass flow rate, reservoir pressure,
and ventilation rate. They concluded that the sufficiency of forced
ventilation used today on hydrogen concentration was not conclusive,
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and it is recommended to keep the TPRD diameter small. In the case of
unintended hydrogen releases in the parking garage, a ventilation rate of
10 ACH or higher is recommended to reduce the duration of the flam-
mable cloud.

Overall, thorough assessment of the hazards associated with unin-
tended hydrogen releases from a TPRD installed on a FCEV in an un-
derground car parking are currently missing. This study aims at fulfilling
this gap by means of numerical simulations of unignited and ignited
hydrogen releases in a realistic underground car park scenario. This
work has been performed within the framework of FCH JU funded
project HyTunnel-CS on “Pre-normative research for safety of hydrogen
driven vehicles and transport through tunnels and similar confined
spaces” (https://hytunnel.net). The ambition of HyTunnel-CS project
was to underpin the allowance of hydrogen-powered vehicles to enter
the underground traffic infrastructure by closing the knowledge gaps
and technological bottlenecks in the provision of safety associated to the
use of such vehicles in underground transportation systems. This paper
demonstrates how the safety strategies developed in HyTunnel-CS
project [12] can be realised for underground car parking. Firstly, the
research assesses the use of validated reduced tools available in litera-
ture for free unignited and ignited hydrogen jets for an underground car
park scenario, defining the range of applicability of the reduced models.
The scenarios involving complex geometries and hydrogen jets
impinging on the ground are found to be outside the range of reduced
models applicability. Thus, these scenarios are investigated using vali-
dated computational fluid dynamics (CFD) models. A systematic
approach is employed to scrutinise the effect of a TPRD diameter and
direction of an unignited and ignited hydrogen releases in the context of
underground parking and/or traffic systems. Focus is posed on the
investigation of the hydrogen release interaction with a typical for car
parking mechanical ventilation system, compliance to current RCS re-
quirements, facilitation of passengers’ evacuation and rescue opera-
tions. The final aim is to propose suitable TPRD characteristics and
safety strategies for the inherently safer introduction of FCEV in an
underground car park without requiring modifications to the
infrastructure.

2. Similarity law for assessment of upward releases
2.1. Safety strategy

The strategy for inherently safer FCEV underground parking is to
eliminate the formation of a flammable cloud under the ceiling pre-
venting the potential of its ignition and destructive deflagration. In the
case of upward releases, the similarity law [13] can be used to calculate
the TPRD diameter that would allow the jet decay below hydrogen lower
flammability limit 4 % vol. before reaching the ceiling and prevent
formation of flammable cloud. Hydrogen concentration decay along the
centre-line of a free, unobstructed hydrogen jet can be described by
fundamentally based and extensively validated for both expanded and
underexpanded jets similarity law [13]:

Coo _54. [x D o)
Cy ps X

where x is the axial distance from the nozzle to the point of interest (m);
D is the nozzle exit diameter (m); Cqy is a mass fraction of hydrogen in air
at axial distance x; Cy is hydrogen mass fraction in the nozzle (Cy = 1.0
for pure hydrogen release); py is the density at the nozzle exit (kg/m3);
ps is the ambient air density (kg/m>). The similarity law was realised as
one of the tools of e-Laboratory of hydrogen safety [14] developed
within the project NET-Tools [15].

A simple safety strategy may be based on the minimisation of release
opening to provide hydrogen concentration decay below the lower
flammability limit (LFL) before the jet reaches the enclosure ceiling.
Once hydrogen concentration under the ceiling is below LFL, i.e. 4 %
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vol. hydrogen, then formation and built-up of flammable hydrogen-air
cloud there is excluded. The similarity law can be reformulated to pro-
vide distance along the jet axis to the location where hydrogen mass
fraction reaches the specified value:

54xD
xX= X . pl

. (2)
Cax p N

where x is the vertical distance between the release orifice (i.e. TPRD
location) and the ceiling (m), and C,, = 0.00288 is the hydrogen mass
fraction corresponding to the hydrogen LFL (4 % vol.).

2.2. Example of inherently safer TPRD diameter calculation

Example of finding TPRD diameter that would prevent formation of
flammable hydrogen-air cloud under carpark ceiling is presented below.
Let us consider a vehicle in underground parking with a ceiling height of
3.0 m. The vehicle onboard hydrogen storage pressure is 70 MPa. The
storage is equipped with a TPRD that is installed at a height 0.5 m above
the floor and vents vertically upward. The surrounding temperature is
288 K. The concentration on the jet axis at the ceiling should be below 4
% vol. (corresponding mass fraction is C,, = 0.00288). For an unignited
jet, the similarity law in Eq. (1) or the respective e-Laboratory [14] tool
can be applied to calculate concentration on the jet axis. The location of
the TPRD above the floor and the height of the ceiling must be taken into
account for assessment. Procedure for calculations by hand [13]:

1. Calculate the pressure in the real nozzle exit as a function of the
storage pressure:

Pr 70000000 Pa

"TEET e

= 36979725 Pa.

2. Calculate the Z factor using the Abel-Noble equation of state for real
gas:

b-Pg 0.007691-70000000 Pa

Z=1+ = T aoaass K

= 1.4533.
Ry, T

3. Calculate density of hydrogen in the nozzle exit:

Py 36979725 Pa
"~ Z-RppT  1.4533-4124.24 J /K [kmol-288 K

Py =21.4226 kg/m’.

4. Calculate the maximum nozzle diameter sufficient to exclude the
formation of flammable cloud using:

x Cu [ps 2.5m0.00288 [ 1.205kg/m3
p— X Cu [Ps_ / = 0.000316
sacy\py 54 1 \/21.4226kg/m3 "

= 0.3 mm.

This is a quite small diameter of TPRD and care should be taken that
it is sufficient for hydrogen tank blowdown in a fire before the tank loses
its load bearing ability and ruptures.

3. Dimensionless flame length correlation for ignited release
3.1. Safety strategy

The safety strategy for the ignited release can be assessed both in
terms of harm to people and damage to the ventilation system. Tem-

perature higher than 70 °C according to LaChance (2011) [16] is
deemed to be unsafe for people and therefore calculation of temperature
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decay for the particular release is the way forward in assessment of the
hazard distance. The no-harm condition 70 °C is reached at the distance
3.5 times larger than the flame length as shown in Fig. 1.

