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Abstract: Hydrogen jet fires from a thermally activated pressure relief device (TPRD) on onboard
storage are considered for a vehicle in a naturally ventilated covered car park. Computational Fluid
Dynamics was used to predict behaviour of ignited releases from a 70 MPa tank into a naturally
ventilated covered car park. Releases through TPRD diameters 3.34, 2 and 0.5 mm were studied to
understand effect on hazard distances from the vehicle. A vertical release, and downward releases at
0°,30° and 45° for TPRD diameters 2 and 0.5 mm were considered, accounting for tank blowdown.
direction of a downward release was found to significantly contribute to decrease of temperature in
a hot cloud under the ceiling. Whilst the ceiling is reached by a jet exceeding 300 °C for a release
through a TPRD of 2 mm for inclinations of either 0°, 30° or 45°, an ignited release through a TPRD
of 0.5 mm and angle of 45° did not produce a cloud with a temperature above 300 °C at the ceiling
during blowdown. The research findings, specifically regarding the extent of the cloud of hot gasses,
have implications for the design of mechanical ventilation systems.

Keywords: hydrogen jet fire; covered car park; hydrogen safety; onboard storage; blowdown;
TPRD design

1. Introduction

Hydrogen is typically stored onboard a vehicle as a compressed gas at 35 MPa for buses
and 70 MPa for cars. The onboard storage tanks are fitted with thermally activated pressure
relief devices (TPRD) to release hydrogen, avoiding tank rupture when the surrounding
temperature melts the TPRD sensing element at 110 °C or above [1]. By necessity, hydrogen
vehicles will be parked in garages, car parks, maintenance shops, etc. It is important to
understand the hazards associated with the use of hydrogen vehicles in confined spaces in
order to in turn reduce the hazard and associated risks. Safe indoor use of hydrogen has
been the focus of hydrogen safety research, e.g., within the HyIndoor [2] and HyTunnel-
CS [3] projects, however, car parks are an area requiring more investigation.

The release of a high mass flow rate of hydrogen through a TPRD may bring serious
safety concerns in an indoor environment. Previous theoretical and numerical work by
the authors on unignited releases indoors has covered momentum-dominated releases
both in enclosures with minimum ventilation and in a naturally ventilated covered car
park. Even unignited release from TPRD in a garage-like enclosure with limited vent size
may lead to the pressure peaking phenomenon [4-6]. In a naturally ventilated covered car
park, if there is no ignition, then understanding the release and dispersion of hydrogen
and subsequent formation of a flammable cloud is the primary concern to define inherently
safer conditions for TPRD release from passenger vehicles; this has been the focus of a
previous study by the authors [7]. However, there is a need to understand how ignition
impacts upon requirements for a safer release.
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In the event of a TPRD activation, the most probable event is that the released hydro-
gen will ignite [8]; hence the focus of this work. There is an absence of published work on
the ignited hydrogen releases in covered car parks, however, and this is an important topic
with the more widespread use of indoor hydrogen vehicles. There is a need to understand
the behaviour of ignited release from a TPRD to fully define inherently safer conditions for
TPRD release from passenger vehicles. If the thermal effects of a TPRD release are under-
stood, then this can be used to inform TPRD design. Both ignited and unignited releases
for a typical small residential garage (4.5 x 2.6 x 2.6 m) [9] from a TPRD = 3.34 mm were
numerically investigated by Brennan et al. [10] previously, and compared to understand
thermal and pressure effects in scenarios with limited vent size in garage-like enclosures.
The ignited release, i.e., jet fire, was shown to produce an overpressure two orders of
magnitude greater than the unignited release. Flame development and thermal effects
for the garage and outside the vent were analysed. The work highlighted that the ignited
release has the potential to cause serious safety concerns if it is not well accounted for.

In the authors’ previous study [11], a numerical model to predict the pressure peaking
phenomenon for an ignited release was validated against experiments in a 1 m3 enclosure
and subsequently applied to a parametric study investigating an inherently safer TPRD
diameter for different residential garage vent configurations. It was found that the TPRD
diameter should be reduced to a fraction of a millimetre to be used in a typical residential
garage where minimal ventilation exists. The same validated numerical model is applied
in this study for ignited hydrogen release in a naturally ventilated covered car park, where
the enclosure volume and the vents are much larger than in the garage.

A ventilation system within a car park should serve to reduce the potential for a
flammable mixture to form. In the case of hydrogen this means ensuring that the con-
centration of hydrogen in air is kept below 4% by volume i.e., the Lower Flammability
Limit (LFL). It is recommended by existing standards that the ventilation rate is such that
in the case of hydrogen the concentration does not exceed 1% by volume i.e., 25% of the
LFL within the car park; this is specified in ISO/DIS 19880-1 [12], NFPA 2 [13] and IEC
(60079-10) [14]. This was the focus of previous work by the authors where an unignited
release was considered within the same covered car park geometry presented here [7]. The
British Standard BS 7346-7:2013 [15] defining the code of practice for underground car
parks is used as a reference for the natural ventilation requirements in [7] and in this work.
The same code of practice provides recommendations on equipment performance in the
case of mechanical ventilation as follows: “All fans intended to exhaust hot gases used
within a car park ventilation system should be tested in accordance with BS EN 12101-3 to
verify their suitability for operating at 300 °C for a period not less than 60 min (class F300)”.
Thus, the extent of the cloud of hot gasses at 300 °C is noted in this study, as it could be
used as the temperature limit that can be recorded at ventilation ducts for inherently safer
operation of a mechanical ventilation system in the event of a hydrogen jet fire.

