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Abstract: It is significant to assess the hydrogen safety of fuel cell vehicles (FCVs) in parking garages
with a rapidly increased number of FCVs. In the present work, a Flame Acceleration Simulator
(FLACS), a computational fluid dynamics (CFD) module using finite element calculation, was utilized
to predict the dispersion process of flammable hydrogen clouds, which was performed by hydrogen
leakage from a fuel cell vehicle in an outdoor parking garage. The effect of leakage diameter (2 mm,
3 mm, and 4 mm) and parking configurations (vertical and parallel parking) on the formation of
flammable clouds with a range of 4-75% by volume was considered. The emission was assumed
to be directed downwards from a Thermally Activated Pressure Relief Device (TPRD) of a 70 MPa
storage tank. The results show that the 0.7 m parking space stipulated by the current regulations is
less than the safety space of fuel cell vehicles. Compared with a vertical parking configuration, it is
safer to park FCVs in parallel. It was also shown that release through a large TPRD orifice should be
avoided, as the proportion of the larger hydrogen concentration in the whole flammable domain is
prone to more accidental severe consequences, such as overpressure.

Keywords: hydrogen dispersion; fuel cell vehicle; FLACS; outdoor parking garage

1. Introduction

Hydrogen safety in diverse situations is the most critical aspect of FCVs as hydrogen
has high flammability (4-75% by volume) [1] and low ignition energy and is prone to
leakage. The United States has invested 5-10% of the total funding of the hydrogen
program into safety research [2]. Compressed hydrogen is typically stored under high
pressure (35 MPa for buses and 70 MPa for cars) in storage tanks fitted with TPRD to release
hydrogen, avoiding tank rupture when the ambient temperature reaches 110 °C, melting
the TPRD sensing element. The phenomenon of unignited hydrogen release can occur
once TPRD fails. The possible subsequent deflagration and detonation events will not
be discussed in this paper, which only focuses on leakage and dispersion. Some relevant
safety studies have been performed using Computational Fluid Dynamics (CFD) tools
to reveal the accidental risks in various scenarios, such as around fuel cell vehicles [3-8],
in tunnels [9-13], and in enclosed areas [14-18]. Some researchers have experimentally
investigated hydrogen behavior by transporting hydrogen in semi-closed or confined
structures [7,8,19]. For security reasons, helium has been widely applied as an alternative
experimental gas for the prediction of hydrogen behavior in many studies, since helium
has similar physical properties to hydrogen [7,20].

By necessity, FCVs must be parked in vehicle garages, tunnels, etc. One of the most
hazardous scenarios is hydrogen leakage from a high-pressure storage tank placed on the
chassis underneath the vehicle in an outside parking garage since the semi-closed space
formed by adjacent automobiles contributes to hydrogen accumulation. Hajji, Y. et al. [21]
experimentally studied the effects of residential-garage geometry, shape, and number of
vents on hydrogen concentration and delamination. They concluded that rectangular
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vents are most suitable for a prismatic garage, and the number of vents is critical to
reducing hydrogen concentration than the shape. CFD methods have also been performed
to numerically evaluate the behavior of hydrogen dispersion so that emergency measures
can be taken immediately to reduce the hydrogen concentration under a lower flammable
limit (LFL) [22-24]. H. Hussein et al. [25] numerically assessed the impact of various
conditions by varying leakage orifice, direction, and angle of flammable hydrogen cloud. It
was concluded that a larger orifice contributes to a massive flow rate, leading to a severe
pressure-peaking phenomenon. The permeated hydrogen dispersion with the permeation
rate of 1 Nml/h/L and 45 Nml/h/L from a high-pressure storage tank in a typical garage
was studied analytically by Saffers, J.-B. et al. [26]. Hydrogen diffused and accumulated
uniformly upward toward the ceiling after the leakage, and the concentration reached
quasi-steady at 60 s and 12 s for 1 Nml/h/L and 45 Nml/h/L permeation rate, respectively.
In addition, the detection of hydrogen dispersion is of critical importance in confined
garage-like spaces, so Zhao, M. et al. [19] developed a localization technology for safe
monitoring of large parking garages, and the model’s accuracy can be improved by learning
more training data.

The aforementioned research mainly focuses on hydrogen release and dispersion in
confined spaces such as underground garages. The behavior of hydrogen dispersion in
semi-closed spaces has not been investigated specifically. In addition, the release flow rate
was typically assumed to be constant. However, the mass rate of hydrogen release from
hydrogen storage tanks through TPRD decreases with decreased internal pressure. The ob-
jective of this paper was to investigate the hydrogen dispersion for an outdoor parking
garage model in various scenarios by varying TPRD orifice and parking configurations.
The Computational Fluid Dynamics (CFD) tool FLACS was utilized to simulate the cases
and analyze the diffusion phenomenon based on the spatial and temporal evolution of the
flammable cloud.