The damage to the ventilation system can be assessed using 300 °C
temperature as the maximum limit that, according to the BS 7346-7-
2013 [4], may be allowed at the ventilation intake for safe operation
of the mechanical ventilation system in the event of a hydrogen jet fire.
This is a conservative assessment as the duration of hydrogen jet fires
will likely be shorter than 60 min.

The distance along the jet fire axis to the temperature limits of 70 °C
and 300 °C can be calculated using the dimensionless correlation for
flame length [17] implemented in the same e-Laboratory of hydrogen
safety tools as described above. Fig. 1 shows the axial temperature dis-
tribution as a function of distance normalised by the flame length. It can
be observed that the distance to the temperature of 300 °C (solid line in
Fig. 1, coincides with the third degree burn harm to people) is equal to
twice the flame length and it can be used as indication to know whether
the combustion products having this temperature will enter the venti-
lation system or not.

3.2. Example of inherently safer TPRD diameter calculation

Let us consider the same example of FCEV in underground parking
given in Section 2.2 and calculate the distance to 70 °C (no harm to
people) and 300 °C (standard requirement for operation of mechanical
ventilation in carpark) for the release with nozzle diameter equal to 0.3
mm and storage pressure of 700 bar. Calculation of the flame length
using the dimensionless flame length correlation [17] or e-Laboratory
[14] gives 1 m. Following axial distribution of temperature in Fig. 1, it
can be found that distance to the limit of 300 °C is 2.0 m, whereas dis-
tance to “no-harm” threshold of 70 °C is 3.5 m. Considering that the
release of hydrogen is located at 0.5 m above the ground, temperature
limit 300 °C would be reached at the height 2.5 m and under the 3 m
high ceiling the temperature should drop below 300 °C. Assuming that
the ventilation duct is placed exactly above the release point, tempera-
ture of the hot combustion products at the entrance of the ventilation
system would be comparable to the limit that can be considered as
compliant with BS standards.

The considered above reduced models are based on assumption of a
freely propagating jet and not applicable to releases directed downwards
and impinging on the ground. More accurate assessment methods, like a
CFD modelling presented below, shall be employed to find out the limits
of TPRD diameters and downward release angles to ensure compliance
to mechanical ventilation requirements and to provide safe self-
evacuation of passengers in case of unintended ignited release.

4. Numerical study of downward release from TPRD
4.1. The CFD model details

4.1.1. Unignited release

In this study, we look into the example of a real underground car
park in St. Martnes Latem (Gent, Belgium) [18]. The top view of the car
park with dimensions is given in Fig. 2. The car park height is 3.0 m, the
total parking area is 1115 m2. Mechanical ventilation is organised using
18 evenly distributed vent openings having size 1 x 1 m each and
located at the carpark ceiling. The onboard hydrogen storage with the
volume of 62.4 1, initial storage pressure 70 MPa, initial temperature
288 K and several TPRD diameters were studied.

The transient problem formulation is considered to account for the
blowdown of the storage tank. The mathematical model includes mass,
momentum, energy and hydrogen mass fraction conservation equation.
Effect of turbulence is modelled using realisable k-¢ turbulence model
[19]. The isometric view of calculation domain and numerical mesh are
shown in Fig. 3. The calculation domain included the underground
parking itself and part of the tunnel entrance (section BDEF in Fig. 2).
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Fig. 1. Measured axial temperature as a function of distance normalised using flame length (symbols), and three criteria of jet fire harm to people (lines) [17].
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Fig. 2. Underground car park layout (St. Martnes Latem, Gent, Belgium) [18].

The numerical grids consisted of 440 k control volumes uniformly
distributed inside the calculation domain and refined at the release zone.
The numerical grids were constituted by polyhedral control volumes at
the surfaces to better represent the impinging jets onto the ground,
whereas they were hexahedral towards the core of the fluid. To improve
gradient calculations, a polyhedral grid was used at the impinging zone
as per previous study [20]. This was done in order to overcome the
problem of gradient reconstruction that arises with other meshes. The
control volume varied from 3.5 mm in the vicinity of the nozzle and up
to 20 cm in the far field from the nozzle. Grid and time step indepen-
dence studies have been previously performed in [21] for unignited
releases, and the authors used the found criteria to formulate the
problem in the current publication.

Initial conditions in the car park were ambient temperature equal to
288 K and ambient pressure of 101,325 Pa. The car park entrance,
shown in Fig. 3 by the blue arrow, acts as an inlet for the fresh air and

was modelled as a pressure boundary with gauge pressure equal to 0.
The extraction ventilation openings, designated in Fig. 3 by red arrows,
were arranged in evenly distributed over the ceiling extraction vents (18
vents, 1 x 1 m each) and simulated as outflow boundary with uniform
velocity in the vent area. In simulations with mechanical ventilation the
outflow velocity was specified in accordance with BS 7346-7:2013 [4]
and accounted the car park height. Thus, for the ventilation rate 10 ACH
and 3.0 m carpark height the flow rate is 33,450 m>/h, which corre-
sponds to outflow velocity 0.516 m/s in each vent opening. Modelling
details of hydrogen storage tank blowdown through TPRDs of different
diameters and release directions are described in Section 4.2 below. In
all simulations it was assumed that the onboard hydrogen storage tank
had volume of 62.4 1 and overpressure 700 bar.

Pressure-based implicit solver and the second-order upwind dis-
cretisation scheme for convective terms in all transport equations were
employed. A constant time step At = 5 ms was used in all simulations
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Fig. 3. Calculation domain and numerical grid. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)

resulting in a variable Courant-Friedrichs-Lewy (CFL) number which
was maximum of 395 at the beginning of the release and decreased to
200 due to decreasing velocity at the nozzle as blowdown progressed.
The described model was realised using ANSYS Fluent 2020R2 as a CFD
engine.

Details of 19 numerical tests are presented in Table 1. Hydrogen
releases from TPRD of diameter 0.5 mm, 0.6 mm, 0.75 mm, 1 mm and 2
mm were simulated. The effects of ventilation, release diameter and
release angle, ceiling height and presence of an obstacle in a form of wall
behind the vehicle were investigated. The angle of the TPRD release
direction to the vertical varied in the range 0-60°. For the cases with
TPRD angle 30-60° the releases were directed backwards from the
vehicle. The assessed configurations are in line with the GTR #13 reg-
ulations to not direct the hydrogen gas discharge from the TPRD towards
the vehicle case or wheel housing, and not “forward from the vehicle, or
horizontally (parallel to road) from the back or sides of the vehicle”
[22]. The FCEV was positioned close to the car park centre as shown in
Fig. 3 with exception of simulations No. 12, 13 and 19, where the vehicle
was in proximity of the back wall. Simulations No. 11-13,15-17 and 19
investigated the limiting scenario of an underground parking with
ceiling height 2.1 m, which is the minimum height recommended for
such infrastructure [23].