A covered car park is the term used to describe either a car park with two or more
sides and a roof, or one which is underground. Covered car parks are representative of
the majority constructed in recent times [16]. Whilst the heat release [17] and the smoke
movement and fire spread from a car fire in a car park [18] were numerically investigated.
There are limited published studies, either experimental or numerical investigating safety
aspects of an ignited hydrogen release in a large, confined space such as a naturally
ventilated covered car park. Greater understanding of this topic is critical to underpin the
wider introduction of hydrogen vehicles and their safe use in car parks. Therefore, this is
the focus of this study.

2. Problem Description

The problem description is similar to the setup described in previous work [7], with
the key difference that the focus here is on ignited releases. The previous study by the
authors focused on understanding the release and dispersion of hydrogen from a TPRD
in a naturally ventilated covered car park to define inherently safer conditions for TPRD
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release from passenger vehicles. The work presented here considers the impact of an
ignited release on the defining safer conditions for TPRD release, specifically considering
thermal hazards. Computation Fluid Dynamics (CFD) is used to investigate an ignited
release from a TPRD within a covered car park. A typically covered car park has been
simulated with dimensions of L x W x H =30 x 28.4 x 2.6 m as can be seen in Figure 1
(ceiling is not shown). Again, this is the same geometry considered in previous work [7]
to enable direct comparison. There are two main openings within the car park, as shown
in Figure 1, and whilst different in shape, both have the same area. The front vent is in
the form of an opening for vehicles, with additional vents to either side, the opposing
vent is located on the opposite wall, near the ceiling. As described in previous work [7]
the ventilation requirements were based on BS 7346-7:2013 [15], which recommends an
opening area equal to 5% of the floor area in a covered car park with natural ventilation.
The Dutch Standard NEN 2443 [19] also recommends a total opening area equivalent to 5%
but split between opposing walls. On this basis, the two vents are of equal area (21.45 m?)
and positioned opposing one another.
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Figure 1. Sketch of the naturally ventilated covered car park with car geometry.

Eleven cases were considered to compare scenarios that differ by TPRD diameter
and release directions as indicated in Table 1. The under-expanded jet theory [20] was
used to calculate parameters at the notional nozzle exit diameter used in simulations as a
boundary for hydrogen release, thus avoiding the need to resolve the shock structure of the
under-expanded jet at the TPRD exit. The car volume was not considered for cases 1, 2 and
7, where upward releases through different TPRD diameters were simulated. The release
in these cases was located at the centre of the car park at a position 0.5 m above the floor.
A car geometry was accounted for in the other eight cases, where the release directions
and diameters were compared. The car chosen was representative of a typical saloon car
(e.g., Honda clarity) and the same as that published previously [7]i.e., L x W x H=4.9 x
1.88 x 1.47 m was chosen. The car was assumed to be parked (not moving), with a full
tank. The tank was based on current vehicles e.g., the Honda Clarity and was designed
with a representative volume of 117 L and initial storage pressure of 70 MPa. The total
capacity was just over 5 kg. The car body was 0.25 m above the ground, and the circular
wheels were represented as a square of the same area.



Hydrogen 2021, 2 346
Table 1. Numerical experiments considered for a covered car park with natural ventilation.
Case TPRD Release Releas? Car Blow-Down Initial H, R.e lease
Number D}ameter Direction Angle.w1th Geometry Model Rate kg/s D}s.t ance
(Notional) mm Vertical Ceiling, m

Case 1 3.34 (56.4) Upward 0° No No 0.2993 2.1
Case 2 2(33.8) Upward 0° No Yes 0.1072 2.1
Case 3 2 (33.8) Upward 0° Yes Yes 0.1072 1.13
Case 4 2 (33.8) Downward 0° Yes Yes 0.1072 2.35
Case 5 2 (33.8) Downward 30° Yes Yes 0.1072 2.35
Case 6 2 (33.8) Downward 45° Yes Yes 0.1072 2.35
Case 7 0.5 (8.44) Upward 0° No Yes 0.0067 2.1
Case 8 0.5 (8.44) Upward 0° Yes Yes 0.0067 1.13
Case 9 0.5 (8.44) Downward 0° Yes Yes 0.0067 2.35
Case 10 0.5 (8.44) Downward 30° Yes Yes 0.0067 2.35
Case 11 0.5 (8.44) Downward 45° Yes Yes 0.0067 2.35

Two TPRD locations are considered in this study: underneath the car close to the rear
left wheel and the upper rear of the car close to back windshield facing upwards. As in
previous work [7], the TPRD was located at the felt side of the car at positions of 1.47 m
and 0.25 m from the floor, respectively. The leak centre was aligned to the car park centre.
Ambient temperature and pressure were taken as 293 K and 101,325 Pa. The effects of
wind were not considered, as this was deemed representative of a car park located in a
metropolitan setting.

