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Abstract: Studies on hydrogen leakage have mainly focused on the influences of location and
geometrical configuration on the distribution of the hydrogen in various spaces. The present study
developed a simplified model for the leakage diffusion of hydrogen in an enclosed cuboid space with
two vents, at the top and at the bottom, respectively. The effect of different leakage positions on the
diffusion of the hydrogen was analyzed. The results showed that when hydrogen diffused vertically
from the bottom to the top of the space, the farther the leakage position was from the vent on the side
wall, the more hydrogen accumulated. When the hydrogen leaked in the vertical direction from the
floor, the distance between the leakage position and the bottom vent had little effect on the horizontal
diffusion speed of the hydrogen at the top of the space. The diffusion speed for the leakage in the
horizontal direction was faster than that in the vertical direction. When the hydrogen leaked in the
horizontal direction from the side wall, the height of the leakage had little effect on the horizontal
diffusion speed of the hydrogen at the top of the space. Stratification occurred for models set up
in the present study whenever the envelope of 1% mole fraction, or 4% mole fraction, of hydrogen
extended to the whole ceiling.

Keywords: hydrogen leakage; natural ventilation; leakage position; diffusion

1. Introduction

Hydrogen has been widely utilized as a clean energy resource, and the hydrogen fuel
cell bus is one of the key applications of hydrogen energy in transportation [1–3]. However,
safety issues become more important due to the rapid flame speed of hydrogen and its
high diffusion speed in air. Since hydrogen can burn in the air when the volume fraction of
hydrogen reaches 4%, factors such as ventilation, obstacles, green walls, and so on may
significantly influence utilizations of hydrogen [4–6]. In reference to the ventilation method,
the hydrogen fuel bus is generally simplified as a cuboid space with two vents at the top
and the side wall, when investigating the concentration distribution of hydrogen with
different ventilations [7,8].

Since the leakage might occur at any position in the bus, a series of experimental
studies were conducted to investigate the influence of the leakage position on the concen-
tration distribution of hydrogen in spaces with fixed vents [9,10]. Pitts et al. [11] tested the
hydrogen leakage in the vertical direction taking place at the center of the floor, and found
the mole fraction of hydrogen above 2.6 m in the space reached about 29.3% (i.e., reaching
the flammable concentration limit), which is higher than that at other altitudes 3500 s
after the release. In another study with the same leakage position, Merio et al. [12] found
stratification happened in the space with a relatively uniform combustible layer formed
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at the ceiling 20 min after the release. Helium was also used for experiments instead of
hydrogen, due to safety concerns [13]. Compared to the leakage taking place on the floor,
the average helium concentration was lower when the leakage height was 0.725 m in a
cuboid space with two vents [14], and the stratification was more evident when the helium
gas was injected from the top [15].

A number of numerical studies have been conducted to analyze the general process
of hydrogen dispersion [16,17]. The behavior of a leakage from the bottom of a car was
separated into two phases: the hydrogen firstly extending to the bottom of the car; and then
rising to the ceiling of the parking garage [18]. It was also found that higher wind speed
could accelerate the mixing of hydrogen and air, with the hydrogen composition decreasing
faster [19]. Hwang et al. [20] found that hydrogen spread faster in spaces without any
obstacles, than those with obstacles. Mohammad et al. [21] found the flammable region
expanded when increasing the height of the leakage position for different leakage directions.
Therefore, the effect of leakage direction on hydrogen diffusion needs to be further studied.

The concentration distribution of hydrogen for leakage in the vertical direction has
also been investigated [22–25]. Matsuura et al. [8] found the velocity vectors varied when
changing the positions of vents, with the leakage taking place in the vertical direction from
the floor in a cuboid space. The mole fraction of the hydrogen was found to be higher than
4% in the area above 0.6 m, and less than 2% in the area below 0.2 m from the floor after
the stratification. The flow velocity also varied with different locations of both the leak and
the vent when the leakage took place at the center of the floor in a prismatic cavity. The
hydrogen concentration with the vent at the top of the space was lower than that when the
vent was located in the lower half of the space [26]. Yao et al. [27] investigated a leakage
taking place from the floor in a cuboid space and found a flow recirculation area existing
between the leakage position and the vent in the wall. Li et al. [28] found the mole fraction
increased as the height of the crossbeam increased for a leakage in the vertical direction in
a cuboid space. The flammable region for the downward leakage disappeared much more
rapidly than the upward leakage in the enclosure [21].