Table 1
Details of numerical tests with hydrogen release and jet fire.
No. DTPRD, ACH  Angle,° Obstacle  Ceiling height, Release

mm m

1 0.5 0 45 - 3.0 I+U

2 0.5 10 45 - 3.0 I+U

3 0.5 10 0 - 3.0 1+U

4 0.5 10 30 - 3.0 I+U

5 0.5 10 60 - 3.0 I+U

6 0.75 10 30 - 3.0 U

7 0.75 10 0 - 3.0 U

8 0.75 10 45 - 3.0 I+U

9 1.0 10 45 - 3.0 I1+U

10 2.0 10 45 - 3.0 1+U

11 0.75 0 45 - 2.1 I+U

12 0.5 0 45 Wall 2.1 U

13 0.75 0 45 Wall 2.1 18]

14 0.75 0 45 - 3.0 18}

15 0.75 10 45 - 21 I1+U

16 0.5 10 45 - 2.1 I

17 0.6 10 45 - 2.1 1

18 0.6 10 45 - 3 I

19 0.5 10 45 Wall 2.1 I

Note: I-ignited, U-unignited.
" means that there is no obstacle in the simulation that can be changed to N/A

4.1.2. Ignited releases

For simulation of ignited releases the described above problem
formulation also included the Eddy Dissipation Concept (EDC) [24] as a
combustion model and the Discrete Ordinate (DO) [25] radiation model.
Additionally to unignited release scenarios the CFD model accounted
heat transfer through the concrete car park walls. The same numerical
grid and boundary conditions as per the unignited release scenario were
employed.

The DO model was discretised using 5 x 5 rays and 3 x 3 pixels. The
absorption coefficient for water vapour was implemented using the User
Defined Function (UDF) capability of ANSYS Fluent as a dependence on
temperature and water vapour partial pressure based on the data of
Planck mean absorption coefficient in [26]. The proposed CFD approach
has been thoroughly assessed and validated in previous works by the
authors [27-29]. The numerical requirements for the grid refinement
and time discretisation used in this work follow the conclusions in
[27-29] used to simulate accurately experiments on hydrogen jet fires.
In the described simulations the concrete wall emissivity coefficient was
equal to 0.94 and emissivity coefficient of vehicle bodywork was set to
1.0 to not have reflection of radiation. The atmospheric humidity is
expected to contribute to radiative heat exchange and was accounted
following Chow et al. [30] who reported relative humidity in the range
40-70 % for underground car parks. In the present study, the average
value of 55 % was considered for the relative humidity in air, which
corresponds to a water vapour mass fraction of 0.004673 in air. The
ignition of the jet was realised via patching a hot spot with temperature
of 2400 K in the vicinity of the release point to initiate the reaction.

4.2. Blowdown simulations

The volumetric source technique [31] was applied to simulate the
blowdown release for all 19 scenarios. For each selected nozzle diam-
eter, the changing with time hydrogen mass flow rate, velocity, tem-
perature, turbulence model parameters at the notional nozzle were
modelled applying source terms in corresponding equations. The dy-
namics of storage pressure, mass flow rate, temperature and velocity in
the notional nozzle were calculated using e-Laboratory tool “Adiabatic
blowdown of storage tank” and are shown in Fig. 4. Turbulence intensity
in the notional nozzle was chosen as TI = 25%, turbulence length scale
as TLS = 0.07dy.;, where dy, is the diameter of the notional nozzle
calculated following [13]. The part of calculation domain where the of
volumetric source term is applied was modelled as a cube with the side
size lys chosen in such a way that the side area was equal to the
maximum notional nozzle area at the start of the release; the cube side
size lys and the total volume Vy;s for different TPRD diameters are given
in Table 2. The cubic volume for source terms application was resolved
using 2 x 2 x 2 cubic control volumes.



V. Shentsov et al.

—2.0mm
——1.0mm
---0.75mm

Storage pressure (bar)

20 40 80 100

60
Time (s)
250

200 N

Jany
w
o

100 —2.0mm

Temperature (K)

—1.0 mm
---0.75mm

50

20 40 60

Time (s)

80

100

Journal of Energy Storage 68 (2023) 107771

0.12
—2mm
01 —1mm
— -=--0.75mm
<
2
[
&
2
o
2
(©
=

0 20 40 60 80 100
Time (s)
1200 oo
1000 T
— 800
S~
E
Z 600
Q
% —2.0mm
= 400 —1.0 mm
---0.75mm
200 0.5 mm
0
0 20 40 60 80 100
Time (s)

Fig. 4. Dynamics of storage pressure, mass flow rate, notional nozzle temperature and velocity during the initial stage of hydrogen tank blowdown.

Table 2
Volumetric source parameters used in CFD simulations.
@TpRD, MM Storage P, MPa Storage T, K lys side, mm Vys, m®

0.5 70 288 7.47 4.16.107%
0.6 8.96 7.19-10°%7
0.75 11.2 1.41-107%
1.0 14.9 3.33.107%
2.0 29.9 2.67-10°%

The source terms were calculated as follows:

i,
Vis ?
n x-momentum (horizontal) conservation equation source term:

m mass conservation equation source term: Spmqss =

Semom = “%;""2.5inA, where up; is the notional nozzle velocity
and A is the TPRD release direction angle to the vertical,

= y-momentum (vertical) conservation equation source term:
Upy, M.
Symom = — —%—2-C0sA,
= z-momentum (normal to release direction) conservation equa-
tion source term: S, mom = O,

. . . . K-,
= kinetic energy x conservation equation source term: S, = -2,
s
P . . _ S'muz
= dissipation energy ¢ source term: S, = —2,
m energy conservation equation source term: Sg =

Cp.Hy '(THZ —To ) My,
Vis
constant pressure, Ty is the notional nozzle temperature, T is

the ambient temperature,

, where ¢, g, is the hydrogen specific heat at

= kinetic energy: x = 3(up, -T1)%,
m dissipation rate of turbulent kinetic energy: ¢ = 0.08450'75%.

