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Abstract:
Natural gas transportation, storage and distribution systems are relatively well-developed.
Hydrogen-blended natural gas (H2-NG) can utilize the existing infrastructure, reducing
the cost of renewal and reconstruction and enabling wide-range hydrogen transportation.
However, incorporating hydrogen into natural gas modifies its characteristics, leading to
leakage and diffusion behaviors that differ from those of pure natural gas. To examine
these characteristics of H2-NG, this paper numerically simulates the leakage process in a
utility tunnel and investigates the influences of leak apertures, hydrogen blending ratios
(HBRs), pipeline operating pressure, and ventilation conditions on the gas distribution in
the tunnel. The results show that an increase in leak aperture and pipeline pressure leads to
higher gas concentration, a larger diffusion radius in the tunnel, and earlier alarm time. The
amount of leakage is positively correlated with the HBR; increasing HBR increases the
amount of leakage and the risk of explosion in the utility tunnel. Ventilation significantly
impacts the gas concentration within the tunnel. With smaller leak apertures and pipeline
pressures, 6-12 times per hour mechanical ventilation can reduce the gas concentration
in the utility tunnel to a safe range. A ventilation strategy of at least 15 times per hour
should be adopted for larger leak sizes and pipeline pressures. The results of this study
provide theoretical guidance for managing the leakage process of H2-NG in underground
comprehensive utility tunnels.

1. Introduction
The extensive combustion of fossil fuels has led to critical

ecological and environmental challenges, including global
warming, acid rain and air pollution. Although natural gas
is relatively cleaner, its combustion still produces greenhouse
gases, thus impacting climate change. Consequently, the pro-
motion of renewable energy development has become the
primary focus of the current energy transition (Apostolou et
al., 2019; El-Ghafour et al., 2010; Østergaard et al., 2020,
2020a; Le et al., 2024). Hydrogen has advantages such as
being carbon-free, highly efficient and an abundant material
supply. Blending hydrogen with natural gas offers a viable
pathway to curtail greenhouse gas emissions and minimize
environmental repercussions (Ogden et al., 2018; Kong et
al., 2021; Tian and Pei, 2023; Kong et al., 2024; Wang

et al., 2024). This hybrid approach not only leverages the
cleaner combustion of hydrogen but also aligns with ongo-
ing efforts to optimize energy. Under these circumstances,
the transport of hydrogen-blended gas (H2-NG) is gaining
escalating significance. In recent years, the integration of
gas pipelines into underground utility tunnels has rapidly
developed. Laying gas pipelines in these enclosed underground
spaces and setting up fire barriers effectively prevent damage
to the gas pipelines (Wu et al., 2021; Wang et al., 2021;
Zhao et al., 2022). However, due to the significant differences
in physical properties between hydrogen and natural gas, the
leakage and diffusion characteristics of H2-NG can markedly
differ from those of natural gas alone. This may lead to
differences in emergency response measures and fire risk
assessments following the leaking of the two types of gas (Sun
and Guo, 2024). Consequently, understanding the dynamic
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characteristics of leakage and diffusion for the H2-NG in these
tunnels, as well as implementing necessary response measures
such as enhanced ventilation, is crucial for mitigating risks.