2. Numerical Simulation
2.1. FLACS-Hydrogen Code

The grid-based resolution in FLACS, unlike other commercial simulation tools, relies
on the so-called porosity/distributed resistance (PDR), where sub-grid geometry is rep-
resented as area and volume porosities (denoting the degree of “openness” for each grid
cell), instead of resolving individual obstacles by a grid. Moen, A. et al. [27] conducted a
comparative study of k-¢ models in impinging hydrogen jet dispersion scenarios using the
CFD code FLACS. The simulation results were compared with the Schlieren photographs
from experiments in Reference [28]. Figure 1 shows the two-dimensional simulation re-
sults of comparing three turbulent models (standard, RNG, and realizable k-¢). It can
be summarized from a comparison results that the standard k-¢ model exhibits the best
performance regardless of whether high- or low-momentum hydrogen releases are used.
Thus, this paper applied the standard k-¢ model with additional turbulence generation
terms to solve turbulent kinetic energy (Equation (1)) and the dissipation of turbulent
kinetic energy (Equation (2)). Following the Boussinesq eddy viscosity assumption, an
eddy viscosity models the Reynolds stress tensor as Equation (3). Boundary conditions
were defined as Nozzle (free outflow) on all sides. [29]
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where f3, is the volume porosity of the geometry, ; is the area porosity in the j direction,
p is the density, u; is the mean velocity in the j direction, k is the turbulent kinetic energy,
¢ is the dissipation of turbulent kinetic energy, i is the effective viscosity, peg = pt + pit, pr is
the dynamic turbulent viscosity, o is the Prandtl-Schmidt number, oy = 1.0, 0¢ = 1.0, Py is
the production of turbulent kinetic energy, P is the production of dissipation of turbulent
kinetic energy, C. is a model constant in transportation equation for dissipation with the
default value of 1.92. §;; is the Kronecker delta function, §;; =1 if i = j, 6;; = 0if i # j, and

u; u;’ is the mean velocity in the i and j directions.

s _
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Figure 1. 2D plots showing impinging hydrogen-jet concentration predictions from three turbu-
lent models (Standard, RNG, and Realizable k-¢). Reproduced with permission [27]. Copyright
2019, Elsvier.

The leaked hydrogen through the TPRD orifice from a high-pressure storage tank is
modeled as an under-expanded jet. A pseudo-source approach was applied to calculate
the parameters of an under-expanded jet at the status where the pressure is atmosphere in
terms of reservoir pressure, temperature, orifice diameter, and density. Table 1 presents the
summary description of the jet source model in FLACS, where A is the effective nozzle
area, v is the isentropic ratio, c, is the specific heat at constant pressure, p, is the ambient
pressure, and my is the mass flow rate. More detailed information about the model can be
found in References [30,31].

Table 1. Numerical simulation of the jet model for hydrogen leakage from the storage tank.

Initial Reservoir Condition Nozzle Conditions Jet Conditions
Pressure: py Effective nozzle area: A; Velocity: uy = ug + F’;;{’i’z
Temperature: Enthalpy:
Temperature: T
P ’ Ty =To(2/(7+1) hy = I + 3 (uf — u3)
Vol v Pressure: Temperature:
olume: -1 2_ .2
’ p1=p1(Ty/To)" 7Y Ty =T + 349
Density: 0o = - Density: p1 = fr- Pressure: py = pa
Total mass: my = poVp Sound speed: ¢; = +/YRT} Density: py = R%
Heat exchange coefficient: . Effective outlet area:
Velocity: u; = ¢; o1t
hann Az =4 patly
Enthalpy: hy = ¢, Ty Mass flow: my = pjui Aq

Mass flow: mq = pju1 Aq

2.2. Geometry Configuration and Grids

In the present study, we considered two parking configurations based on the relative
positions of the car body to the aisle. Figure 2 shows the configuration and dimension
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of the computational domain. Considering fire safety, a certain fire prevention distance
was reserved between parking spaces to prevent flame propagation between vehicles.
In the first configuration (Figure 2a), four vehicles, separated by 0.7 m [32], were arranged
in vertically parking where the car body was perpendicular to the aisle. In the second
configuration, three vehicles shown in Figure 2c were assumed to be parked parallel to
the aisle where the spacing was set to 1.3 m in view of easy access for vehicles. The green
geometry represents the curb.

Leakage
Position

Figure 2. Model of the outside parking garage; (a) vertical parking configuration; (b) leakage position
in vertical parking configuration; (c) parallel parking configuration; (d) leakage position in parallel
parking configuration.