5. Results and discussion
5.1. Unignited release

5.1.1. Effect of mechanical ventilation

The simulations were performed without ventilation (0 ACH) and
with ventilation rate 10 ACH to assess its effect on the formation of the
flammable layer under the ceiling and estimate the hazard distance
based on the distance to LFL (i.e. flammable envelope size). Fig. 5 shows
flammable envelopes in the central cross section obtained in simulations
for TPRD @0.5 and TPRD @0.75 mm for 3 m ceiling height, and for TPRD
@0.75 mm for 2.1 m ceiling height; in all demonstrated cases TPRD
release was directed at the angle A = 45° to the vertical. The shown
snapshots are for the moments when the longest hazard distance during
the blowdown release of hydrogen is observed. Fig. 5 demonstrates that
there is no visible effect of mechanical ventilation on the maximum
hazard distance. This is different from what was observed by Choi et al.
[6] and Matsuura et al. [7]. It is thought that the obtained result is due to
higher velocities of hydrogen jet compared to air velocity and the
comparatively short time when the jet reaches its maximum size during
the blowdown process. Fig. 5 shows as well that the flammable part of
hydrogen-air jet is momentum-dominated, attached to the ground and
hydrogen concentration decays below 4 % long time before it is affected
by buoyancy and reaches the ceiling, thus no accumulation of hydrogen
and flammable mixture formation under the ceiling is expected.

The semi-transparent blue colour contour in Fig. 5 shows the iso-
surface of 4 % vol. hydrogen in the air as a maximum distance in the
release direction (exact timing of the flammable envelope can be seen in
Fig. 7), while the next grade of blue shows 4 % decay across the centre-
plane. It can be seen that in all cases the maximum distance of flam-
mable envelope propagation is larger than its distance in the centre-
plane. This is due to the shift of TPRD location from the vehicle axis,
impingement and attachment of hydrogen jet at the floor. This can also
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Fig. 6. Flammable envelope shape top view: TPRD @0.75 mm, A = 45°, 2.1 and
3 m ceiling, 0 ACH and 10 ACH at time t = 7 s.

be seen in Fig. 6 which shows top view of the flammable envelope for the
case of TPRD @0.75 mm, release at the angle A = 45° to the vertical,
ceiling heights 2.1 and 3.0, with and without ventilation at time t =7 s.
It should be noted that for the case of mechanical ventilation with 10
ACH the width of the flammable envelope is wider compared to no
ventilation (0 ACH).

Fig. 7 shows dynamics of maximum horizontal distance of flammable
envelope propagation from the release point in simulations No. 1-11, 14
and 15. Fig. 7 (left) for TPRD @0.5 mm and angle A = 45° demonstrates
that the larger release angle to vertical the larger hazard distance. The
maximum hazard distance is only marginally (3.5 %) decreased by the
ventilation. Fig. 7 (right) shows horizontal maximum hazard distance
for larger TPRD diameters in the range 0.75-2.0 mm. It reaches its
maximum within 4-10 s and then gradually decreases due to blowdown.
For TPRD @0.75 mm, A = 45° and ceiling heights 2.1 and 3.0 m the
effect of ventilation is practically indistinguishable. It should be noted
that in simulations the maximum flammable envelope propagation
distance was achieved for TPRD 1.0 and 2.0 mm and was limited by
the carpark wall, which was located in 12 m from the release point.

5.1.2. Effect of the ceiling height

Fig. 6 also demonstrated the effect of the ceiling height on the
extension of the flammable envelopes, as shown from comparison for the
same TPRD @0.75 mm and for 3.0 m and 2.1 m ceiling heights, both
with and without ventilation. It can be seen that for the lower ceiling the
largest flammable envelope propagation distance is about 2.0 m longer
(25 %) which presumably is due to the different entrainment of air
caused by a 30 % reduction of the height. Fig. 7 shows that this differ-
ence is reached between t = 6.0-6.5 s (2.1 m height) and t = 8.0-8.5 s
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(3.0 m height). The difference gradually decreases with time and sta-
bilises at about 1.0 m (12 %) after time t = 12 s. As it is shown in Fig. 6
the maximum distance of flammable envelope propagation was ach-
ieved not on the jet axis, but at its periphery.

5.1.3. Effect of TPRD release angle

Simulations No. 2-8 (TPRD @0.5 mm and @0.75 mm, 10 ACH,
ceiling height 3.0 m) were used to assess the effect of TPRD release di-
rection, which varied between A = 0° and 60° to vertical, on the flam-
mable envelope propagation. Fig. 8 shows the flammable envelopes at
the moment they reach their maximum size in each particular simula-
tion. For both investigated TPRD diameters the increase of the angle
consistently increased the maximum hazard distance (no simulation for
A = 60° and TPRD @0.75 mm was performed as the LFL propagation
distance in this case would be even further).

Releases at A = 0° and 30° produced shorter flammable envelope
distances compared to releases at A = 45° for both TPRD diameters,
however they created large flammable clouds underneath the car to-
wards the front and side passenger doors threatening passengers’
evacuation in case of ignited release. Additionally, releases at angle A =
30° resulted in a thicker flammable envelope compared to A = 45° in
both simulations, TPRD @0.5 and @0.75 mm.

Fig. 9 shows that releases vertically down (at angle A = 0°) are
capable to form buoyant flammable clouds which can accumulate under
the ceiling even with active mechanical ventilation (10 ACH).

For the above reasons only releases at the angle A = 45° will be
analysed further.

5.1.4. Effect of TPRD diameter

Effect of TPRD diameter on flammable cloud shape is demonstrated
in Fig. 10. The figure shows flammable envelopes created by releases
from TPRDs @0.5, @0.75, @1.0 mm and @2.0 mm at the time t = 6 s.
Flammable compositions for TPRD @0.5, ¢0.75 and @1.0 mm decay a
long time before the jet propagation is affected by buoyancy preventing
flammable cloud formation under the ceiling. At time t = 6 s the flam-
mable composition from TPRD @2.0 mm for the considered parking area
reaches the ceiling, this appears to be the most hazardous case since its
flammable envelope is not only the longest one, but, after losing its
momentum due to interaction with the wall, threatens with accumula-
tion of substantial hydrogen-air cloud.