A leakage in the horizontal direction with leakage positions on a side wall in a cuboid
space was also investigated. The hydrogen concentration was found to decrease with the
increase of the distance between the leak and the vent [29]. Stefano et al. [30] found the
average concentration of hydrogen increased with the increase of the height. A relatively
higher concentration appeared in a short time near the corners of a cabin for different
leakage positions [31]. Malakhov et al. [32] found that the flammable zone was larger in the
space with ventilations than in a space without ventilations. The volume of a flammable
gas cloud increased with the decrease of the distance between the leakage position and an
obstacle [33].

Ventilation systems were required to ensure a maximum hydrogen mole fraction at
1% due to the lower flammability limit (LFL) of 4% vol (ISO 19880) [34]. Hussein et al. [35]
investigated a hydrogen leakage in a naturally ventilated car park, and found the mole
fraction of the hydrogen reached 1% after 20 s of the leakage. However, for a cuboid space
with two vents, at both the top and the bottom walls, the diffusion of iso-surface of 1%
mole fraction of hydrogen needs to be further explored [36]. The differences of hydrogen
diffusion velocity for the specified space with different leakage positions were important
for the utilization and layout of hydrogen sensors [37]. Yet the changes of hydrogen
concentration and the flow state were often investigated in terms of the distribution of
velocity and concentration.

Hydrogen sensors have often been used to monitor hydrogen concentration.
Du et al. [38] developed a hydrogen-sensing material to optimize sensors’ stability in
monitoring hydrogen concentration rapidly in a wide low-temperature range. Hydrogen
concentration was monitored at the corners of a cuboid space with two vents, with the
leakage taking place at the floor. The concentration in the space, with the bottom vent near
the ceiling, was found to be higher than other bottom vent positions [8]. Sensors were also
set up at different heights in a cuboid space, with the leakage taking place at the center of
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the floor, and the hydrogen concentration at the top of the space was higher than that at
other heights [39]. With helium sensors set up at different heights, the helium concentration
at the top was greater than that at other heights [40]. Since the hydrogen diffusion was
not isotropic and spreading evenly, the concentration in the space might not be accurately
reflected by the monitoring points [41]. Therefore, the concentration of iso-surfaces could
be used to study the diffusion of hydrogen comprehensively.

In the present study, a simplified model was developed to investigate the effect on
hydrogen dispersion of leakage positions in a cuboid space with two vents. The influence
of the leakage direction on the stratifications and diffusion velocity was also studied.
In addition, the diffusion of the flammable area was analyzed with iso-surfaces of 4% mole
fraction to advance the understanding of monitoring mechanisms.

2. Methods
2.1. Problem Description

In the computational domain, a simplified model of the fuel cell bus with the dimen-
sions Lx = 2.9 m, Ly = 1.22 m, and Lz = 0.74 m, is used in this study (Figure 1). There is a top
vent on the ceiling and a bottom vent on the wall in this model. The areas of the top vent
and the bottom vent are both 4.65 × 10−2 m2. Model 1, Model 2, and Model 3 were chosen
to investigate the leakage taking place at the floor of the space in the vertical direction.
Model 4 and Model 5 were chosen to investigate the leakage taking place at the side wall
of the space in the horizontal direction. The center coordinates of the leakage positions for
Model 1–Model 5 are listed in Table 1. It is hypothesized that the pure hydrogen leaks into
the space at a flow rate of 9.44 × 10−4 m3/s (2 SCFM : standard cubic feet per minute)
and the area of the inflow orifice is 4.65 × 10−2 m2.
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Figure 1. The schematic of the simplified model of a fuel cell bus (m).

