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Abstract: Regarding the problem of hydrogen diffusion of the fuel cell vehicle (HFCV) when its
hydrogen supply system leaks, this research uses the FLUENT software to simulate numerical values
in the process of hydrogen leakage diffusion in both open space and closed space. This paper
analyzed the distribution range and concentration distribution characteristics of hydrogen in these
two different spaces. Besides, this paper also took a survey about the effects of leakage rate, wind
speed, wind direction in open space and the role the air vents play on hydrogen safety in closed
space, which provides a reference for the hydrogen safety of HFCV. In conclusion, the experiment
result showed that: In open space, hydrogen leakage rate has a great influence on its diffusion. When
the leakage rate doubles, the hydrogen leakage range will expand about 1.5 times simultaneously.
The hydrogen diffusion range is the smallest when the wind blows at 90 degrees, which is more
conducive to hydrogen diffusion. However, when the wind direction is against the direction of the
leakage of hydrogen, the range of hydrogen distribution is maximal. Under this condition, the risk of
hydrogen leakage is highest. In an enclosed space, when the vent is set closest to the leakage position,
the volume fraction of hydrogen at each time is smaller than that at other positions, so it is more
beneficial to safety.

Keywords: fuel cell vehicle; hydrogen; leakage and diffusion; numerical simulation

1. Introduction

Hydrogen energy as a new type of energy is increasingly gaining attention. As a clean
fuel, hydrogen has widely been used in fuel cell vehicles. However, hydrogen is not only
combustible, but also easy to leak and diffuse. Once accidental hydrogen leakage occurs
in fuel cell vehicles, it will affect people and their surroundings. Therefore, it is necessary
to study the hydrogen leakage and diffusion of fuel cell vehicles. Many scholars have
studied hydrogen leakage and diffusion characteristics through field experiments [1–3]
and computational fluid dynamics [4–6].

Limited by testing conditions, most of the relevant research at home and abroad is
carried out by numerical simulation methods. Domestic scholars’ simulation of hydrogen
leakage and diffusion process in open space focuses on the analysis of hydrogen con-
centration distribution and diffusion distance in dangerous areas, and there are several
discussions about influencing factors such as leakage volume, leakage location and environ-
mental wind. Yu Zhao [7] simulated the concentration and combustible area of hydrogen
leakage. Liu yanlei of Zhejiang University [8] studied the effects of different ambient wind
speeds and temperatures on the diffusion distance of dangerous areas after hydrogen
leakage in open space, and simulated the volume, velocity, pressure and temperature
distribution in open space. Xu Ping et al. [9] studied the hydrogen diffusion nephogram
and diffusion distance at different leakage positions. Zheng Jinyang et al. [10] studied the
effects of distance between leakage hole and obstacle and obstacle height on hydrogen
volume fraction and diffusion distance in open space.
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Foreign scholars have studied the hydrogen leakage and diffusion in confined space
and analyzed the influence of vents in closed places such as garage and underground
parking lots. Schoi et al. [11] simulated the diffusion process of hydrogen in the parking lot
and analyzed the change of volume ratio of combustible area with time under different
hydrogen leakage flow. Hajji et al. [12–14] studied the relevant influencing factors such
as the position, shape and size of the vent for hydrogen leakage in the garage with a top
angle of 120◦. Prasad et al. [15] simulated the leakage and diffusion process of hydrogen
under different vent areas and positions in the garage. Matsuura et al. [16–18] studied the
laws of hydrogen leakage and diffusion in two sizes of space, and compared and analyzed
the changes of hydrogen leakage and diffusion under different ventilation conditions.
Papanikolaou et al. [19] analyzed the correlation between hydrogen diffusion and vents
in the garage. Kazuo Matsuura et al. [20] studied the transient behavior and aggregation
process of hydrogen in partially open space. Barrey et al. [21] studied the effects of leakage
source height, ventilation mode and leakage rate on gas diffusion distribution by using
helium instead of hydrogen. Cariteau et al. [22] studied the effects of leakage rate, vent
area, quantity and location on hydrogen leakage diffusion and accumulation by using
helium instead of hydrogen in confined space. Ekoto et al. [23] studied the diffusion
and combustion characteristics of forklift hydrogen leakage in the warehouse, as well
as the effects of mitigation measures such as natural ventilation, mechanical ventilation
and pressure relief membrane. Giannissi et al. [24,25] established a numerical simulation
model of hydrogen leakage and diffusion in confined space under natural ventilation
and verified the effectiveness of the model by comparing the test and simulation results.
Gupta et al. [26] experimented in the garage and found that the leakage had a greater effect
on the helium concentration distribution in the garage space.