5.1.5. Effect of obstruction in absence of ventilation (worst case)
Simulations No. 12 and 13 (TPRD @0.5 and @0.75 mm, angle A =
45°) were performed to assess the worst-case scenario of FCEV located in
a parking space next to a wall, under a low ceiling (height 2.1 m) and in
absence of ventilation (0 ACH). TPRD release was directed towards the
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Fig. 7. Dynamics of maximum flammable envelope propagation in the presence and absence of ventilation and for different release angles. Left: TPRD @0.5 mm.
Right: TPRD @0.75-2.0 mm (includes different ceiling heights; max. envelope propagation 12 m is limited by the carpark wall).
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Fig. 8. Effect of release angle on the maximum extension of a flammable en-
velope: TPRD @0.5 mm (left), TPRD @0.75 mm (right), 3.0 m ceiling height,
10 ACH.

wall, the distance between the wall and FCEV bumper was 0.2 m. Fig. 11
shows the longest flammable hydrogen-air mixture propagation at the
time t = 8 s for 0.5 and t = 11 s for @0.75 mm. Simulations demon-
strate that currently the formation of flammable cloud cannot be avoi-
ded even in the case of the smallest considered TPRD @0.5 and @0.75
mm when FCEV is parked next to a wall. It is recommended to avoid
parking the vehicle with TPRD directed towards the obstruction.

5.1.6. Mass of flammable hydrogen and potential overpressure hazards in
case of ignition

Pressure hazards of potential hydrogen-air cloud deflagration were
studied using an available analytical model for a localised mixture
deflagration in a closed vessel [32]. The model is based on a number of
assumptions: perfectly sealed enclosure (no openings to provide defla-
gration venting); localised hydrogen-air mixture occupies only portion
of the enclosure, but has uniformly distributed hydrogen within the
mixture at LFL 4 % vol. (which provides the largest deflagration over-
pressure for a given hydrogen mass); complete combustion. The analysis
performed in [32] concluded that to avoid deflagration overpressure
above 10 kPa, which is a typical limit for integrity of civil structures, the
hydrogen inventory in the enclosure should not be larger than myy =
2.61 - 10~* V, where my; is the mass of hydrogen (kg) and V is the
volume of the enclosure (m>).

The studied parking has a volume of 3345 m®. Application of the
above analysis to the considered carpark means that to reach uniform
across the whole parking overpressure 10 kPa the mixed with air
hydrogen mass should be myy = 2.61 - 10~% - 3,345 = 0.873 kg. In re-
ality, the deflagration of this hydrogen mass would result in lower than
10 kPa overpressure because: (1) the parking is not perfectly sealed and
has openings at least in form of extraction ventilation and entrance gate,
and (2) any deviation of real mixture hydrogen content from assumed in
the model uniform 4 % vol. composition (with fixed total hydrogen
mass) decreases resultant overpressure.

Fig. 12 shows the dynamics of hydrogen-air cloud mass in the
parking for all studied release scenarios. Fig. 12 (left) gives dynamics of
hydrogen mass within the flammability limits (4-74 % vol. hydrogen).
The maximum hydrogen mass reaches ca. 0.38 kg for release from the

Journal of Energy Storage 68 (2023) 107771

largest TPRD @2.0 mm, 10 ACH, release angle A = 45°. This is signifi-
cantly lower than the analytical limit of 0.873 kg leading to the
conclusion that deflagration of hydrogen releases from TPRD equal and
lesser than 2.0 mm will not result in overpressures threatening struc-
tural integrity.

Releases from smaller TPRDs result in a further decrease of hydrogen
mass within the flammability limits. The least flammable hydrogen mass
is observed, naturally, for TPRD 0.5 mm (release angle A = 0°) — here
maximum hydrogen mass is about 27 g, which is 14 times smaller
compared to about 380 g for TPRD @2.0 mm (A = 45°). Increase of
release angle from A = 0° to 60° for TPRD @0.5 mm decreases flam-
mable hydrogen mass further down to just 4 g — nearly 7 times.

Fig. 12 (right) shows hydrogen mass in the fastest burning (and the
most hazardous for overpressure generation) composition 25-35 % vol.
The largest hydrogen mass of just 1.55 g was registered for release from
TPRD 2.0 mm. This corresponds to 0.062 m® volume of stoichiometric
hydrogen-air mixture at 29.5 % vol. hydrogen. Simulation of deflagra-
tions of hydrogen-air mixtures resulting from TPRD releases was out of
the scope of the present study but was performed within HyTunnel-CS
project and reported in its deliverable D6.9 [12]. It was demonstrated
that for a leak from hydrogen storage with normal working pressure
(NWP) 70 MPa, reduction of TPRD diameter from @2.0 mm to @0.5 mm
decreases propagation of deflagration overpressure threshold 1.35 kPa
corresponding to “no-harm” limit to human life from 10.5 m to 2.6 m,
making “no-harm” distance comparable to the vehicle size and is rec-
ommended as a measure to mitigate pressure effects from ignition of
TPRD releases.

5.2. Ignited release

This section aims at assessing if the existing mechanical ventilation
systems continue to comply with RCS requirements in case of hydrogen
jet fire, particularly BS 7346-7-2013 recommendation for the system
fans to operate at 300 °C for a period not less than 60 min. In order to
achieve this the temperature limit of 300 °C is monitored: the ventilation
system is considered inherently safe if the produced by hydrogen jet fire
hot gases with temperature above 300 °C do not enter the ventilation
ducts. This is a conservative assessment as the duration of hydrogen jet
fires will likely be shorter than 60 min. The effect of TPRD diameter and
release direction, ventilation rate and vehicle location in a car park were
assessed. The results are reported in the following sections.

Fig. 10. Effect of TPRD diameter on flammable envelope propagation: A = 45°,
10 ACH.

Fig. 9. Downward releases at 30 s from TPRD @0.5 mm (left), @0.75 (right), A = 0°, 10 ACH.



V. Shentsov et al.

0.5 mm, 2.1 m, ACH=0

|
2 11 10 9 8 7 6 5 4

Journal of Energy Storage 68 (2023) 107771

Fig. 11. Effect of obstacle on flammable cloud formation: TPRD @0.5 mm, t = 8 s (top) and @0.75 mm, t = 11 s (bottom), A = 45°, 10 ACH.

5.2.1. Effect of mechanical ventilation presence

The effect of mechanical ventilation on the combustion products
cloud with temperature equal or above 573 K (300 °C limit) is shown in
Fig. 13. Distribution is given for release with TPRD @0.5 mm, release
angle A = 45° to vertical at the time t = 16 s, when the cloud reaches the
maximum height. It could be observed that ventilation presence does not
affect significantly the hot products distribution similarly to the unig-
nited releases. Mechanical ventilation should be maintained according
to current BS requirements (10 ACH).

Fig. 14 shows the dynamics of the maximum horizontal extent from
the rear of a vehicle and maximum height reached by the cloud with
temperature above 300 °C (573 K) threshold for TPRD @0.5 mm, release
angle A = 45°, with and without ventilation. As it can be seen for both
cases the effect of the ventilation is minimal and is comparable to the
numerical accuracy.