Harm Criteria

Exposure of people to flames and high gas temperature is a clear consequence of the
jet fire. Whilst exposure to a direct flame may be considered lethal, the envelope of hot
gasses in the vicinity of the flame is also of relevance both in terms of the direct effect it
may have on people, and also the potential impact on ventilation system [15]. Molkov [21]
discusses the temperature around the jet trajectory and a harm criterion correlated to
temperature distribution for people as no harm limit (343 K for any exposure duration),
pain limit (388 K for 5 min exposure) and fatality limit (582 K third-degree burns for 20 s
exposure). Thus, these three temperature levels and the temperature which represents the
visible flame length (1573 K) are considered in this study for the first 20 s of each release.
It should be emphasised that 1573 K represents the visible flame length as opposed to
the flame temperature, the adiabatic flame temperature is higher in the range of 2300 K
to 2500 K. This initial stage is deemed to be crucial from a safety perspective, and it was
found that hazard distances decrease beyond this time due to blowdown of hydrogen from
the storage tank. Whilst mechanical ventilation was not the focus of this study, the extent
of the gas clouds with a temperature greater than 300 °C is noted. Thermal rather than
pressure effects were the primary concern for the specific scenario considered, given there
was sufficient ventilation to avoid pressure peaking, and the release was assumed to be
ignited immediately, avoiding delayed ignition.

3. Model and Numerical Approach

CFD simulations were performed to model an ignited hydrogen release, the jet im-
pingement and spread of the resultant hot jet over the floor, under the ceiling, providing
insight into the entire combustion and gas flow dynamics, including flame shape and tem-
perature distribution inside an enclosure. The CFD package ANSYS Fluent version 16.2 [22]
was the base software tool used to simulate the high-pressure hydrogen release scenarios.
The governing equations, turbulence model, combustion model and radiation approach
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are described in a previous validation study by the authors [11] for overpressure prediction
in an enclosure due to an ignited release, and a similar model was applied, and results
compared to the validated analytical model for pressure peaking prediction inside a resi-
dential garage [10]. Currently, no experimental data is available for momentum-dominated
hydrogen jet fires in a large, confined space such as a car park.

The geometries and hexahedral meshes were created with ICEM CFD, and ANSYS
Fluent was used to solve the governing equations. A full description of the governing
equations, turbulence, combustion and radiation models are given in a previous validation
paper by the authors [11] and summarised here. A pressure-based solver was used and
PISO (Pressure Implicit with the Splitting of Operators) was applied due to the transient
flow. Compressible flow was considered with an ideal gas law. Second-order upwind
schemes were used for all spatial discretisation, except for the pressure gradient where the
PRESTO! interpolation method was applied. The Discrete Ordinates (DO) model was used
to account for radiation and details are described in the authors’ previous publication [11].
The absorption coefficient described by Yan et al. [23] was implemented, where the air is
considered to be 100% dry. The realisable k-¢ turbulent model was used to model turbulent
flow [11]. The Eddy Dissipation Concept model (EDC) was used to capture hydrogen
combustion in the air. Ignition was modelled by patching a temperature until it could
be confirmed the flame had begun to propagate. This combustion modelling approach
was successfully applied and described by the authors in previous work [10], in the work
presented here the modelling approach is extended to compressible flow and a volumetric
source approach is used to the inlet boundary as described below and in full detail in [20].

The outer domain for the car park was L x W x H =170 x 128.6 x 2.6 m. Both
geometries were axis-symmetric lengthwise. A hexahedral mesh was generated throughout
the domains. Whilst the walls were not meshed, conduction heat transfer through them
was accounted for. The geometry and materials were the same as those described in
previous work [11] where the floor, walls, and the ceiling were 0.15 m thick concrete. The
car body and release pipe (where the car was not modelled) were made of aluminium,
further details on the material properties can be found in previous work by the authors [11].
A box mesh technique with mesh interfaces was implemented to provide a refined mesh
around the nozzle making it possible to have improved resolution in the required areas
without a significant increase in a total number of control volumes. A no-slip condition
was applied at the solid surfaces. The domains were assumed to be initially 100% air at
standard atmospheric pressure and temperature, i.e., 101,325 Pa and 293.15 K respectively.

Hydrogen released from a 70 MPa tank through a TPRD forms a highly under-
expanded jet, leading to a complex shock structure at the nozzle exit, which is com-
putationally intensive to capture. It is not necessary to resolve this shock structure in this
work as it is not the focus of this study. Therefore, the notional nozzle theory was applied
along with the blowdown model [20,21]. It was found that the adiabatic blowdown model
provided a good agreement with experimental pressure and temperature at the initial stage
of the release and the isothermal blowdown model reproduces temperature closer to the
experiment for high-pressure hydrogen storage (930 bar) in later stages [24]. Thus, an
adiabatic model was used in this study to reproduce the hydrogen tank blowdown since
only the very initial stage of the blowdown process was considered as being associated
with the largest hazard distance. Calculated pressure dynamics for blowdown through
2 mm and 0.5 mm diameters TPRD are shown in Figure 2. When the TPRD diameter is
2mm for a 117 L, 70 MPa tank, the total blowdown takes over 375 s, and for TPRD = 0.5 mm
the blowdown time is 6000 s.
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Figure 2. Pressure dynamics for adiabatic blowdown from 70 MPa, 117 L tank for 2 mm (left) and 0.5 mm diameter
TPRD (right).