To sum up, most researchers focused on the influencing factors of hydrogen leakage
and diffusion in open space and confined space, and achieved abundant research results.
In this paper, the structural characteristics of fuel cell vehicle and on-board hydrogen
supply system are analyzed. The concentration distribution characteristics of hydrogen
leakage and diffusion in open space and closed space are studied by using Fluent software.
In this paper, the hydrogen leakage and diffusion process of HFCV in open and closed
spaces is simulated and analyzed by Fluent. Based on the existed research, the safety
problems of fuel cell vehicle and its surroundings under different environmental factors
and influencing factors are explored. The objective of this paper is to evaluate and guide
the safety of hydrogen distribution around the whole vehicle after hydrogen leakage in
different environments by CFD.

2. Numerical Simulation Model
2.1. Physical Model

On the basis of the analysis of fuel cell vehicles and vehicle—board hydrogen supply
system structure, the physical model is simplified, the hydrogen storage bottle, cab and chassis
structure are retained, and the pipes and valves are omitted. The cab and chassis are reduced
to rectangular, the hydrogen cylinder is reduced to cylindrical, and the 10 m × 4 m × 5 m
rectangular computing space is determined. The cab is 1.84 m× 2.55 m× 3.086 m rectangular,
the chassis is 5.54 m× 2.55 m and the hydrogen storage bottle is a rectangle with a diameter
of 1.11 m and a height of 2.162 m. The hydrogen storage bottle is 0.9 m, the hydrogen
storage tank above the chassis is 0.87 m away from the rear wall of the cab, and the body is
1 m high from the ground. To reduce the computational time, half of the simplified model
is taken as the physical model for the solution calculation, as is shown in Figure 1.

Three leakage ports, which are recorded as leakage ports I, II, III, are created based
on the physical model. The leakage ports I and II are located below the hydrogen storage
bottle and respectively leak to the rear and front of the car. The leakage port III is located
on the side of the bottle and leaks upward. The leakage port is shown in Figure 2. After the
hybrid grid is used to divide the grid, the unstructured grid is divided near the hydrogen
storage bottle and the bottle mouth, and the other areas are divided into hexahedron
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structured grids. The grid number is about 950,000, and the grid division results are shown
in Figure 3.
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2.2. Boundary Conditions

In this paper, Fluent software is used to carry out numerical simulation, and the
following settings in Table 1 are made before calculation:

(1) Boundary conditions: mass flow inlet is adopted for the gas leakage port; The
boundary and vent of the calculation domain adopt the pressure outlet; The air inlet adopts
speed inlet to simulate the environment of different wind speeds.

(2) Hydrogen leaks evenly at a constant rate, and the leakage port is the mass
flow inlet;

(3) Hydrogen and air are ideal gases, and there is no chemical reaction in the process
of mixing and flow;

(4) Considering the influence of buoyancy and gravity, the gravity is—9.81 m/s2;
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(5) The outlet is a pressure outlet, and the wall surface is smooth without sliding;
(6) Select realizable K- ε Turbulence model and component transport model are used

for unsteady simulation.

Table 1. Parameter.