The temperature of 70 °C (343 K) is considered as a threshold for no
harm conditions for humans for any exposure duration [16]. Fig. 15
shows the dynamics of the maximum extension of the hot combustion
products cloud with temperature above 70 °C from the rear of a vehicle
as observed between height limits 0 and 2 m (i.e. human height) for the
same simulation. The maximum peak seen at t = 6 s is due to momentum
of hot products propagation after the initialisation of the release, which
fades quickly and then expected to monotonically decrease with time as
blowdown progresses.

5.2.2. Effect of TPRD release angle

Effect of TPRD release direction on thermal hazard distance was
studied similar to unignited releases by simulating release angle as A =
0°, 30°, 45° and 60° to vertical. Fig. 16 shows the simulated distribution
of combustion products with temperature above 300 °C at the time when
the maximum height is achieved for each TPRD release direction. For the
considered car park ceiling height of 3 m and TPRD @0.5 mm all release
directions led to the hot gases temperature dissipation below 300 °C
long time before buoyancy brings them to the vent openings at the
ceiling, thus the ventilation system will continue to comply with the BS
7346-7-2013 standard. However, it was observed that in the case of the
TPRD direction with A = 0° angle the cloud with temperature above
300 °C reaches a maximum height of 2 m, though for a short time. The
hot combustion products with temperature corresponding to fatality
harm criteria (300 °C, third-degree burns for 20 s exposure [16])
envelop the vehicle and may prevent escape of the occupants. For A =
30° angle, the cloud with temperature above 300 °C reaches a maximum
height of 2.1 m for a short time. For both A = 45° and 60° release angles

10

the hot gases with temperature above 300 °C do not reach 2 m height. A
further analysis has been conducted on hazard distances for people,
according to the “no-harm” criteria 70 °C for any exposure duration
[16]. It was observed that the “no-harm” distance from the vehicle is the
lowest for the TPRD release angle A = 0°. However, the hot combustion
products with the temperature reaching fatality harm level 300 °C sur-
round the vehicle in this case and may prevent escape of the occupants.
For the release angle A = 30° the “no-harm” distance is lower than 5 m,
but as mentioned earlier the cloud with temperature above 300 °C
would reach the carpark ceiling if its height is 2.1 m. For the TPRD
release angle A = 45° the “no-harm” distance is calculated as 6.2 m,
which is lower than distance for release with A = 60° angle. It appears
that the TPRD release angle A = 45° represents the best choice in terms
of minimal harm criteria for people and the hot gases cloud not pre-
venting operation of mechanical ventilation system compliant with BS
7346-7-2013 standard. Only this A = 45° release direction will be used
for further analysis of TPRD diameter effect.

Fig. 17 presents the dynamics of the maximum height and horizontal
distance from the rear of a vehicle reached by the hot combustion products
cloud with temperature equal or above 300 °C for different TPRD release
angles. Fig. 17 (left) shows the maximum extent of the hot combustion
products with temperature above 300 °C in horizontal direction from the
back of the vehicle. It can be observed that the maximum horizontal dis-
tance extends with the increase of the TPRD angle, which may lead to
higher risk of potential secondary fires even if minimising hazards for self-
evacuation of occupants from the vehicle. Also from Fig. 17, it can be
concluded that a TPRD with release direction A = 45° represents the best
option to ease the self-evacuation of the vehicle’s occupants and reduce
hazard distances in both vertical and horizontal directions. Fig. 17 (right)
shows the relationship between the release angle and the maximum height
at which the damaging for ventilation system temperature level 300 °C is
reached (keeping in mind that it cannot be larger than the height of the
carpark ceiling, i.e. 3.0 m). For the release angle A = 0° the ventilation
damage may occur at a maximum height of 2.0 m, although only for a short
time. However, it is noted from Fig. 16 that the hot combustion products
with a temperature corresponding to “fatality” harm criteria envelop the
vehicle, which may prevent the escape of the passengers. This suggests that
even if the damage level is not reached at the ceiling of 3.0 m height, the
hot combustion products may still pose a serious threat to the safety of self-
evacuation of occupants of the car park. For the release angle A = 30° the
damaging temperature level reaches the maximum height of 2.1 m, even
though for a short time (similar to A = 0° angle). For angles of 45° and 60°,
the damaging temperature level does not reach height 2.0 m.



V. Shentsov et al.

30 0.08
o
o
3 c —
5 . S —
2 =
= g yd
= =
< " S 0.06
o)
8 20 7 D=0.5, ACH10, A0, H3m B 8 / D=0.5, ACH10, AB0, H3m
S —-—-—- D=0.5, ACH10, A45, H3m 8 —-—-—- D=0.5,ACH10, A45, H3m —
"’o — — — D=0.5ACHO, A45, H3m © / — — — D=0.5,ACHO0, Ad5, H3m
i D=0.5, ACH10, A30, H3m ) 0.04 D=0.5, ACH10, A30, H3m
~ D=0.5, ACH10, A0, H3m @ / D=0.5, ACH10, AO, H3m
< / — — — D=0.5, ACHO, A45, H2.1m, wall 8 — — — D=0.5,ACHO, A45, H2.1m, wall
-
B0+t —as % /
~--lodo L] ~
E / S|l--F-T-= I0.02
s | .
8 [/ 2 A s B e e e B S B s 2 /’_/, S Sl b 1= 1 4= —-l=-=r -
= / g 1/ ™~
0 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time, s Time, s
60 o 0.25
C!? TSl am=4 T~ d - P s ST [ S -—
& 7 ~o - ~ o g - e S —
_2 / Feq--1 2 1’
- ©
4 s . £ 02 .
£ 1| . N =
@ B : [
3 ]
2 40 + N s \
8 !/ : 5 0.15 ,
'/ — = ©
S : r— 3 '
EX y = _ [T}
) = © 1
N / e} '
< h « 0.1 7
© -~ —
5 20 L\r’ s ~——— |
T T~ —T T ,’// R R S
= S— —— |
g B D=0.75, ACH10, Ad5, H3m D=0.75, ACH10, A30, H3m 1 ks 0.05 P D=0.75, ACH10, A45, H3m D=0.75, ACH10, A30, H3m
1) = — — D=0.75, ACHO, A45, H3m = = = D=0.75,ACH10, A0, H3m % | = =— — D=0.75,ACHO, A45, H3m = = = D=0.75,ACH10, A0, H3m [
g D=0.75, ACH10, Ad5, H2.1m — - — D=0.75, ACHO, A45, H2.1m, wall g J D=0.75, ACH10, A45, H2.1m — - — D=0.75, ACHO, A45, H2.1m, wall
0 |- — — D=0.75,ACHO, A45, H21m 0 E == [‘)=0.75,<\CHO,A‘45, H21m ‘ ‘
I T I T I I
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time, s Time, s
400 o 1.6
o
< s 1T\
] ~— \ S
g 2
£ 300 £1.2
g /
o / e
] S X
o o \
B3 X \ = - = D=1.0,ACH10, A45, H3m
3
N 200 3 0.8 \ @m— D=2.0, ACH10, A45, H3m [
<+ re}
34
© -
~ ®© ~
N
I 100 — - = D=1.0,ACH10,A45,H3m [— I 0.4
° l @m— D=2.0, ACH10, Ad5, H3m S e P B et s dilia Rk TP U
17 e e == @ /
o] PR &
= s
0 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time, s Time, s