As the tank empties the storage pressure drops, leading to a reduction in the corre-
sponding notional nozzle. This presents simulation challenges. Therefore, rather than
modelling a a release diameter which changes continuously during blowdown, a volu-
metric source approach [20] was implemented in a single cell simulating the leak. This
method has been previously validated against experiments [25] of high-pressure hydrogen
horizontal and the results are presented in [21]. The hydrogen inflow is accounted for using
a User Defined Function (UDF) through source terms in the mass, momentum, energy,
turbulent kinetic energy and turbulent dissipation energy equations. It was demonstrated
that a volumetric source equivalent to 4 times (or less) of the notional nozzle diameter can
accurately reproduce concentration decay in the under-expanded jets.

4. Results

In this study, larger vents and the scale of the enclosure are such that the overpres-
sure inside the enclosure is not the most significant hazard. Rather, the focus here is on

thermal hazard from flame and hot gas propagation investigated by performing the eleven
numerical tests as presented in Table 1.

4.1. Grid Independence

To comply with the CFD model evaluation protocol [26], three different grids, were
simulated (coarse, intermediate, and refined) as presented in Table 2.

Table 2. Mesh details for grid independence study.

Mesh No. of Cells No. of Faces No. of Nodes Cells at Leak

Coarse 691,759 2,297,390 745,416 one
Intermediate 1,013,449 3,293,809 1,072,606 one

Refine 2,656,244 8,402,247 2,758,610 four

Case 1 (Table 1) with a constant mass flow rate upward release in the covered car park
through TPRD = 3.34 mm was selected for grid independence study. At each refinement
step the average length of the computational cells was halved inside the car park. Attention
was paid in areas where high gradients and complex phenomena were expected for exam-
ple, at the leak point, and the ceiling as recommended by Baraldi et al. [27]. Temperature
and velocity were measured at points under the car park ceiling at 1% of the height from
the nozzle exit to the ceiling, H, at an increasing radius from the jet axis at a flow time
of 5.5 s. The temperature and velocity results are shown in Figure 3. It can be seen that
mesh resolution does not affect the results at the points close to the jet axis for temperature
although a difference is evident for points, further from the axis, closer to the car park
walls, in this region the gird is coarser with cells in the region of 20-30 cm lengthwise.
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However, the height of the cells is constant with distance from the jet axis to ensure the
points at a distance of 1% H are captured.
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Figure 3. Temperature (left) and velocity (right) along with the ceiling, for varying mesh resolutions in the covered car

park, with a 299.3 g/s hydrogen release through TPRD = 3.34 mm (case 1) at flow time 5.5 s.

In the vicinity of the car park walls, the temperature differs by a factor of 2 between
meshes, with the temperature predicted using a coarse grid twice that predicted by the
refined mesh. The difference was most pronounced at this position. In terms of velocity
prediction, higher values were predicted by the coarser mesh with little difference observed
for the two more refined meshes. Both coarse and intermediate meshes were used in this
study depending on the area of interest due to the computational expense of the refined
mesh. The differences in temperature and velocity prediction in the regions of most interest
were deemed minor compared to the difference in computational time (1 week versus
7 weeks for 5 s on a 64 cores machine).

It should be noted that the CFL number in this study did not exceed 40. It was found
in previous related studies by the authors [7,10,11] that there is no adverse effect on the
release and dispersion, provided the CFL number is 1 or less for the initial stage (here,
CFL number was kept below 1 for the first 1 s of the release). The initial simulation results
also confirmed that there are no changes in the result if a CFL number of 40 is used for the
large-scale car park simulation after the first 1 s of flow time.

4.2. Upward Release

One possible direction of hydrogen release is upward from the ceiling of the car. In
an outdoor environment, this may be advantageous. However, an upward ignited release
in an enclosure will potentially lead to flame impingement and development of a layer
of hot gas under the ceiling. Five upward release scenarios were simulated here through
TPRD diameters of 0.5 mm, 2 mm, and 3.34 mm. These five numerical tests are: three cases
without a car body (Case 1, 2 and 7 in Table 1) and two cases with a car geometry included
(Case 3 and 8 in Table 1).

4.2.1. Constant Mass Flow Rate Release

A constant mass flow rate hydrogen release of 299.3 g /s through TPRD = 3.34 mm
was simulated as a starting point for case 1 only. Whilst it is recognised that it is more
realistic to account for blowdown, releases through a TPRD of this diameter have been
previously studied by the authors [10], providing a point for comparison. Known TPRD
diameters can range from 2 mm to 5 mm depending on the manufacturer and 3.34 mm
was taken as the largest diameter in this study. This case represents the worst-case scenario
here since tank blowdown is not accounted for, care should be taken in interpreting the
results as they represent a continuous leak. However, accumulation of the hot gas can be
observed within the initial seconds of the release, before the tank pressure would have
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dropped to a significant level. A constant release can also be useful in understanding what
may occur in other scenarios where pipes and tanks may leak for a longer period.