Nomenclature

u velocity (m/s) E total energy of micro element (J)
t time (s) Keff thermal conductivity
ρ gas density (kg/m3) h enthalpy
τ viscous stress (N) ρc mass concentration
P gas pressure (Pa) c volume concentration
J diffusion flux D diffusion coefficient

2.3. Mathematical Model

The process of hydrogen leakage and diffusion needs to be described by solving the gas
mass, momentum, energy and component equations. The control equations include mass
conservation equation, momentum conservation equation, energy conservation equation
and component transport equation.

(1) Mass conservation equation
The process of hydrogen leakage and diffusion in the air of fuel cell vehicle meets the

mass conservation equation. After hydrogen leakage, mass exchange occurs with air in X,
Y and Z directions, and the hydrogen velocity decreases. After considering the change of
gas density and velocity, the continuity equation of hydrogen leakage diffusion process is
shown in Formula (1):

∂ρ

∂t
+

∂(ρux)

∂x
+

∂
(
ρuy
)

∂y
+

∂(ρuz)

∂z
= 0 (1)

(2) Momentum conservation equation
During the process of hydrogen leakage and diffusion, parameters such as density, ve-

locity and pressure of gas change constantly. Momentum conservation equation establishes
the relationship between gas density, velocity, pressure and external force. In rectangular
coordinates, the momentum conservation equation of hydrogen leakage and diffusion
process is:

∂(ρux)

∂t
+∇(ρux

→
u ) = −∂p

∂x
+

∂τxx

∂x
+

∂τyx

∂y
+

∂τzx

∂z
+ ρ fx (2)

∂
(
ρuy
)

∂t
+∇(ρuy

→
u ) = −∂p

∂y
+

∂τxy

∂x
+

∂τyy

∂y
+

∂τzy

∂z
+ ρ fy (3)

∂(ρuz)

∂t
+∇(ρuz

→
u ) = −∂p

∂z
+

∂τxz

∂x
+

∂τyz

∂y
+

∂τzz

∂z
+ ρ fz (4)

(3) Energy conservation equation
Due to the different air temperature between hydrogen and the leakage environment,

there is heat exchange between hydrogen and the environment in the leakage diffusion
process, which meets the energy conservation equation. The energy conservation equation
of hydrogen leakage diffusion process:

(ρE)
∂t

+∇ ·
[→

u (ρE + p)
]
= ∇·

[
Ke f f ∆T + (τe f f ·

−
u)− hH2 JH2 − hair Jair

]
+ Sh (5)

(4) Component conservation equation
Hydrogen leaks and diffuses in the air, which belongs to the single-phase two-

component diffusion problem. The component conservation equation of hydrogen leakage
diffusion process is as follows:
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∂
(
ρcH2

)
∂t

+∇(ρ−ucH2) = ∇
(

DH2 grad
(
ρcH2

))
(6)

∂(ρcair)

∂t
+∇(ρ−ucair) = ∇(Dairgrad(ρcair)) (7)

In hydrogen leakage diffusion simulations, the following equation should be expressed
based on the energy, momentum, mass conservation law and component transport equation.

∂(ρ∅)

∂τ
−

∂
(
ρuj∅

)
∂xj

=
∂

∂xj

(
Γ

∂∅
∂xj

)
+ S, (8)

The τ is time, the ∅ is a general variable, the ρ is gas density, kg/m3; Γ is diffusion
coefficient, the S is source term, and the uj is the component of velocity vector along the x,
y, z direction, m/s.

2.4. Model Validation

The hydrogen leakage and diffusion test in space made by Pitts et al. [27] is simulated
and verified to verify the rationality and accuracy of the simulation method used in this
paper to simulate the concentration distribution in the process of hydrogen leakage and
diffusion in space, tested at 6.1 m × 6.1 m × 3.05 m. The physical model established
according to the test scenario is shown in Figure 4a. Hydrogen leaks upward into the space
through a square leakage port with a side length of 0.305 m at the height of 0.15 m in the
lower part of the space.
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In the experiment, two monitoring points are selected and set as A1 (3.05 m, 3.05 m,
−5.49 m) and A2 (3.05 m, 0.38 m,−5.49 m), respectively. The test data at the two monitoring
points are compared with the hydrogen concentration data simulated and calculated in
this paper, as shown in Figure 4b. It can be seen that the simulation results are basically
consistent with the experimental results, so it is considered that this method can be used to
simulate the concentration in the process of hydrogen leakage and diffusion in space.