Journal of Energy Storage 68 (2023) 107771

Fig. 12. Dynamics of flammable mass of hydrogen: within flammability limits 4-74 % vol. (left), within fastest burning composition 25-35 % vol. (right); TPRD
@0.5 mm (top), @0.75 mm (middle), 1.0 mm and 2.0 mm (bottom).
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Fig. 13. Effect of mechanical ventilation (10 ACH) versus no ventilation (0 ACH) on combustion products cloud with temperature above 300 °C: TPRD 0.5 mm, 3.0

m ceiling height, A = 45°, time t = 16 s.
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5.2.3. Effect of TPRD diameter

The effect of a TPRD diameter on the size of hot gases cloud and safe
operation of mechanical ventilation system compliant with BS 7346-7-
2013 standard has been assessed in the range @0.5-@2.0 mm. Fig. 18
shows the distributions of the cloud with temperature above 300 °C at
the time of maximum height of the cloud for each case. It can be
observed that for TPRD @0.5 mm the cloud with temperature above
300 °C reaches the maximum height 1.6 m and does not reach the
ceiling. For a TPRD @0.6 mm the cloud above 300 °C reaches a 2.5 m
height and does not reach ceiling either. In simulations with a TPRD
@0.6 mm and the ceiling height of 2.1 m the temperature above 300 °C
reaches the ceiling, which could undermine operation of mechanical
ventilation system and carpark safety (the case is not shown in Fig. 18).
For releases with both TPRD @0.75 and 1.0 mm the temperature above
300 °C reaches the ceiling within 8 s. This time is decreased to 5 s when a
TPRD @2.0 mm is employed. In this case the hot products cloud reaches
the wall at approximately 12 m behind the rear of the vehicle. The “no-
harm” distances from the back of the vehicle are below 6.5 m for TPRD
@0.5-30.6 mm, whereas this reaches the wall of the car park at 12 m
behind the vehicle for TPRD @0.75-@1.0 mm.

The results of the numerical simulations are in agreement with the
observations in [33] on naturally ventilated covered car park with di-
mensions L x H x W =30 x 28.4 x 2.6 m. The downward direction of
the jet fire was seen to significantly decrease the dangerous zone for the
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Fig. 16. Effect of TPRD release angle to vertical on the combustion products cloud with temperature above 300 °C for TPRD 0.5 mm: 3.0 m ceiling height, 10 ACH.
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Fig. 18. Effect of TPRD diameter on the combustion products cloud with temperature above 300 °C: A = 45°, 3.0 m ceiling height, 10 ACH.

ventilation system. In present study for the TPRD @2.0 mm release the
hot cloud with temperature above 300 °C yet reached the ceiling for
release directions at A = 0°, 30° and 45°. On the other hand, the TPRD
@0.5 mm and release direction A = 45° did not produce the dangerous
cloud at the ceiling during tank blowdown duration, e.g. in the study
[33] duration of blowdown for a 117 1 tank with initial pressure 70 MPa
was 1 h 40 min. It should be remarked that natural ventilation may
provide a lower amount of fresh air compared to mechanical ventilation.

Fig. 19 (left) depicts the maximum horizontal distance from the rear
of a vehicle for the combustion products cloud with temperature above
the 300 °C threshold. The graph provides insight into the potential
danger posed by the hot combustion products and their impact on the
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ventilation system safety. As can be seen from right figure with TPRD
@0.5 mm, the temperature level damaging ventilation is not reached
under the 3.0 m high ceiling and temperature 300 °C reaches maximum
height 1.6 m only. With TPRD 0.6 mm the damaging temperature level
is not reached under the ceiling for a car park height of 3.0 m, however,
temperature threshold 300 °C is reached at 2.5 m height, which could
undermine safety for car parks with the height below this value. With
TPRD @0.75-@1.0 mm the damage level under the ceiling is reached
within 8 s.

As can be seen in Fig. 20 for the TPRD @0.5-@0.6 mm, the maximum
“no-harm” distance from the rear of a vehicle is achieved at about 6.5 m.
This hazard distance from the vehicle should be maintained for any
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pedestrians to prevent any potential harm. On the other hand, the TPRD
@0.75-@1.0 mm is observed to provide harmful conditions up to the
wall of the car park located behind the vehicle at 12 m distance. How-
ever, it should be remarked that reduction of a TPRD diameter for the
same tank volume elongates the time required for the blowdown of the
pressurised storage system. In the event of tank exposure to a fire, it
should be ensured that the storage tank fire resistance rating is still
sufficient for the given TPRD diameter to blowdown the tank before its
catastrophic rupture. One of the promising technologies is Leak-no-burst
(LNB) safety technology for Type IV tanks, which can prevent cata-
strophic tank rupture even in the event of a fire even with a non-
functioning TPRD [34]. Another inherently safer engineering solution
to ensure tank integrity in a fire is tank-TPRD design as a system, which
prevents conventional composite tanks rupture with TPRD orifices as
small as @0.5 mm [35].
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6. Safety strategies and recommendations

The results of the performed numerical analysis are used to formulate
safety strategies and recommendations to underpin the inherently safer
introduction of FCEV into underground infrastructure. The criteria
employed for the assessment of the proposed safety strategies include
the compliance to current RCS ventilation requirements in underground
carparks and the facilitation of self-evacuation or rescue from the FCEV.
It is worth mentioning that some of the listed recommendations on op-
timum TPRD diameters and angles are based the specific case considered
in this paper: downwards hydrogen jets directed backwards a FCEV in an
underground car park of dimensions 45 x 3 x 23 m, with an onboard
hydrogen storage tank volume of 62.4 1 and NWP 700 bar.



