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a b s t r a c t

Soil corrosion and hydrogen embrittlement are the main factors of hydrogen pipeline failure. The gas
escapes, diffuses and accumulates in the soil and enters the atmosphere when leak occurs. The mech-
anism of gas diffusion in buried pipelines is very complicated. Mastering the evolution law of hydrogen
leakage diffusion is conducive to quickly locating the leakage point and reducing the loss. The leakage
model of the underground hydrogen pipeline is established in this paper. The effect of leakage hole, soil
type, pipeline pressure, pipeline diameter on hydrogen leakage diffusion were investigated. The results
show that when the hydrogen pipeline leaks, the hydrogen concentration increases with the increase of
leakage time, showing a symmetrical distribution trend. With the pipeline pressure increase, hydrogen
leakage speed is accelerated, and longitudinal diffusion gradually becomes the dominant direction. As
the leakage diameter increases, hydrogen leakage per unit of time increases sharply. Hydrogen diffuses
more easily in sandy soil, and its diffusion speed, concentration, and range are higher than that in clay
soil. The research content provides a reference and basis for the detection and evaluation of buried
hydrogen pipeline leakage.

© 2023 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Energy structure shifts from fossil fuel to new and renewable
energy for reducing carbon dioxide emissions. Hydrogen energy is
renewable energy with sources rich, green and low-carbon. It oc-
cupies an important position in all industries and significantly
impacts the construction of a clean, low-carbon, safe and efficient
energy system and the realization of carbon peak and carbon
neutrality. According to its properties and hydrogen storage ma-
terials, hydrogen storage and transportation mainly includes high-
pressure gas transportation, low-temperature liquid trans-
portation, solid-state transportation and high-pressure liquid
transportation. Hydrogen is usually transported by pipeline [1].

Pipeline transportation of hydrogen is irreplaceable for long-
distance and large scale, which is the best choice for large-scale
and low-cost hydrogen transport [2]. Due to its combustion char-
acteristics, high-pressure leakage hydrogen is prone to sponta-
neous combustion, which may lead to fire or explosion accidents,
then result in severe casualties and property losses [3]. The flam-
mable limit of hydrogen in ambient air is 4%e75%, and the flam-
mable range is wide. The detonation limit of hydrogen in air at
room temperature and atmospheric pressure is 18.3%e59%, the
detonation velocity is 1480e2150 m/s. Hydrogen is a high-energy
fuel. When hydrogen is ignited in combination with air or other
oxidants, which will release colossal energy [4]. The diffusion co-
efficient of hydrogen is six times that of natural gas. Hydrogen has a
more vital diffusion ability and comprehensive harm than natural
gas. Hydrogen energy is an integral part of the future national en-
ergy system, and its safety is the main focus of research and pro-
motion of hydrogen energy applications [5].

The research on hydrogen leakage and diffusion has not yet
formed a system. Wang [6] studied the diffusion law of hydrogen
clouds under different leakage times and analyzed the maximum
diffusion distance and ground height of hydrogen clouds during
diffusion process. Shu [7]proposed a dimensionless prediction
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model and analyzed the influence of different leakage angles and
speeds on hydrogen leakage behavior. Mao [8] obtained hydrogen
concentration distribution with time through the indoor diffusion
process of hydrogen. Choi [9] conducted the diffusion process
simulation of hydrogen leakage in the underground garage, and
predicted the evolution of hydrogen concentration and flammable
area in the parking lot. Li [10] analyzed the distribution of
hydrogen concentration in fuel cell cabin under ventilation con-
ditions and summarized the law of diffusion development. Yan
[11] studied the critical initial release pressure required for
spontaneous combustion in high-pressure hydrogen leaks. Lin
[12] studied hydrogen leakage, jet combustion and cloud explo-
sion of fuel cell vehicles in confined space and summarized the
safety measures of fuel cell vehicles in confined space. NASA has
successfully conducted large-scale liquid hydrogen leak experi-
ments, some of which have data that can provide validity verifi-
cation for simulation [13].