3. Results
3.1. Hydrogen Leakage and Diffusion Process HFCV Open Space and Influencing Factors
3.1.1. Location of Leakage

When hydrogen leaks to the rear of the vehicle, the hydrogen leakage is less affected
by the cab and space structure, and it has a large hydrogen concentration distribution range.
In the case of hydrogen leakage from the leakage port I, the hydrogen concentration distri-
bution around the whole car body is shown in Figure 5. It can be seen that when hydrogen
begins to leak in open space, hydrogen mainly diffuses along the direction of leakage, and
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the concentration distribution range increases. In the stable stage, the cross section width
of hydrogen gas mass gradually widens with the increase of diffusion distance.
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Figure 5. Distribution diagram of hydrogen concentration at the leakage outlet in open space. These
are listed as: (a) t = 1 s; (b) t = 2.5 s; (c) t = 7.5 s; (d) t = 15 s.

Figure 6 shows the hydrogen concentration distribution of leakage port II in open
space. It can be seen that when hydrogen leaks, it will spread quickly to the rear wall of
the cab, and the hydrogen concentration in the corner between the cab and the chassis,
resulting in the hydrogen storage bottle and the chassis area of the car as higher. When the
leakage is continuous, there is always hydrogen distribution on the back wall of the cab. If
the hydrogen leakage is not stopped in time, the hydrogen will spread to the cab, and if so,
the combustion explosion will endanger the safety of the driver.

When hydrogen leaks vertically from leakage port III, hydrogen is less affected by the
structure of the vehicle. Figure 6 shows the distribution of hydrogen concentration in this
area. From Figure 7, it can be seen that hydrogen diffuses rapidly upward at the beginning
of leakage, and the distribution range of hydrogen concentration is basically stable. With
the increase of hydrogen diffusion height, the width of hydrogen section also increases,
and the boundary of hydrogen concentration is conical.

The change of hydrogen concentration on the three outlet leakage axes is compared
as is shown in Figure 8. It can be seen that when the leakage rate, leakage diameter and
other parameters are the same, the hydrogen concentration change curve on the leakage
axis is basically the same, and the leakage port and hydrogen leakage axis are 6.255 m,
0.9 m and 2.2 m. It can be concluded that the safe distance of hydrogen diffusion under
this simulation condition is about 6.25 m long.
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3.1.2. Rate of Leakage

During the hydrogen leakage process, the leakage port pressure constantly decreases,
and the leakage rate also constantly decreases. In no wind open space, mouth leakage of
10 mm, with hydrogen leaking to the rear at selected rates of 20 g/s, 10 g/s and 5 g/s of
leakage are utilized for simulation. The distribution of hydrogen concentration at different
leakage rates is shown in Figures 9 and 10.
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Figure 9. Distribution diagram of hydrogen concentration at different leakage rates at t = 0.75 s. These are listed as:
(a) Q = 20 g/s; (b) Q = 10 g/s; (c) Q = 5 g/s.
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3.1.3. Wind Speed

In an open environment, when hydrogen leaks to the rear of the car, hydrogen under
the wind is easy to spread to the cab, so the risk is higher. The simulation investigates the in-
fluence of different wind speed on hydrogen leakage and diffusion under the reverse wind
direction and simulates the distribution of hydrogen concentration at different leakage
times when the reverse wind speed is 10 m/s, 5 m/s and 2 m/s, respectively. The distribu-
tion of hydrogen concentration at different wind speeds is shown in Figures 11 and 12.
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When hydrogen begins to leak, hydrogen is distributed at the angle between the
rear wall and the upper wall of the chassis at 10 m/s wind speed and the surface of the
hydrogen storage bottle. At 5 m/s and 2 m/s wind speed, hydrogen mainly diffuses to the
rear of the vehicle. The greater the headwind speed, the slower the hydrogen diffuses along
the leakage direction. It can be seen that the smaller the headwind speed, the larger the
concentration distribution range of hydrogen, especially with the difference of hydrogen
distribution range under the chassis.