Table 1. The center coordinates of the leakage positions.

x (m) y (m) z (m)

Model 1 0.22 0.00 0.37
Model 2 1.45 0.00 0.37
Model 3 2.67 0.00 0.37
Model 4 0.00 0.22 0.37
Model 5 0.00 0.99 0.37

2.2. Numerical Methods

The CFD (computational fluid dynamics) software Fluent was applied for the analysis
in this study. Three main calculation models in Fluent, Species, Energy, and Viscous,
were adopted to solve the continuity, momentum, volume fraction, and turbulent flow
equations, respectively.
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A mixture of hydrogen and air was assumed as the incompressible gas, and the
ideal gas law was selected as the density relationship. The operating pressure was set to
101,325 Pascals and Fick’s law approximation was used for the species transport calcula-
tions. Moreover, the constant dilute approximation (6.1 × 10−5 m2/s) was selected for the
mass diffusion coefficient. The following assumptions were made for the calculations:

1. The hydrogen released at a constant rate;
2. The phase change and chemical reaction were ignored during the leakage;
3. The wall was isothermal and adiabatic. In addition, there was no heat exchange between the

hydrogen and air.

Reynolds-average Navier–Stokes (RANS) conservation equations were applied to
solve mass, momentum, energy, and species,
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where t is the time, ρ is the density, k represents turbulence kinetic energy, µt is the turbulent
dynamic viscosity, p is the pressure, Smass is the source term, which can be added by a user
defined function (UDF), u represents the velocity components, E is the total energy, δij is
the Kronecker symbol, Cp is the specific heat at constant pressure, gi is the gravitational
acceleration, Sct and Prt are the turbulent Schmidt and energy turbulent Prandtl numbers,
which are 0.7 and 0.85, respectively, Ym is the mass fraction, Dm is the molecular diffusivity
of the species m, SE is the source terms in the energy equation, Sm and Rm are the net
production/consumption rate by species chemical reaction and the source term connected
to any functions defined by the users for dispersed phase.

The RNG model was presented using renormalization group (RNG) methods, which
renormalizes the RANS equations to explain the effects of smaller scales of motion. The
equations of k and ε can be written as
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where Cµ = 0.0845; αk = αε = 1.39,

C∗2ε= C2ε −
η(1 − η/η0)

1 + βη3 , (9)
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where C1ε = 1.42; C2ε = 1.68; β = 0.012

η =
(
2Eij·Eij

)1/2 k
ε

, (10)

Eij =
1
2
(

∂ui
∂xj

+
∂uj

∂xi
)η0 = 4.377, (11)

where GK is the production of turbulent kinetic energy generated by the average velocity
gradient, C1ε and C2ε are empirical constants, and αk and αε are separate corresponding
Prandtl values for k and ε.

In order to enhance the efficiency of the calculations, the calculation domain was
meshed onto non-homogeneous hexahedrons. Before the face sizing was chosen, a mesh
convergence test was performed. To test the convergence, the mole fraction of hydrogen for
Model 1 was compared at four points S1, S2, S3, and S4, whose coordinates were (0.152 m,
0.152 m, and 0.596 m), (0.152 m, 1.009 m, and 0.219 m), (2.676 m, 1.009 m, and 0.596 m), and
(2.676 m, 0.152 m, and 0.219 m), respectively. The three different mesh face sizings were
0.018 m, 0.024 m, and 0.030 m, and the corresponding number of elements were 113,812,
230,972, and 369,015. The mole fractions of hydrogen deviation from the results of the
refined mesh (number of elements is 369,015) were all less than 3%, as shown in Table 2.
Therefore, a face sizing of 0.03 m was chosen for investigation.

Table 2. Mesh convergence study.