FLACS uses a Cartesian grid arrangement to solve the governing equations using a
finite volume method [29]. The grid scope contains three regions: central core domain,
stretched domain, and refinement domain. The fuel cell vehicle model established in the
simulation was based on EUNIQ7 with dimensions of 5 m x 2.2 m X 1.8 m, while the
overall size of the total computational region was approximately 32 m in length, 25 m in
width, and 75 m in height, high enough that the boundary had little effect on hydrogen
diffusion considering the high buoyancy of hydrogen. As shown in Figure 2a,c, the central
core region covers the vehicle where the leak position was located, and the normal uniform
grid size was set to 0.5 m; the default stretch factor of 1.2 was applied to establish the
stretched region which wraps around the central core region to simulate the hydrogen
diffusion in the far field. Furthermore, the mesh was further refined around the leakage
point, forming the refinement region.

Since the simulation progress was conducted using transient numerical calculation,
the vehicle model is simplified to minimize the calculation time and save calculation
resources. Due to hydrogen leakage and dispersion occurring externally to the vehicle,
many elements of the vehicle geometry were assumed to have little effect on hydrogen
dispersion, so some internal components, such as seats, steering wheel, instrument panel,
brake, and accelerator pedals were ignored. Consequently, the remaining parts contained a
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car body modeled as an entity without any pores, three hydrogen tanks mounted under
the chassis, and connecting pipes.

2.3. Grid Independency Validation

Two additional grid dimensions, 0.3 m and 0.7 m, were used to perform the grid
independency validation. As shown in Figure 3, Monitor Point 1 (MP1) was created
0.15 m below the leakage position, and the other MPs (MP2 and MP3) were similarly set
at the same height underneath the adjacent vehicles. The hydrogen mole fraction with
time was chosen as the monitoring parameter for evaluating grid independency under
various grid sizes. It can be seen from Figure 3 that the general behavior of hydrogen
diffusion at all grid sizes is generally consistent, while the values were in better agreement
when the simulations were conducted under the core-domain grid size of 0.3 m or 0.5 m.
The hydrogen mole fraction simulated under a grid size of 0.7 m showed a larger deviation.
Apparently, no further significant inconsistency exists when the grid dimension is smaller
than 0.5 m, and therefore grid size of 0.5 m was utilized in this paper.
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Figure 3. Simulated hydrogen mole fraction variation with time under different grid dimensions.

2.4. Determination of Hydrogen Leakage Rate

TPRD valve was assumed to be triggered, and the empty rate was taken as the input
condition in this paper. The hydrogen leak originating from a 70 MPa high-pressure storage
tank at a temperature of 20 °C was shown in Figure 2. The release orifice of the TPRD
was set to 2 mm, 3 mm, and 4 mm in diameter, which is typically used in current fuel
cell vehicles with the leak oriented vertically downward as the default release direction.
Six scenarios were considered by varying the TPRD orifice and parking configurations.
The time-dependent leakage rate of TPRD from 55 L hydrogen storage tank was calculated
using equations mentioned in Section 2.1. Six scenarios were considered, varying TPRD
diameters and parking configurations, which are listed in Table 2. The initial leakage
rate was 0.126, 0.283, 0.428 kg/s when the orifice diameter was 2 mm, 3 mm, and 4 mm,
respectively, and then attenuates exponentially with time. Correspondingly, the total
leakage time (166, 70, and 44 s for the leakage orifice of 2, 3, and 4 mm), defined as the
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time interval when hydrogen storage pressure relief from 70 MPa to atmospheric pressure,
decreases with increased orifice diameter. For the hydrogen release from the 4.2 mm orifice,
171 L storage tank at 35 MPa, the blowdown time is less than 110 s (around 108 s) [33].
For accuracy comparison, the total leakage time was calculated as 102.5 s under the same
conditions in FLACS. The deviation rate was less than 7%. In addition, HyRAM, a software
toolkit integrating validated science and engineering models and data relevant to hydrogen
safety, contains a validated engineering toolkit that can be applied to predict physical
effects, including the empty time of the high-pressure storage tanks [34]. The leakage time
and deviation rate calculated by HyRAM were presented in column 6 of Table 2.

Table 2. Scenarios considered varying release diameter and parking configurations for unignited
hydrogen release.