3.1.4. Wind Direction

Hydrogen gas leaks back from 10 mm caliber and 20 g/s leakage rate, downwind
wind, reverse wind and 90 degree side wind at 10 m/s, and the hydrogen concentration
distribution during hydrogen leakage and diffusion are simulated in Figures 13 and 14.
It can be seen that when the hydrogen just leaks, the downwind wind will accelerate the
diffusion of hydrogen along the leakage direction, and the reverse wind will move part
of the hydrogen to the leakage reverse direction, and produce a certain time of hydrogen
accumulation at the rear wall of the cab and the corner of the upper wall of the chassis.
After a certain time, the downwind hydrogen gas is only distributed backward in the
leakage direction, and the hydrogen boundary is gradually widened as the leakage distance
increases. The distribution of hydrogen behind the cab and the corner above the chassis and
on the hydrogen storage tank is decreasing. There is also a hydrogen distribution below
the chassis under the counter wind. With the leakage time, the hydrogen distribution range
basically no longer changes with the leakage time and is in a steady state. The boundary
of the downwind hydrogen distribution has an oblique line characteristic and a conical
distribution. In the reverse wind environment, hydrogen is distributed on the surface of
the hydrogen storage tank and the top and bottom areas of the chassis, with the overall
elliptical distribution.
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Figure 14. Distribution of hydrogen concentration in different wind directions at t = 15 s. These are
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Hydrogen concentration distribution at a 90 degrees side wind 10 m/s is shown in
Figure 15. It can be seen that under the influence of side wind, hydrogen no longer diffuses
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along the direction of leakage, but diffuses downwind to the outside under the direction
of side wind. Under the lateral wind environment, the diffusion direction of hydrogen
is obviously downwind, the diffusion process is the fastest, and the distribution range of
hydrogen concentration is the smallest.
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The 90 degree side wind and the downwind are beneficial to hydrogen diffusion, while
the headwind is not conducive to hydrogen diffusion. According to the diffusion effect of
hydrogen in different wind directions, the diffusion effect of hydrogen in 90 degrees side
wind is better than that in downwind, while the diffusion effect in headwind is the worst.

3.2. Analysis of the Influencing Factors of the Airway in Closed Space
3.2.1. Area of Vent

In the closed space, the vent has a non-negligible influence on the concentration
distribution during the hydrogen leakage, so the influence of different vent areas on the
hydrogen leakage and diffusion is analyzed. In Figure 16, the vents of the upper wall, as
S1, S2, S3.
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The concentration distribution of hydrogen diffusion in the closed space under differ-
ent vent areas is shown in Figures 17 and 18. It can be seen that when hydrogen leaks to
the rear of the car, it will first spread in the leakage direction to the back wall of the space
and spread around in the rear wall block. When the upward diffused hydrogen spreads
near the vent, the larger the vent, the smaller the hydrogen distribution range on the upper
wall of the space. The space of the distribution of hydrogen concentration is basically the
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same, with the difference mainly in the area near the vent, the larger the area, the greater
the distribution range of lower hydrogen concentration near the vent.
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(c) S3.