No. of
Elements

Mesh
Size (m)

S1 S2 S3 S4

Mole
Fraction Deviation Mole

Fraction Deviation Mole
Fraction Deviation Mole

Fraction Deviation

113,812 0.030 3.82 2.35 5.18 0.97 5.11 0.19 3.35 2.98

230,972 0.024 3.81 2.62 5.20 1.36 5.05 1.38 3.41 1.17

369,015 0.018 3.91 — 5.13 — 5.12 — 3.45 —

The boundary conditions were set as below. The inlet boundary was defined as the
velocity inlet. The direction of the velocity was defined normal to the inlet surface and the
speed of the hydrogen through the leakage was kept constant at 0.02 m/s. The vents were
defined as zero-gauge pressure outlets. The intensity of 1% and the hydraulic diameter
of 0.198 m were selected as the specification method for the turbulence. The SIMPLE
(semi-implicit method for pressure-linked equations) was used in all the simulations, along
with second-order spatial discretization. The transient flow mode was used, and the
convergence criteria were set to 10−4.

3. Results and Discussions
3.1. Vertical Release Through the Leakages on the Floor
3.1.1. Iso-Surface of 4% Mole Fraction

In terms of the dispersion of hydrogen, the diffusion progress can be divided into
two phases.

1. The first phase: the hydrogen rises from the leakage position to the ceiling.
2. The second phase: the hydrogen extends along the ceiling after getting to the ceiling.

The dispersion of hydrogen for Model 1, Model 2, and Model 3 can be seen in Figure 2.
Hydrogen can be combusted at atmospheric pressure at concentrations from 4% to 74% by
volume. The volume fraction of the substance is equal to the mole fraction for ideal gas
mixture. Based on the assumptions for ideal gas, the mole fraction was used to investigate
the diffusion progress of hydrogen in this study. The iso-surfaces show the extent of the
flammable atmosphere (4% mole fraction). The time required for the iso-surface of 4% mole
fraction to rise to the ceiling for Model 1, Model 2, and Model 3 was 250 s, 230 s, and 400 s,
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respectively, and the concentration envelope was of a cylindrical shape. It is evident that
the time for Model 3 was the longest, while it was the shortest for Model 2.
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The velocity vectors in the median plane z = 0.37 of the envelope of the iso-surfaces of
4% mole fraction rising to the ceiling is illustrated in Figure 3. The distance between the
leak position and the bottom vent in Model 2 is farther than that in Model 3, but closer
than that in Model 1. From the results of the velocity vector shown in the circulation zone
between the leakage position and the ceiling, the fastest vertical speed (approximately
0.33 m/s) was in Model 2. It contributed to the shortest time spent by Model 2 during the
first phase. In the case of Model 3, the top vent is above the leakage position, and a large
amount of hydrogen is discharged. Therefore, it takes a longer time for the iso-surface of
4% mole fraction to diffuse to the ceiling (Figure 3).
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of hydrogen was rising to the ceiling (up) and filling the whole ceiling (down) (m/s).

After getting to the ceiling, the envelope of iso-surfaces of 4% mole fraction extends
along the ceiling and its shape is like a mushroom. The time required for the iso-surface
of 4% mole fraction to extend along the ceiling for Model 1, Model 2, and Model 3 was
50 s, 30 s, and 50 s, respectively. It was found that the time required for Model 2 was about
half of that for Model 1 and Model 3. This can be seen from the velocity vectors of the
median plane z = 0.37 for the envelope of the iso-surfaces of 4% mole fraction diffusing
horizontally along the ceiling (Figure 1). In the case of Model 1, Model 2, and Model 3, the
horizontal diffusion velocity at the start and the end of the ceiling was about 0.15 m/s and
0.1 m/s, respectively, and the leakage position had little effect on the horizontal diffusion
velocity of the iso-surface of 4% mole fraction at the ceiling.

3.1.2. Iso-Surface of 1% Mole Fraction

Standards ISO/DIS 19880-1, NFPA 2, and IEC (60079-10) require that the ventilation
rate should ensure a maximum hydrogen mole fraction at 1% for enclosures and buildings
containing hydrogen equipment. Therefore, the iso-surface of 1% mole fraction should be
investigated to provide guidance for the layout of hydrogen sensors.