Case Parking Con- DRizlrflaein Initial Hydrogen Leakage by
Number figuration (mm) Leakage Rate (kg/s)  Time (s) HyRAM(s)
A Iljzrrﬂfé 2 0.126 166 164 (1.2%)
B g:‘rrifgl 3 0.283 70.5 72.9 (3.3%)
C Iljzlfﬂfé 4 0.428 44 41 (6.8%)
D IY;;E;?; 2 0.126 166 164 (1.2%)
E ggﬁgﬁ‘gl 3 0.283 705 72.9 (3.3%)
F ;’:ﬁﬂf;gl 4 0.428 44 41 (6.8%)
— 42mm, 171 L at 35 MPa 1025  100.66 (1.8%)

3. Results and Discussions

The legend located at the right of the figure represents hydrogen concentration ranging
from 0.04 to 0.4 by volume. Figure 4 shows the distribution of flammable hydrogen gas
cloud in six scenarios varying TPRD diameters and parking configurations. The explanation
of the uppercase letters in each subgragh were presented in Table 2. As shown in Figure 4a,
at 2 s after leakage, higher hydrogen concentrations with a range of 0.3-0.6 by volume
are observed clearly for all conditions underneath the leaked vehicle, where the leakage
position is located. Alcock et al. [35] recommended that the widest detonability limit of
hydrogen in air is 0.11-0.59 by volume. The results reveal that the entire domain under
the fuel cell vehicle has already become explosion hazard areas; therefore, hydrogen
sensors need to be installed under the chassis close to the TPRD vent pipe to detect any
hydrogen leakage and raising an alarm in advance to help personals take appropriate
emergency measures.

It is obvious that hydrogen diffuses faster along the width direction of the car body
than in the length direction after leakage for two different parking configurations, thus re-
vealing the advantages of parallel parking over vertical parking. The hydrogen concentra-
tion value underneath 2-3 vehicles adjacent to the leakage source can reach 0.15-0.35 by
volume in vertical parking, while in parallel parking, this value is only 0.04-0.15 by volume.
The adiabatic premixed flame temperature of hydrogen with a stoichiometric mixture in
the air can reach up to 2403 K [36]. If ignition occurs, the flame will spread along with the
premixed hydrogen gas cloud to the adjacent vehicles, meaning that the personnel will
have little time to escape in a vertical parking configuration. On the other hand, the body
along the X direction (hydrogen diffuses faster) is much closer to the obstacles, such as
walls or steps, when parking parallel, contributing to hydrogen accumulation in narrow
space. However, only a small amount of hydrogen extends to the front and rear of the
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compartment; thus, the hydrogen concentration is low, so the flame will propagate to the
aisle and have little effect on surrounding vehicles even if ignition happens.

The results of Figure 4b reveal that the coverage area of hydrogen mole fraction
between 0.2 and 0.4 shrinks under the combined action of decreased leakage rate and high
diffusion rate of hydrogen, which is conducive to a fast propagation of hydrogen with
a mole fraction between 0.04 and 0.2. The hydrogen flammable mass keeps increasing,
although the leakage rate is decreasing, until the peak time when the mass attains the
maximum in each case is reached. Nevertheless, the flammable cloud gradually dissipates
after exceeding the equilibrium point, as the higher buoyancy is dominant in the later
period of leakage. The proportion of the larger hydrogen concentration of 0.2-0.4 by
volume in the whole flammable domain is greater for larger TPRD orifice at the same
leakage time, indicating that the accidental risk will be more unacceptable once ignition
happens, such as the overpressure.
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Figure 4. Cont.
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Figure 4. Hydrogen mole fraction between 0.04 and 0.4 by volume for downward releases from 700 bar through 2 mm,
3 mm, and 4 mm in parallel (A-C) and vertical (D-F) parkingconfiguration after 2 s, 6 s, 10 s leakage.
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4. Conclusions

Unignited hydrogen release through a Thermally Activated Pressure Relief Device
(TPRD) from onboard hydrogen storage tanks in an outdoor parking garage has been
studied in the present numerical work. The results indicate that further research of more
scenarios, such as ignited releases, should be conducted to improve the safety demands for
fuel cell vehicles.

Simulations were carried out in an outdoor parking garage with a computational
region of 32 m in length, 25 m in width, and 75 m in height. The release scenario assumed
that hydrogen leaked through TPRD from a 70 MPa hydrogen storage tank with a hydrogen
mass of 2.5 kg. The mass flow rate was assumed to decrease with decreased internal
pressure of the storage tank, which are different from the constant value selected in other
research. Six release cases varying between three leakage orifices (2 mm, 3 mm, 4 mm) and
two parking configurations (parallel parking, vertical parking) were considered.

As expected, higher hydrogen concentrations within detonation limits were clearly
observed for all cases in the vicinity of the leakage position at the beginning of the release.
The flammable cloud diffuses fast under the combined action of decreased leakage rate and
high diffusion rate of hydrogen, which was conducive to a fast propagation of hydrogen
with a mole fraction between 0.04 and 0.2. The flammable cloud gradually dissipates
in the later period of leakage, as the higher buoyancy is dominant. Downward release
of hydrogen pushed the flammable gas diffusion around the vehicle. The coverage of
flammable cloud indicates that the parking space between vehicles was not safe enough.
These factors should be considered in the design of the parking space for hydrogen safety.
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