A monitoring point is set up in the center of the vent M, and the change of hydrogen
concentration at each monitoring point under different vent areas is shown in Figure 19.
At 2.5 s, the volume fraction of hydrogen increases sharply, and then increases linearly
after a slight decrease. The vent area is different, and the concentration curve is different.
The larger the vent, the lower the hydrogen concentration in the area near the vent. The
increase of the vent area reduces the hydrogen concentration and the rising rate of the
concentration in the area near the vent, but the influence area is limited near the vent, and
has no effect on the space area far from the vent.
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3.2.2. Location of Vent

Such as Figure 20 set vent S4, the set equal area vent behind the wall in space S1
analyzes the effect of vent position on hydrogen concentration in closed space.
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The concentration distribution of hydrogen diffusion in closed space at different vent
locations is shown in Figure 21. It can be seen that at the beginning of the hydrogen leakage
to the rear of the vehicle, the hydrogen gas at the top vent S1 of the environment has
diffused along the upper wall of the space to the front of the space, while the hydrogen at
the rear vent S4 of the environment has just diffused to the middle of the space. At the end
of the simulation, the concentration and distribution of hydrogen in space in the top vent
environment is larger, and the difference is still mainly concentrated in the upper half of
the space. The reason is that in the case of hydrogen leakage to the rear of space, compared
with the top vent, opening a vent at the back of space can make more hydrogen diffuse
directly from the vent to the external environment. The diffusion process and concentration
distribution range of hydrogen in space are significantly affected.
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Changes in hydrogen concentration M monitoring points at different vent locations
are shown in Figure 22. The slope and concentration values of the hydrogen concentration
change curve under the S4 of no vent, vent S1 and vent decrease in turn, and the hydrogen
volume fraction under the vent S4 is only 40% under the vent S1 at 60 s, indicating that
the vent position significantly affects the rising rate and concentration of hydrogen at the
monitoring point.
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The analysis shows that the effect of rear vent on hydrogen concentration is reflected
in more areas of closed space, while the effect of top vent is limited to the area near the
vent. When the vent area is limited, the leakage position and direction of hydrogen are
analyzed, and the ventilation effect in the closed space can be improved by opening the
vent in a reasonable position.

4. Conclusions

By using Fluent software, the influence factors of hydrogen leakage diffusion in
open space and the influence of air vent on hydrogen leakage diffusion in closed space
are studied.

1. The hydrogen leakage and diffusion process in open space is divided into three stages:
leakage and diffusion, concentration dilution and stable balance. At the beginning
of the leakage, when the air can dilute hydrogen, the distribution range is reduced.
After the hydrogen leakage, diffusion and dilution, the hydrogen distribution range
never changes. When the distribution is stable, the hydrogen concentration is charac-
terized by a conical stratified distribution structure, the hydrogen concentration and
concentrated gradient near the leakage port. The width increases with the diffusion
distance and with the inclined straight line characteristics.

2. In open space, the leakage rate greatly effects the hydrogen distribution range. The
greater the leakage rate, the greater the hydrogen concentration range. Environmen-
tal wind affects the hydrogen distribution range and the diffusion direction. When
hydrogen leaks to the rear of the car, the smaller the wind speed under different
adverse wind speeds, the larger the hydrogen distribution range, and more hydrogen
is distributed under the chassis, which is not conducive to the safety of HFCV. Under
different wind directions, the 90-degree side wind significantly changes the hydrogen
diffusion direction of hydrogen, with the fastest diffusion and the minimum concen-
tration distribution range, the most conducive to hydrogen diffusion. However, the
maximum distribution range and the highest risk are under the reverse wind.

3. The air outlet in closed space has an effect on the rising rate and size of hydrogen
concentration. In the case of hydrogen backward leakage, the influence of the top vent
is slight. Under different top vent areas, the overall diffusion process of hydrogen in
space never changes, and the effect is limited to the vicinity of the vent. Compared
with the top vent, opening the vent at the back of the space can make hydrogen
diffuse to the external environment faster and significantly reduce the rising rate and
concentration of hydrogen concentration in this space. Therefore, after hydrogen
leakage, the best effect is to open the vent in the position where hydrogen first diffuses.

In the following research process, more detailed hydrogen safety analysis can be
carried out in local complex areas, such as pipe valves, on-board hydrogen system, etc.
Simulation will be carried out for other differing environments to more accurately predict
the hydrogen concentration distribution around the whole vehicle after the leakage of
hydrogen supply system in the effort to put forward more practical safety evaluation
and guidance.
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