To ensure the rapid and healthy development of the hydrogen
energy industry, relevant institutions in China have also carried
out research in the field of hydrogen energy safety. A hydrogen
safety research laboratory has been established, which has con-
ducted systematic research on hydrogen leakage and explosion,
fire resistance of vehicle-mounted hydrogen storage cylinders,
and hydrogen risk assessment, and has achieved important pre-
liminary results，The research on hydrogen leakage and diffusion
focuses on the influence law of the shape of the leakage port,
obstacles, hydrogen concentration gradient, and air buoyancy on
the diffusion of hydrogen leakage, and the interaction and influ-
ence between different hydrogen jets when hydrogen occurs in
multiple leaks [14]. There are few studies on the leakage and
diffusion of hydrogen pipelines under the coupling of under-
ground soil and the atmosphere environment. The leakage and
diffusion model of hydrogen pipeline in different soil to the
ground is established in this paper. The effects of leak hole, soil
type, pipe pressure, and pipe diameter on the diffusion of
hydrogen leaks were investigated. Those results can make an
effective prognosis for summarizing the evolution of hydrogen
pipeline leakage dispersion under coupling conditions and the
safety assessment after pipeline leakage.

2. Methods and models

2.1. Physical model

After hydrogen leakage in the soil diffuses into the atmosphere,
the continuous leakage time is 60 min. The calculation domain is
3 m� 3m� 4m, including pipeline area, soil area, and atmosphere
area, where the contact surface of soil area and atmosphere area is
the interface. The soil region is regarded as an isotropic porous
medium region. The pipeline nominal diameter is 304 mm, and the
leakage point is a circular hole located on the upper wall of the
pipeline. The leakage hole diameter is 20 mm. The backfill is above
the pipeline, and the physical model is shown in Fig. 1.

2.2. Leakage model and equations in soil

The conservation laws commonly followed in fluid motion,
namely conservation of mass, conservation of momentum, and
energy, apply to the diffusion of hydrogen gas during leakage. Thus,
the corresponding continuity, momentum, and energy equation
can be deduced. In addition, there are gas state equations and
component transport equations.

The continuity equation is as follows [15,16]:
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where r is the density of gas mixture, ε is soil porosity, t is time,
and ui is speeds in x, y, z directions.

The momentum equation is as follows:
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where p is gas pressure, and m is gas viscosity. Si is the source
term of momentum equation in equation (2).
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where 1=a is coefficient of viscous resistance, DP is the average
diameter of the particle, and C2 is the inertial drag coefficient.

The component transport equations are as follows:

vðεrCiÞ
vt
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rCivg
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whereD is the effective diffusion coefficient of the gas in the soil,
Si is the mass source term for the i gas component, Ci is the
component mass fraction, and vg is the gas percolation velocity.

The equation of state is as follows:

PV ¼RT (7)

where P is pressure, V is gas volume, R is the gas constant, and T
is the thermodynamic temperature.

2.3. Hydrogen diffusion model and governing equations in
atmosphere

The governing equation of hydrogen diffusion in atmosphere
environment is as follows [17]:
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Fig. 1. Physical model of underground hydrogen pipeline.
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where ui, uj are average speed, p is mean pressure, ui
0, uj

0 are
fluctuation velocity, n is motion viscosity of air, 1.5 � 10�5 m2/s. nt is
eddy viscosity coefficient, k is turbulent kinetic energy, ε is turbu-
lent dissipation rate (not related to the preceding section). C1ε, C2ε,
sk, and sε are constants of turbulencemodels, Ci is componentmass
concentration, D is diffusion coefficient 6.11 � 10�5, and Sct is tur-
bulence schmidt constant 0.7.

2.4. Numerical model

The diffusion characteristics of hydrogen in two soils with
different particle diameters, viscous resistance, inertial resistance,
and porosity are compared, and the specific parameters are shown
in Table 1. The boundary conditions include that the pipeline inlet is
the pressure inlet, the pipeline outlet and the atmospheric outlet
are the pressure outlet, the soil area, the atmosphere area is the
coupling interface, and the other boundaries are thewall. Under the
initial conditions, the soil pore medium is air, and the initial pres-
sure is atmospheric pressure. When leakage occurs, the pressure at
leakage point is consistent with the pipeline pressure. The fluid
medium in the atmosphere region is a mixed gas. Only air was
present in the soil and atmosphere before the leakage, and the
temperature is 300K. The influence of buoyancy and gravity is
considered.

The complex working conditions are specifically studied
through multi-factor analysis, including various leakage holes,
pipeline pressures, soil properties and diameters. To monitor the
variation of hydrogen concentration in different areas with time,
four monitoring points were established for real-time monitoring
with coordinates of (1.5, 1.5, 1), (1.6, 1.5, 1.3), (1.5, 1.5, 2) and (1.5, 1.5,
3), respectively, as shown in Fig. 1.