Iso-surfaces of 1% mole fraction rising to the ceiling for Model 1, Model 2, and Model 3
are illustrated in Figure 4. During the first phase, the time required for Model 1, Model 2,
and Model 3 to rise to the ceiling was 10 s, 13 s, and 10 s, respectively, and the concentration
envelope was a cylinder shape. It is evident that the time for Model 2 was the longest.
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The velocity vectors in the median z = 0.37 plane while the envelope of the iso-surfaces
of 1% mole fraction was rising to the ceiling and extending horizontally to the end of the
ceiling is illustrated in Figure 5. It can be seen from the figure that it takes almost the same
amount of time for Model 1, Model 2, and Model 3 during the first diffusion phase.

Like the aforementioned iso-surface of 4% mole fraction, the envelope of iso-surfaces
of 1% mole fraction also extended along the ceiling during the second phase after getting
to the ceiling. The time required for Model 1, Model 2, and Model 3 in the second phase
was 15 s, 27 s, and 50 s, respectively. It was the shortest for Model 1, which might be due
to the distance between the leakage position and the bottom vent being longer than those
for Model 2 and Model 3. The result indicates that the time required for the iso-surface
of 1% mole fraction to diffuse horizontally along the ceiling decreases with the increase
of the distance between the leakage position and the bottom vent, and hydrogen tends
to accumulate.
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3.2. Horizontal Release through the Leakages on the Wall
3.2.1. Iso-Surface of 4% Mole Fraction

The iso-surface of 4% mole fraction of hydrogen for Model 4 and Model 5 can be seen
in Figure 6. Like Model 1, Model 2, and Model 3, the dispersion process for Model 4 and
Model 5 consisted of two phases. In the first phase, the time required for the iso-surface
of 4% mole fraction for Model 4 and Model 5 to rise to the ceiling was 100 s and 5 s,
respectively, and the shape of the concentration envelope was similar to a rectangle. The
distance between the leakage position and the ceiling for Model 4 was greater than for
Model 5, and thus took a longer time for the dispersion.
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In the second phase, the envelope of iso-surfaces of 4% mole fraction extended hori-
zontally along the ceiling. The amount of time required for the envelope of iso-surfaces
of 4% mole fraction in the whole diffusion process, including two phases, rising to the
ceiling and extending along the ceiling, was 170 s and 70 s, respectively. Therefore, the
time required for both Model 4 and Model 5 in the second phase was about 70 s. It is
evident that the time for Model 4 and Model 5 was almost equal. The velocity vectors in
the z = 0.37 plane for the envelope of iso-surfaces of 4% mole fraction rising to the ceiling
and diffusing horizontally is illustrated in Figure 7. The horizontal diffusion velocity along
the ceiling was about 0.15 m/s for Model 4 and Model 5, respectively. Therefore, the time
for diffusing horizontally along the ceiling for Model 4 and Model 5 was almost equal. The
height of the leakage taking place on the wall had little effect on the horizontal diffusion
velocity of the iso-surface of 4% mole fraction at the ceiling.
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3.2.2. Iso-Surface of 1% Mole Fraction

The dispersion of hydrogen for Model 4 and Model 5 can be seen in Figure 8. In
the first phase, the time required for the iso-surface of 1% mole fraction for Model 4 and
Model 5 to rise to the ceiling was 6 s and 5 s, respectively, and the shape of the concentration
envelope was similar to a rectangle.

In the second phase, the envelope of iso-surfaces of 1% mole fraction extended hori-
zontally along the ceiling. The amount of time required for the envelope of iso-surfaces
of 1% mole fraction for the whole process for Model 4 and Model 5 was 20 s, equally.
Therefore, the time required for the two models during the second phase was about 15 s
in total.