Three levels of temperatures related to three harm criteria and visible flame rep-
resentative temperature (1573 K) were considered in this study for the first 20 s of the
release, which is thought to be the crucial initial stage that can be used to estimate the
hazard distances. It should be noted that Figures 4 and 5b show 3D iso-surfaces of the hot
gases, i.e., the surface in the domain at that specific temperature, whereas the complete
temperature distribution can be seen in Figure 5a which gives an indication of the hot jet
development. It can be seen from Figures 4 and 5b that the hot gas at no-harm criterion
temperature (343 K) occupied the entire car park in just 10 s and 3 m outside the vent in
20 s. The hot gas at fatality criterion temperature covered the ceiling and accumulated on
the upper half layer (1.3 m height to the ceiling) of the enclosure.

343 K 388 K 582 K

\‘\

‘-’a -
P
L -

Figure 4. Iso-surfaces showing no-harm (left), pain limit (centre) and fatality temperature (right) for
ignited hydrogen release in case 1 (TPRD = 3.34 mm, constant upward release from distance 2.1 m to

the ceiling, no car body).
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Figure 5. (a) Temperature contours along the central plane of the covered car park for case 1. (b) Side
view iso-surfaces showing pain limit (top), fatality limit (middle) and flame temperature (bottom) for
case 1 (TPRD = 3.34 mm, constant upward release from distance 2.1 m to the ceiling, no car body) at

time 20 s.

For the constant upward hydrogen release any extraction vents of mechanical ventila-
tion system would be covered by combustion products with a temperature greater than
300 °C within 10 s.

4.2.2. Tank Blowdown

A Tank blowdown was considered as described in Section 3 to simulate realistic
upward hydrogen releases for two release diameters as follows.



Hydrogen 2021, 2

351

Upward 2 mm TPRD Diameter Release

One of the possible safety solutions to avoid the catastrophic release in case 1 (TPRD = 3.34 mm)
is to decrease the TPRD diameter. Thus, TPRD = 2 mm was used to simulate case 2 without
a car and case 3 with car body geometry. The main difference between these two cases
was the distance between the release and the ceiling, in addition to the inclusion of the car
geometry within the car park. In case 2 (no car) the leak was located 2.1 m from the ceiling,
and in case 3 (with a car) the leak was located 1.13 m from the ceiling.

The results for case 2 (no car) can be seen in Figure 6 (far right). It is shown that the
extent of the hot gas at fatality temperatures is a maximum at a release time of only 10 s
and the hot envelope reduces in 20 s with covering only a 7 m radial diameter from the jet
axis on the top layer of the enclosure close to the ceiling. Case 3 with car body geometry
was also simulated as shown in Figures 6 and 7. The extent of the hot cloud corresponding
to “no harm” and “pain limit” temperatures was similar to case 2 (not shown here) despite
a reduction in the distance between the release point and the car park ceiling (from 2.1 m
in case 2 to 1.13 m in case 3). The maximum envelope of hot products at 582 K occurred
in less than 5 s, and decreased to a similar level of the case with no car within 20 s. The
comparison between cases 2 and 3 showed that for an upward release the inclusion of a car
geometry had minimal impact on the prediction of hot envelope development under the
car park ceiling. The car does not obstruct the flow of combustion products as is evident in
downward release scenarios. It should be noted that the numerical simulations predicted a
temperature rise on the floor, car park walls and some exposed car body due to the effect
of radiation heat transfer as considered in this study. It is also emphasised that the images
in Figure 6 are iso-surfaces and do not show the higher temperatures within the jet (e.g., as
shown in Figure 5a).

343 K 388K 582 K 582 K (No car)

By x> iw_ g B
’\0 T < .\
-O\ O\\ .\
> =

Figure 6. Iso-surfaces showing no-harm (343 K), pain limit (388 k) and fatality limit temperature (582 k) for ignited hydrogen

release in case 3 (TPRD = 2 mm, upward release from distance 1.13 m from the ceiling with tank blowdown and car body)

and case 2 (TPRD = 2 mm, upward release from distance 2.1 m to the ceiling with tank blowdown, no car body).

Upward 0.5 mm TPRD Diameter Release

To further reduce the hazard and associated risk, two upward releases through a
TPRD with a diameter of 0.5 mm were simulated. Case 7 did not include the car geometry;
hence the leak was 2.1 m from the car park ceiling. Case 8 included the car geometry, and
the leak position was 1.13 m from the car park ceiling. The results for case 7 are shown in
Figure 8, it can be seen that the hot gas envelope at 582 K extends over a very small area
immediately above the release, under the car park ceiling, with a diameter of 1.5 m. The
extent of the cloud of gas at 582 K reaches a maximum within the just 1 s of the release
and remains constant until 20 s, after which point the simulation was terminated. The hot
products at 388 K cover a wider area under the car park, extending a radius of 9 m away
from the jet axis. The gas at a no-harm temperature extends over a significantly reduced
area when compared with the releases from the TPRD diameters of 2 mm and 3.34 mm
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discussed previously. Indeed, gases at this temperature are evident only immediately
above the leak and in a later along the ceiling.
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Figure 7. Side view iso-surfaces showing pain limit (388 K), fatality limit (582 K), and flame visible
(1573 K) temperatures. (Left): case 3 (TPRD = 2 mm, upward release with tank blowdown from
distance 1.13 m to the ceiling). (Right): case 8 (TPRD = 0.5 mm, upward release with tank blowdown
from distance 1.13 m to the ceiling).
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Figure 8. Iso-surfaces showing no-harm (343 K), pain limit (388 K) and fatality limit (582 K) tempera-
ture for ignited hydrogen release in case 7 (TPRD = 0.5 mm, upward release with tank blowdown

from distance 2.1 m to the ceiling, no car body).