V. Shentsov et al.

m The general safety strategy for unignited releases in under-
ground parking is to eliminate the formation of flammable
cloud under the ceiling.

m For the upward releases, the similarity law can be used to
calculate at what TPRD size the hydrogen jet will decay below
4 % vol. (LFL) before reaching the ceiling.

= The ventilation rate required by RCS for carparks does not
affect the hydrogen flammable clouds formed by releases from
TPRD @0.5-@0.75 mm.

m TPRD release direction at the angle A = 45° is deemed to be the
overall best safety solution. Releases at the angle A
0° generate buoyant hydrogen-air plume forming a flammable
layer under the ceiling. Releases at the angle A = 0° and 30°
provide mixture propagation towards the front and rear wheels,
which, if ignited, will contradict to RCS requirements for FCEV.

m Releases from TPRD @0.5 and @0.75 mm do not result in a
flammable layer formation under the carpark ceiling for the
considered range of ceiling heights (2.1-3.0 m) and ventilation
rates from 0 ACH (no ventilation) to 10 ACH (required me-
chanical ventilation rate in case of fire).

m Releases from TPRDs above @0.75 mm have the potential to
create a flammable layer, especially in the absence of me-
chanical ventilation.

m Releases from TPRD towards obstacles tend to prohibit
hydrogen mixing with air and promote accumulation of a
flammable cloud; it should be recommended not to park FCEV
with TPRD directed towards any obstruction.

m The use of analytical models for analysis of mechanical venti-
lation effect on hydrogen propagation from onboard storage
releases deem to suffer loss of accuracy due to transient and
highly non-uniform hydrogen distribution. This is particularly
pronounced for enclosures with large volume and complex
geometries. The use of more accurate methods capable to
resolve spatial and temporal hydrogen dynamics like CFD
should be considered for these problems.

m The strategy for preventing hot combustion products with
temperature above 300 °C from reaching the underground
parking ceiling will ensure FCEV compatibility with current
RCS requirement for carpark mechanical ventilation to operate
at least at 300 °C for 60 min. For vertical hydrogen jet fires
oriented upward the dimensionless flame length correlation
can be used to determine the TPRD size which will correspond
to the hot products temperature dropping below 300 °C before
reaching the ceiling.

m Ventilation does not significantly affect the distribution of hot
combustion products and the associated hazard distances for
TPRD @0.5 mm. This conclusion is consistent with studies on
unignited jets, where it was found that the ventilation did not
impact hydrogen flammable clouds formed by releases from
TPRD @0.5-@0.75 mm. Mechanical ventilation should be
maintained according to current BS requirements (10 ACH).

m A release angle of 45° through a TPRD @0.5 mm is recom-
mended to not obstruct the vehicle evacuation and reduce the
hot combustion products height compared to angles 0-30°, and
to reduce hazard distances compared to angle 60°. Ignited re-
leases at an angle of 0° may obstruct self-evacuation and rescue
operations from the vehicle. For release angles below 30° the
formation of hot products with a temperature of 300 °C at a
height of 2.0 m is observed. This height is comparable to the
minimum height of 2.1 m found for underground parking.

m A release with angle 45° and TPRD @0.5 mm is found to comply
with RCS requirements to mechanical ventilation systems when
underground car parks height is 2.1-3.0 m. TPRD 0.6 mm is
seen to comply with the requirements for a car park height of
3.0 m, however, it could pose a safety risk for car parks with a

15

Journal of Energy Storage 68 (2023) 107771

height of 2.1 m. The no-harm distance from the rear of the
vehicle is similar to the case of TPRD @0.5 mm.

m Larger TPRDs @0.75-@1.0 mm are found to result in hot

products temperature above 300 °C at the ceiling height 3.0 m,

which is above RCS requirement for carpark mechanical

ventilation fans and may compromise their operation and car-
park safety. The TPRD dimensions for jet fires are more
restrictive than for unignited releases. Numerical modelling of

unignited hydrogen releases shows that TPRD up to @0.75 mm

does not result in a flammable layer formation under the car

park ceiling for the considered range of ceiling heights (2.1-3.0

m).

It should be noted that the damage criterion for ventilation

system used in this study is conservative and that jet fires are

expected to have a much shorter duration compared to the
required resistance time for the ventilation system’s fans (at
least 60 min) and duration of a general car fire.

m The rupture of the onboard storage tanks should be prevented
at all costs. It shall be ensured that a given design and diameter
of a TPRD is assessed against the fire resistance rating of the
hydrogen storage tank to exclude the eventuality of cata-
strophic rupture of the high-pressure equipment prior to the
complete emptying of the tank.

7. Conclusions

The originality of the performed research is in conducting for the first
time analysis of hydrogen release and dispersion and ignited jet fire from
a realistic high-pressure hydrogen tank TPRD in a real underground
parking taking into account the effect of release direction, angle, ceiling
height and ventilation. Safety strategy based on similarity law for con-
centration decay along hydrogen jet axis and allowing to exclude
flammable mixture formation under car parking ceiling by limiting
TPRD diameter is demonstrated for vertical release direction. The
dimensionless flame length correlation can be used to assess the dis-
tances to hazardous temperature levels for upwards vertical hydrogen
jet fires in an underground car park. The series of 19 CFD simulations of
unignited and ignited blowdown releases taking into account realistic
vehicle and car parking geometry with and without account of me-
chanical ventilation in underground parking is performed providing
detailed information on hydrogen-air mixture and hot combustion
products dynamics.

The rigour of this work is in the consistent and detailed analysis
across the whole range of potential TPRD design parameters (diameter,
release direction), realistic carpark geometries (heights, space), venti-
lation rates (from no ventilation, 0 ACH, up to regulated 10 ACH).

The significance of this study is in demonstration of the proper choice
of TPRD angle and diameter deemed to satisfy safety requirements in
case of accidental hydrogen release and jet fire in underground carpark
which mechanical ventilation is compliant with currently existing RCS.
The fact enables the use of currently existing parking and underground
infrastructure with the new generation of FCEV.

It should be noted that any recommendation associated with the
mitigation of potential hazards by decreasing TPRD diameter shall
ensure that the storage tank fire resistance rating is still sufficient to
exclude catastrophic rupture of high-pressure equipment prior to a full
emptying of the tank.

The above discussion has provided a valuable contribution to the
recommendations to regulations, codes and standards (RCS) related to
dealing with unignited and ignited hydrogen releases in confined
spaces in HyTunnel-CS project deliverable D6.9 “Recommendations for
inherently safer use of hydrogen vehicles in underground traffic
systems”.
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