The velocity vectors in the z = 0.37 plane for the envelope of iso-surfaces of 1% mole
fraction rising to the ceiling and diffusing horizontally is illustrated in Figure 9. The
horizontal diffusion velocity at the ceiling was about 0.2 m/s for Model 4 and Model 5.
Therefore, the amount of time for diffusing horizontally along the ceiling for these two
models was almost equal. The height of leakage taking place at the wall had little effect on
the horizontal diffusion velocity of the iso-surface of 1% mole fraction along the ceiling.
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3.3. Effect of the Leakage Direction
3.3.1. Stratification

In order to compare the hydrogen concentration for Model 1–Model 5, the x = 1 plane
in the space was selected to study the contour at the time when the envelopes of 4% and
1% mole fraction of hydrogen grew to fill the whole ceiling. As is evident from Figure 10,
hydrogen gradually accumulated downward from the ceiling and stratification happened
for Model 1–Model 5. The area occupied by the hydrogen concentration below 0.5% for
Model4 and Model 5 was larger than that for Model 1, Model 2, and Model 3. The Merton
number was used to distinguish the homogeneous and stratification. The definition of the
Merton number M is as follows:

M =
ls
z

, (12)

ls =
M3/4

0

F1/2
0

=
0.96·u0·

√
D√

g·(ρ air−ρH2)
ρair

, (13)

where u0 is the exit velocity, m·s−1; D is the diameter of the leak, m; g is the acceleration
of gravity, m·s−2; ρair is the density of air, kg.m−3; ρH2 is the density of hydrogen, kg.m−3;
and z is the distance between the leakage position and the ceiling, m.
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For M < 1, there is a stratification of the concentration of hydrogen, whereas for M� 1,
homogenization is observed. The Merton number of Model 1, Model 2, and Model 3
was about 0.00236, equally. The number of Model 4 and Model 5 was 0.00282 and 0.013,
respectively. The Merton number in all cases was less than 1, so that stratification happened.

The stratification was found to happen in a large velocity range, and tended to
occur in the space with the leakage taking place near the ceiling [42]. As is evident from
Figure 10, the stratification of both 4% and 1% mole fraction of hydrogen for Model 5
was more obvious than the other models due to the leakage position closer to the ceiling.
Hajji et al. [26] also found stratification in a prismatic cavity.

3.3.2. Diffusion Velocity

In order to compare the influence of leak direction on the diffusion velocity, the
amount of time for iso-surfaces of 4% and 1% mole fraction in each stage of diffusion for
Model 1–Model 5 is listed in Table 3. In the first phase, the time required for 4% mole
fraction hydrogen diffusion in Model 4 and Model 5 was 100 s and 5 s, respectively, which
was a shorter time than for Model 1, Model 2, and Model 3. The time required for the
whole process of 1% mole fraction hydrogen diffusion for Model 4 and Model 5 was
20 s, which was shorter than for Model 1, Model 2, and Model 3. From the results of the
velocity vectors shown in Figures 3 and 7, it can be seen that the diffusion velocity at the
ceiling was about 0.15 m/s for Model 1–Model 5. The leak direction had little effect on the
horizontal diffusion velocity near the ceiling, but it significantly affected the velocity rising
to the ceiling.
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Table 3. The time for iso-surfaces of 4% and 1% mole fraction of the hydrogen diffusion process for
Model 1–Model 5.

Iso-Surface of 4% Mole Fraction Iso-Surface of 1% Mole Fraction

Phase 1 Phase 2 Phase 1 Phase 2

Model 1 250 s 50 s 10 s 15 s
Model 2 230 s 30 s 13 s 27 s
Model 3 400 s 50 s 10 s 50 s
Model 4 100 s 70 s 6 s 14 s
Model 5 5 s 65 s 5 s 15 s

4. Conclusions

For the leakage taking place on the floor in the vertical direction, hydrogen was more
likely to accumulate, as the leakage position was farther away from the wall with the
bottom vent. For the leakage taking place on the wall in the horizontal direction, the
height of the leakage had little effect on the horizontal diffusion velocity of the hydrogen at
the ceiling.

The leakage in the present study involved two phases: the hydrogen rising, and
then extending to the whole ceiling of the space. Compared to the leakage in the vertical
direction, the process of leakage in the horizontal direction took less time.

The leakage direction had little effect on the horizontal diffusion velocity at the ceiling.
Stratification occurred for the models set up in the present study whenever the envelope
of 1% mole fraction or 4% mole fraction of hydrogen was extended to the whole ceiling.
Compared with other models, the stratification in Model 5, where the leakage position was
closer to the ceiling, was more obvious.
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