An upward release through TPRD = 0.5 mm from the car body (case 8) is presented in
Figure 9. As noted, this case is similar to case 7 but with the inclusion of the car body and a
higher release point. The area under the ceiling, covered by the hot gas at a temperature of
582 K increased compared to case 7. However, the leak point is closer to the ceiling, and
the cloud at 582 K reached a maximum within 5 s and decreases to a radial distance of 2 m
under the ceiling from the jet axis. It should be noted that this case, i.e., TPRD = 0.5 mm,
is inherently the safest case scenario investigated here for an upward release as could
be expected.
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Figure 9. Iso-surface showing no-harm (343 K), pain limit (388 K) and fatal limit (582 K) temperature
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for ignited hydrogen release in case 8 (TPRD = 0.5 mm, upward release with tank blowdown from
distance 1.13 m to the ceiling, and car body).

4.3. Downward Release

In this section, downward ignited hydrogen releases from TPRD of onboard storage
in a naturally ventilated covered car park are described. Releases through two TPRD
diameters, 0.5 mm and 2 mm at angles of 0°, 30° and 45° to the vertical were simulated
and compared. All downward release simulations include car geometry.

4.3.1. 0° Release Angle with the Vertical Axis

Straight downward releases from onboard storage in a hydrogen-powered vehicle
have been covered in the literature for an open atmosphere condition. Li et al. [28] studied
a vertically downward unignited and ignited release from TPRD = 4.2 mm under a car for
both 35 MPa and 70 MPa storage pressure in an open environment. The hazard distances
for both unignited and ignited hydrogen releases with vertically downward direction were
found to be shorter than for free jets. The hazard distance was noted as at least 12 m for a
70 MPa release. However, Li et al. [28] focused on releases in an open atmosphere without
confinement and a relatively big TPRD diameter compared to this study. In recent work
by Li and Luo [29], the same release diameters and conditions for ignited hydrogen were
compared with CNG (methane) releases, and it was found that the CNG jet fire duration
was twice that of the hydrogen jet fire. Their study was also in the open atmosphere
without any obstructions.

Vertically downward ignited hydrogen releases through TPRD = 2 mm (case 4) and
TPRD = 0.5 mm (case 9) were simulated. The downward release from TPRD = 2 mm is
shown in Figure 10. It can be seen how the car body and vertical downward direction of
the release played an important role in decreasing the extent of the hot cloud at the fatality
limit temperature. The hot cloud at 582 K reached a maximum extent within 5 s of the
release decreased to a limited area above the car, as shown in Figures 10 and 11. However,
the gas at 343 K (no-harm limit) and 388 K (pain limit) spread out within the car park,
covering the upper layer with potential consequences for public safety.
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Figure 10. Iso-surfaces showing no-harm (343 K), pain (388 K) and fatality (582 K) limit temperatures
for ignited hydrogen release in case 4 (TPRD = 2 mm, 0° angle downward release with tank blowdown

and car body).
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Figure 11. Side view iso-surface showing pain (388 K), fatality (582 K) limits and visible flame
temperature (1573 K) for case 4 with TPRD = 2 mm (left) and case 9 with TPRD = 0.5 mm (right).

The downward release from TPRD = 0.5 mm is shown in Figures 11 and 12. It can be
seen how the extent of the area covered by hot gas at no-harm, pain and fatality temper-
atures has decreased considerably compared to downward release from TPRD = 2 mm
(case 4) and, what should be emphasised, compared to the upward release cases (case 7
and 8) for the same TPRD diameter. Much of the heat transfer occurred due to radiation
which resulted in a rise in the temperature of the walls and the floor area.

Blockage of a passenger escape route was one of the potential safety issues noted
with a vertical downward release as is evident from Figures 11 and 12. It can be seen
how the presence of a visible flame (1573 K) may block access to both rear doors for a
downward release from TPRD = 2 mm and left-hand rear door for a downward release
from TPRD = 0.5 mm. Hot gasses at 582 K completely obstruct the driver and passenger
escape routes from the car. Thus, downward hydrogen release at an angle to the vertical
was considered to address this safety concern and is presented in the following section.
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Figure 12. Iso-surfaces showing no-harm (343 K), pain (388 K) and fatality (582 K) temperature
limits for ignited hydrogen release in case 9 (TPRD = 0.5 mm, 0° angle downward release with tank
blowdown and car body).