3. Results and discussion

3.1. Grid independence and model validation

Divide four grid levels 273,340, 345,260, 473,416 and 664,938 to
monitor the hydrogen mass fraction at the point (1.5, 1.5, 1), as
shown in Fig. 2. When the number of grid reached 473,416, the
average error of hydrogen mass fraction was within 10%. To ensure
the calculation accuracy and reduce the calculation time, 473,416
grid level was selected for numerical simulation.

To verify the accuracy of numerical methods, the data of Zhou
[18] were selected for model validation. The natural gas pipeline
has a circular leakage hole with a diameter of 20 mm, which is
located in the middle part of the pipeline. The pipeline has a
transport pressure of 0.2 MPa, a 1.5 m thick soil above it, soil
porosity is 0.45, coefficient of viscous resistance is 4.7 � 109 and
inertial resistance coefficient is 2.15 � 105. The natural gas mass
fraction is monitored at 75 mm above the leak hole, as shown in
Fig. 3. The reliability of the numerical simulation was verified.

3.2. Temporal and spatial evolution of leakage

The different time distributions of hydrogen diffusion after the
pipeline leak are shown in Fig. 4, extracting the hydrogen mass
fraction clouds in YZ plane at X¼ 1.5m and in XZ plane at Y¼ 1.5m.

The gas on both sides of the hydrogen leakage is roughly sym-
metrical diffusion distribution. When the hydrogen leak time is
t ¼ 10 min, the hydrogen diffusion in the soil is small and has not

Table 1
Soil properties parameters.

Soil type Particle diameter Coefficient of viscous resistance Inertial resistance coefficient Porosity

Sand 0.5 2.16 � 1010 3.36 � 105 0.25
Clay 0.05 2.43 � 1011 5.02 � 105 0.43

Fig. 2. Grid independence verification.

Fig. 3. Validation of numerical methods.
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yet spread to the atmosphere. The area of high hydrogen concen-
tration is in the leak hole as well as around the pipeline wall. When
t ¼ 20 min, the area of high concentration of hydrogen continues to
expand. The hydrogen in the soil under the role of buoyancy to the
atmosphere above the diffusion, while the role of larger resistance
in the soil, hydrogen soil, and atmosphere environment at the
junction of the diffusion rate is more minor. When t ¼ 30 min, the
contour at the junction produces a fault because the air content in
the soil is less than that in atmosphere. The hydrogenmass fraction
in the soil is more significant than that in the atmosphere. On the
other hand, the medium density is different, and the hydrogen in
the atmosphere is subject to less resistance and diffuses faster than
in the soil. When t ¼ 40 min, the concentration is increased
compared with 30 min, and the hydrogen concentration in the soil
reaches the maximum value. The hydrogen diffusion height in the
atmosphere is about 1 m.

Connect monitoring point 1 and monitoring point 4 and extract
the hydrogen concentration curve on this line segment as shown in
Fig. 5.

Fig. 5 shows the variation curve of hydrogen concentration with
height from Z¼ 1m plane to Z¼ 3m plane. The Z¼ 2m plane is the
interface between soil and atmosphere environment. The figure
shows that the hydrogenmass fraction at monitoring point 1 is 1 at
10 min. With the height increases, the curve shows a decreasing
trend. The decreasing trend of hydrogen mass fraction at t¼ 10min
is faster than the other curves, which indicates that the diffusion
time is shorter, the hydrogen content in the soil is less, and the

hydrogen only diffuses in the soil. At t ¼ 30 min, the mass fraction
of hydrogen in the Z ¼ 2 m plane is greater than 0, and some of
hydrogen has diffused into the atmosphere. At t ¼ 60 min, the
hydrogen concentration near the surface reaches its maximum.
According to the curve in the graph, it is able to summarize the
degree of hydrogen diffusion at different moments, grasp its
diffusion law and prevent hazardous accidents.

Fig. 6 shows the growth curve of monitoring point 1 and
monitoring point 3 in 60 min. The distance between monitoring
point 1 and the leakage hole is close, and the hydrogen concen-
tration at this point rises sharply. Then the growth trend is
moderated at around 400 s, the concentration reaches saturation at
around 600 s, and the hydrogen concentration value is approxi-
mately 1. Monitoring point 3 is slightly distant and not in the same
longitudinal plane as the leak hole. Therefore, the hydrogen diffu-
sion at point 3 has accumulation time, and the hydrogen continues
to leak, which is a rapid growth stage from 1200 s to 2700 s. After
2700 s, the growth rate slowed down. The accident can be avoided
by mastering the evolution of hydrogen diffusion stages and
reasonably using the safety time.

3.3. Pipeline pressure effect

Fig. 7 shows the concentration distribution clouds for 20 min,
40 min, and 60 min after the leakage under different pipeline
pressures. At different pipeline pressures, the hydrogen diffusion
varies widely when the hydrogen pipeline leaks. When the pres-
sure is 1 MPa, the kinetic energy of the leakage hole is low, and the
leakage rate is negligible. Hydrogen only diffuses in the soil, and
hydrogen diffuses slowly in the vertical direction. Compared with
1 MPa, the pressure at the leak hole increases when the pipeline
pressure is 2 MPa, and the leak rate is more significant when
hydrogen diffuses vertically from the soil into the atmosphere.
When the pipeline pressure is 4 MPa, the hydrogen concentration
fraction range and diffusion degree at the pipeline leakage hole are
more evident than those at 2 MPa. The influence of pipeline pres-
sure on hydrogen diffusion is more significant with time. The
higher the pressure at 60 min, the greater the diffusion range and
height is, and the higher the hydrogen content in the atmosphere.

Fig. 8 shows the hydrogen diffusion concentration within
0e1.5 m in X direction at different pipeline pressures at 40 min. At
40 min, the leftmost hydrogen concentration is below 0.8 at 1 MPa.
The leftmost hydrogen concentration is around 0.9 at 2 MPa. The
leftmost hydrogen concentration is above 0.95 at 4 MPa. The
starting hydrogen concentration varies significantly from0 to 1.5m.

Fig. 4. Hydrogen diffusion cloud at different moments.

Fig. 5. Hydrogen concentration with height at monitoring point. Fig. 6. Growth curve of hydrogen concentration over time.
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The reason for this phenomenon lies in the magnitude of the
pressure value at the leak hole, which is the pipeline operating
pressure. The higher the pipeline pressure, the wider the diffusion
range and the higher the diffusion concentration.

Fig. 9 shows the maximum hydrogen diffusion height in Z di-
rection under different pipeline pressure at 60 min. When the
pipeline pressure is 1 MPa, the maximum height of hydrogen
leakage and diffusion is 2.99 m. The maximum hydrogen leak
diffusion height is 3.34 m at pipeline pressure 2 MPa. The highest
hydrogen leak diffusion height is 4 mwhen the pipeline pressure is
4 MPa. The pipeline pressure not only affects the lateral diffusion
but also significantly affects the longitudinal diffusion. The higher
the pipeline pressure is, the higher the diffusion height is.

3.4. Pipeline diameter effect

Fig. 10 shows the hydrogen diffusion clouds at different pipeline
diameters. When the pipeline diameter is 304 mm, the hydrogen is
already in a stable state in the soil and reaches a certain diffusion
height in the atmosphere environment. As the pipeline diameter is
508mm, the hydrogen concentration in the soil is not yet saturated,
the horizontal direction shows an apparent concentration gradient,
and the height of hydrogen diffusion in the vertical direction is
lower than that of the 304 mm pipeline. The lower the pipeline

diameter is, the larger the radial velocity gradient is. In the case of a
leak, the pressure at the 508mm leak is less, and the leak rate is less
compared to the pipeline with 304 mm. Therefore, the same
operating conditions, the pipeline diameter affects the hydrogen
leak diffusion process.

Fig. 11 indicates the growth curve of hydrogen at monitoring
point 1 andmonitoring point 3 for different pipeline diameters. It is

Fig. 7. Hydrogen concentration nephogram under different pipeline pressures.

Fig. 8. Hydrogen lateral diffusion radius at t ¼ 40 min.

Fig. 9. Longitudinal diffusion height at t ¼ 60 min.

Fig. 10. Hydrogen diffusion cloud at different pipeline diameters.