4.3.2. 30° Release Angle with the Vertical Axis

As noted, a vertically downward release may potentially block passenger escape
routes from the car. A 30° release angle with the vertical was considered to overcome this
safety concern. Releases from TPRD =2 mm (case 5) and TPRD = 0.5 mm (case 10) were
simulated. The results for TPRD = 2 mm are shown in Figures 13 and 14. The release
was simulated in the centre of the car park with an angle orientated to the back of the car,
which led to flow towards the back vent of the car park causing hot gas concentrated at
the rear to then propagate to the front of the car park. Similar to the previous cases with
TPRD = 2 mm, the combustion products at no-harm and pain temperature limits formed a
layer under the ceiling although it can be seen mostly towards the back of the car park in
this case. The hot products at 582 K were concentrated in a tail-like envelope towards the
back of the car and extended to a distance of approximately 5.5 m long beginning to rise
and form a layer due to buoyancy. The maximum flame occurred within just 1 s, it was
attached to the floor and also extended around 5.5 m from the car. The visible flame length
decreased by 25% of its maximum length by 20 s.

343K 388 K 582K 1573 K

POOD

Figure 13. Iso-surfaces showing no-harm (343 K), pain (388 K), fatality (582) limits and visible flame temperature (1573 K)
for ignited hydrogen release in case 5 (TPRD = 2 mm, 30°angle downward release with tank blowdown and car body).
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Figure 14. Side view iso-surfaces showing pain (388 K), fatality (582 K) limits and visible flame
temperature (1573 K) for case 5 with TPRD = 2 mm (left), and case 10 with TPRD = 0.5 mm (right).

Results from a 30° angle downward release from TPRD = 0.5 mm (case 10) are shown
in Figure 15 and compared with case 5 in Figure 13. It can be noticed that the gas products
at no-harm temperature covered a much smaller volume of the car park at the back of the
car while a flame existed only 1 m away from the back of the car attached to the floor. The
cloud of hot gas at 388 K reached a maximum volume in 10 s while the hot cloud at 582 K
reached a maximum extent at 5 s and remained until 20 s, reaching 2.5 m from the back of
the car. It has to be noted that there is no blockage of the passenger escape routes in cases 5
and 10 with a 30° angle downward release compared with the vertical downward releases
in cases 4 and 9.

343 K 388K 582K 1573 K

N S S T

4
4

N

PN T AT e e N,

Y
) §
Y

1°S\\s_\\ .:r\\ .u\\ e,
205\\$~\\J\\\d\\\a\

Figure 15. Iso-surfaces showing no-harm (343 K), pain (388 K), fatality (582 K) temperature limits and visible flame
temperature (1573 K) for ignited hydrogen release in case 5 (TPRD = 0.5 mm, 30° angle downward release with tank

blowdown and car body).
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4.3.3. 45° Release Angle with the Vertical Axis

A final downward release angle of 45° with the vertical axis was simulated for releases
from TPRD = 2 mm and TPRD = 0.5 mm. The results of case 6 (TPRD = 2 mm) are
shown in Figures 16 and 17. The behaviour of the hot gas at no-harm and pain limit
temperatures is similar to the 30° angle downward release considered previously, with hot
gas accumulating to the back of the car and moving to the front of car park in 20 s. Since
the angle 45° provided a further push to the back rather than down compared to angle 30°,
the hot gas presented more in the backside of the car park. The hot products at 582 K and
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flame extended further back from the car to a distance of around 6.5 m in just 1 s. This
distance is about 1 m longer than the one predicted in case 6 (angle 30°, TPRD = 2 mm).
The flame started to decrease with tank blowdown and reduce almost 10% by a time of 20 s.
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Figure 16. Iso-surfaces showing no-harm (343 K), pain (388 K), fatality (582 K) limits and visible flame
temperature (1573 K) for ignited hydrogen release in case 6 (TPRD = 2 mm, 45° angle downward
release with tank blowdown and car body).

I

Y 4
I

/ 4

The results of case 11 with TPRD = 0.5 mm and 45° angle with the vertical, are
presented in Figures 17 and 18. The gas products at 343 K are similar to case 10 (30° angle
and TPRD = 0.5 mm). The hot gas at 388 K and 582 K reached the maximum coverage
volume in the car park in just 5 s and both extended in the back of the car by 3 to 3.5 m.
The flame attached to the floor surface like the 30° angle downward release. The visible
flame length was approximately 1.5 m to the back of the car, slightly longer than 30° angle
downward release.
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Figure 17. Side view iso-surfaces showing pain (388 K), fatality (582 K) temperature limits
and visible flame temperature (1573 K) for case 6 with TPRD = 2 mm (left) and case 11 with
TPRD = 0.5 mm (right).
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Figure 18. Iso-surfaces showing no-harm (343 K), pain (388 K) and fatality (582 K) limits and visible
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flame temperature (1573 K) for ignited hydrogen release in case 11 (TPRD = 0.5 mm, 45° angle
downward release with tank blowdown and car body).