Fig. 11. Hydrogen concentration curves at different pipeline diameters.
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clear from the figure that the monitoring point curves are growing
in approximately the same trend. The 508 mm pipeline grows
faster than the 304 mm pipeline during the initial period of the
leak. As the time of the leak becomes longer, at monitoring point 1,
the 304 mm pipeline overtakes the 508 mm pipeline at around
300 s. Similarly, at monitoring point 3, the 304 mm pipeline over-
takes the 508 mm pipeline at around 1900 s. The analysis can be
obtained that the leakage speed of the 304 mm pipeline is higher
than 508 mm pipeline, the diffusion range is more extensive, the
diffusion by the 508 mm pipeline is slower, and the accumulation
concentration of hydrogen is more significant at the monitoring
point, which also causes the hydrogen concentration of 508 mm
pipeline to climb continuously at a certain point.

3.5. Leakage hole diameter

Fig. 12 shows the hydrogen mass fraction curves of the three
leakage holes at monitoring point 2 within 60 min. The graph on
the right reveals that the hydrogen mass fraction grows fastest and
reaches stability first when the leak hole diameter is 40 mm, fol-
lowed by a hole diameter of 30 mm and finally 20 mm.

Fig. 13 shows the hydrogen diffusion cloud for three leak hole
diameters. At the same pressure of pipelines, the increase of
leakage hole diameter will lead to the increase of leakage flow and
the influence of hydrogen diffusion. It is apparent that the pore size
directly affects the diffusion behavior of hydrogen leakage. The leak
hole determines the leak area. Under the same conditions, the
leakage area increases, and the hydrogen leakage increases.
Therefore, increasing the diameter of leakage hole will enlarge the
diffusion area of hydrogen.

3.6. Soil properties effect

The buried pipeline with 1 MPa operation, burial depth of 1.5 m,
304mmdiameter, and leakage hole diameter of 20mmwas used as
the research object to analyze the degree of influence of soil type on
hydrogen pipeline leakage and diffusion.

Fig. 14 shows the diffusion clouds of hydrogen at 60 min for the
two soil conditions. The diffusion capacity of hydrogen varies under
different soil conditions. The hydrogen leakage diffusion range in
sandy soils is more extensive, and the diffusion capacity is more
significant than in clay soils. The reason is that the clay soil has a
higher viscous and inertial resistance, which affects the hydrogen
diffusion speed. It can be seen that the diffusion of hydrogen in the
soil is affected by the type of soil, and the diffusion resistance of

sandy soil is the least, and the rapid diffusion of hydrogen is very
likely to cause dangerous accidents, while the danger of clay soil is
more diminutive.

Fig. 15 shows the hydrogen concentration curves at monitoring
point 4 in Z ¼ 1 m plane and Z ¼ 3 m plane, where Z ¼ 2 m plane is
the interface between the soil and the atmosphere environment.
From the figures, it can be viewed that at 10 min, the hydrogen
mass fraction at the monitoring point is 1. With the height increase,
the curve shows a decreasing trend.When t¼ 10min, the hydrogen
mass fraction decreases faster than the other two curves, which

Fig. 12. Hydrogen growth curves with different leakage holes.

Fig. 13. Hydrogen distribution clouds under different leakage holes.

Fig. 14. Hydrogen diffusion clouds in different soils.

Fig. 15. Hydrogen diffusion curves in different soils.
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means the diffusion time is shorter, the hydrogen content in the soil
is less, and the hydrogen only diffuses in the soil. When t ¼ 30 min,
the hydrogen mass fraction in Z ¼ 2 m plane is greater than 0, and
some hydrogen has diffused into the atmosphere.When t¼ 60min,
the hydrogen concentration near the surface reaches the highest.
The hydrogen diffusion degree at different moments can be sum-
marized to grasp its diffusion law and prevent hazardous accidents.

Fig. 16 shows the maximum height of hydrogen diffusion at
60 min for different soil types. The hydrogen leakage diffusion
height in sandy soils is 3.10 m, while it is 2.78 m in clay. The
hydrogen diffusion is affected by the different resistance of the soil
to the hydrogen diffusion. Usually, sandy soils have a larger particle
sizes and larger soil pores, and hydrogen is more convenient to
diffuse in the soil. The clay particle is smaller and tighter than in
sandy soils, and the soil pores are relatively small, which hindering
the diffusion of some of the hydrogen.

4. Conclusions

The hydrogen concentration range increases gradually with
time when the hydrogen pipeline is leaking and diffusing in soil.
When the pipeline pressure increases, the longitudinal diffusion
rate is fast, and the longitudinal diffusion gradually dominates. The
leak hole diameter has a significant effect on the hydrogen leakage.
Under the same condition, the leakage area increases with the in-
crease of hole diameter. The smaller the pipeline diameter is, the
larger the transverse velocity gradient is. The diffusion resistance in
sandy soil is small, and hydrogen diffuses more easily. The diffusion
speed and concentration range of hydrogen in sandy soil than that
in clay.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

This research work was supported National Natural Science
Foundation of China: (582104223).

References

[1] G. Pluvinage, Mechanical properties of a wide range of pipe steels under in-
fluence of pure hydrogen or hydrogen blended with natural gas, Int. J. Pres.
Ves. Pip. 190 (2021) 104293.

[2] Xiaobo Shen, Xuening Zhang, Haifeng Liu, Research and progress of safety
issues related to high pressure hydrogen leakage, CIESC J. 72 (3) (2021)
1217e1229.

[3] H. Li, X. Cao, Y. Liu, et al., Safety of hydrogen storage and transportation: an
overview on mechanisms, techniques, and challenges, Energy Rep. 8 (2022)
6258e6269.

[4] Dandan Shen, Dingyun Gao, Xiangmin Pan, Literature review on safety of
hydrogen energy utilization, Shanghai Energy Conserv. (11) (2020)
1236e1246.

[5] B.E. Lebrouhi, J.J. Djoupo, B. Lamrani, et al., Global hydrogen development -A
technological and geopolitical overview, Int. J. Hydrogen Energy 47 (11)
(2022) 7016e7048.

[6] Yawen Wang, Yanwei Chen, Huiping Zhao, et al., Research on characteristics
of liquid hydrogen leakage diffusion and protection methods based on CFD,
J. Ordnance Equip. Eng. 42 (6) (2021) 140e146.

[7] Z. Shu, G. Lei, Z. Liu, et al., Motion trajectory prediction model of hydrogen leak
and diffusion in a stable thermally-stratified environment, Int. J. Hydrogen
Energy 47 (3) (2022) 2040e2049.

[8] X. Mao, R. Ying, Y. Yuan, et al., Simulation and analysis of hydrogen leakage
and explosion behaviors in various compartments on a hydrogen fuel cell
ship, Int. J. Hydrogen Energy 46 (9) (2021) 6857e6872.

[9] J. Choi, N. Hur, S. Kang, et al., A CFD simulation of hydrogen dispersion for the
hydrogen leakage from a fuel cell vehicle in an underground parking garage,
Int. J. Hydrogen Energy 38 (19) (2013) 8084e8091.

[10] Feng Li, Yupeng Yuan, Xinping Yan, et al., A study on numerical simulation of
hydrogen leakage in cabin of fuel cell ship, J. Transp. Inf. Saf. 35 (6) (2017)
60e66.

[11] Weiyang Yan, Xuhai Pan, Zhilei Wang, et al., Experimental investigation on
spontaneous combustion of high-pressure hydrogen leakage to form jet fire,
Explos. Shock Waves 39 (11) (2019) 134e143.

[12] Yujie Lin, Xiaodong Ling, Xue Jiang, et al., Research status of fuel cell vehicles
hydrogen leakage and explosion under confined space, Saf. Health Environ. 39
(11) (2019) 134e143.

[13] B. Fuster, S. Jallais, et al., Guidelines and recommendations for indoor use of
fuel cells and hydrogen systems, Int. J. Hydrogen Energy 42 (11) (2017)
7600e7607.

[14] Jinyang Zheng, Ziliang Liu, Zhengli Hua, et al., Research status-in-situ and key
challenges in hydrogen safety, J. Saf. Environ. 20 (1) (2020) 106e115.

[15] Yuxia Xiang, Leakage and diffusion model and test research of high pressure
underexpanded hydrogen, Taiyuan University of Technology, 2021.

[16] Rong Xiao, Simulation study on leakage and diffusion of buried gas pipeline in
soil, Harbin Institute of Technology, 2019.

[17] Yan Wang, Hong Huang, Lida Huang, et al., Numerical simulation of leakage
gas dispersion based on soil and atmosphere coupling, J. Tsinghua Univ. (Sci.
Technol.) 57 (3) (2017) 274e280.

[18] Miao Zhou, Diffusion simulation of buried gas pipeline in soil, Shandong
Jianzhu University, 2018.

Fig. 16. The maximum height of hydrogen diffusion at 60 min.

W. Zhang and G. Zhao Petroleum 10 (2024) 319e325

325