4.3.4. Comparison of Release Angles

Iso-surfaces of temperature at a release time of 20 s are compared for all TPRD = 2 mm
and TPRD = 0.5 mm cases which include the car body in Figure 19. The hydrogen jet fire
from TPRD = 2 mm led to the upper layer of the car park upper being covered with a hot
gas at 388 K for all release directions considered, i.e., upward and downward with 0°, 30°
and 45° angles. The hot products at 582 K for this TPRD diameter covered the top layer
close to the ceiling with a radial distance of 5 m in the case of an upward release. The
car body and the floor surface were heated up due to the radiative heat transfer from the
upward release flame, this might become a safety issue for people and unprotected first
responders. The vertically downward release (0° angle with the vertical axis) spread out
from three sides of the car, as the release occurred close to the back of the car. The hot gas
at 582 K to the left and right sides of the car might block passenger escape routes. From
the 30° and 45° angle comparison, it can be seen that the downward release at an angle
appears to be safer in this sense compared to the vertically downward case as there is no
hot gas at 582 K in the vicinity of the sides of the car, rather it is directed away in a “tail”
from the back. The release angle of 30° lead to jet at a temperature of 582 K around 5.5 m
away from the car, 1 m less than that predicted in the case of a 45° release angle. The flame,
as it is considered as a lethal threshold, was dangerous when the release was vertically
downward, and blocked doors, whereas a release angle of 30° and 45° lead to a jet flame
from the back of the car.

Decreasing the TPRD diameter to an order of 0.5 mm is proposed from a safety
perspective of a hydrogen vehicle in covered park if a tank-TPRD system can withstand a
fire. The extent of the cloud of hot products at 388 K decreased significantly compared to
TPRD =2 mm and it was limited only to a very small envelope above the release and the
floor surface around the car due to the radiation in terms of upward release while it spread
around the three sides of the car for vertically downward release. The downward release
with 30° and 45° angles led to a comparably smaller volume of hot gas to the back of the
car. Similarly, the maximum cloud of hot products at 588 K was reduced considerably
when compared to the 2 mm diameter release. However, the vertically downward release
still obstructed passenger escape routes from the vehicle. The angle 30° and 45° releases
decreased the fatality temperature hazard distance from the back of the car to just 2.5 m and
3.25 m respectively. The hydrogen flame was noticed only in a very limited area although
remained problematic in case of vertically downward release as passenger escape routes
were blocked.



Hydrogen 2021, 2

359

Upwerd S o

45°

o 7
Upward e =
0 >
- "“ 582K
as° e o = .
- — —
Upward el =
oo
X 05 —
30° e » -
450 - iy -

Figure 19. Side view iso-surfaces showing pain (388 K) and fatality (582 K) temperature limits and
visible flame temperature (1573 K) for release time 20 s. (Left) TPRD = 2 mm, “Upward”—case 3;
downward at 0°—case 4, 30°—case 5, 45°—case 6). (Right) TPRD = 0.5 mm, “Upward”—case 8§;
downward at 0°—case 9, 30°case 10, 45°—case 11).

Considering all the simulations from a mechanical ventilation perspective, it was
previously noted that based on [15] the extent of the cloud of hot gasses at 300 °C could
be used as the temperature limit that can be recorded at ventilation ducts for inherently
safer operation of a ventilation system in the event of a hydrogen jet fire. The downward
direction of the release significantly contributed to the decrease of temperature for the
ventilation system. Whilst the ceiling is reached for TPRD = 2 mm for jet inclinations of
either 0°, 30° or 45°, a TPRD = 0.5 mm and jet inclination of 45° did not produce a cloud of
hot products at the ceiling that could jeopardise the mechanical ventilation system during
the tank blowdown duration.

5. Conclusions

Numerical experiments with ignited hydrogen releases from TPRD of onboard stor-
age of hydrogen-powered vehicles in a naturally ventilated covered car park have been
performed for the first time. Hydrogen jet fires from TPRD were investigated in a car park
with dimensions L x W x H =30 x 28.6 x 2.6 m incorporating two vents which provided
an opening equivalent in area to 5% of the floor area across two opposing walls following
British Standard BS 7346-7:2013. Eleven cases were simulated to evaluate the effect of dif-
ferent TPRD diameters and release directions. A hydrogen blowdown model was applied
to reproduce realistic conditions of onboard storage tank emptying. Three TPRD diameters
of 3.34 mm, 2 mm and 0.5 mm were studied. Thermal effects were evaluated against harm
criteria based on no-harm (343 K), pain (388 K) and fatality (582 K) temperature limits. Four
TPRD release directions were compared for TPRD = 2 mm and TPRD = 0.5 mm, including
one vertically upward, and three downward at angles 0°, 30° and 45° with the vertical axis.
The vertically downward release could potentially make it difficult for passengers to escape
through car doors for both TPRD = 0.5 mm and TPRD = 2 mm cases. The upward release
from TPRD = 2 mm warmed the car body and floor surface above 582 K within just 20 s due
to radiation heat transfer from the flame and combustion products. It was found that the
downward release with an angle of 30° and 45° with the vertical axis is inherently safer for
TPRD = 0.5 mm compared to TPRD = 2 mm. Therefore, it can be suggested that innovative
TPRD designs of smaller diameter should be investigated further experimentally to confirm
the revealed by computational hydrogen safety engineering decrease of hazard distances
and allow inherently safer parking of hydrogen vehicles in covered and underground
structures without the introduction of new hazards and associated risks. Based on this
study it is recommended that TPRD diameter is reduced to a fraction of millimetre and
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releases are at an angle vertically downward if hydrogen vehicles are being used in a
covered and underground car parking.
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