Extensive research has been conducted on the dynamics of
flammable gas leaks across various environments, highlighting
the behavior of flammable gases under different conditions.
Studies by Choi et al. (2013) and Kim et al. (2013) provide
significant insights into hydrogen leak scenarios in under-
ground parking garages of fuel cell vehicles and refueling
stations, respectively, offering predictive models for hydro-
gen concentration evolution. Similarly, some research also
delves into leakage dynamics, the influence of factors, such
as leak aperture and wind speeds, on gas diffusion and the
formation of hazardous zones. For instance, Yu et al. (2022)
analyzed the leakage and diffusion of natural gas pipelines,
examining the effects of leakage rate, leak aperture and wind
speed on the hazardous boundary of gas diffusion. Mei et
al. (2022) explored natural gas leakage in typical building
layouts, discovering that high wind speeds (≥ 6 m/s) create
reverse vortices due to wind shear, causing natural gas clouds
to descend. Qian et al. (2020) utilized hydrogen refueling
stations in China as a case study to investigate hydrogen
leakage and diffusion under varying conditions, providing a
quantitative analysis of the combustible gas cloud distribution
resulting from leaks. Additional studies have also explored
specific aspects of gas leak dynamics and safety hazards,
such as instantaneous leakage responses, explosion hazards
and alarm response times in residential and industrial settings.
Specifily, Abdas et al. (2020) studied the instantaneous leakage
of hydrogen in enclosed gas cylinder chambers, including the
formation of hazardous zone heights and the time for the
complete disappearance of hazardous zones under different
conditions of leak apertures and positions, and they marked
high-risk states. Su et al. (2022) investigated explosion haz-
ards, alarm response times and gas concentration distributions
in household kitchens, assessing the impact of hydrogen blend
ratio, leakage rate and leak aperture on the characteristics of
gas leakage.

Despite extensive research, there remains a significant
gap in comprehensive research specifically addressing the
leakage and diffusion characteristics of H2-NG blends in utility
tunnels. Although studies like those of Liu et al. (2023),
Zhou et al. (2022) and Wang et al. (2020) have explored
the diffusion characteristics, sensor networks and simulation
models for natural gas leaks in utility environments. Yet,
the unique properties of H2-NG blends, such as increased
diffusivity and altered flammability limits, necessitate more
targeted research. Limited work, such as the study by Shao
et al. (2022), has begun to address this issue. They conducted
an in-depth investigation in a Shanghai utility tunnel, com-
paring the leakage and diffusion behaviors of hydrogen and
natural gas. Their findings indicate that greater diffusivity
of hydrogen renders current ventilation standards designed
for natural gas, inadequate. This underscores the urgent need
to develop specific safety protocols for H2-NG blends in
confined spaces. However, this part of the work still appears
insufficient, pointing to a critical need for expanded research
to comprehensively address these complex challenges.

Overall, while there have been numerous studies on the
leakage and diffusion characteristics of natural gas and hydro-
gen in specific scenarios, comprehensive research specifically
addressing the leakage and diffusion characteristics of H2-NG
in underground utility tunnels is relatively scarce. Furthermore,
there is a notable lack of effective ventilation strategies to
ensure safe gas concentration levels in H2-NG utility tunnels
after the gas leakage. Therefore, this paper seeks to bridge
these gaps by conducting a detailed numerical study of the
leakage and diffusion behavior of H2-NG in underground
utility and assessing the impact of factors like leak aperture,
pipeline pressure, HBR and ventilation strategies on hazardous
area distribution patterns, the time of alarm and the time
achieving to the lower explosion limit (LEL) after the leakage.
This research aims to provide a theoretical basis for the secure
operation of H2-NG. The paper is structured as follows: the
second section outlines the physical model and the theory of
the numerical simulation; the third section analyzes the effects
of various factors on the leakage and diffusion behavior of
H2-NG; and the final section summarizes the findings of the
study.

2. Physical model and governing equations

2.1 Physical model
In this study, the utility tunnel being examined has a total

length of 200 m with a cross-sectional of 1.5 m × 3.0 m, as
depicted in Fig. 1. The tunnel’s base is supported by pillars
and a gas pipeline with a diameter of 0.3 m is installed above
these pillars. The leak point is situated at the midpoint of the
pipeline, 100 m from the entrance of the tunnel. To replicate
the ventilation conditions in the tunnel after the leak, air outlets
and inlets are positioned at the ceiling of the tunnel, each
with a dimension of 1 m × 1 m. In order to investigate the
diffusion radius of gas in the tunnel after a leak, two lines are
defined along the length of the tunnel. One is located at the
central height of the tunnel, located 1.5 m from the bottom
and the other is a monitoring line located 0.6 m from the top.
According to the literature (Wang et al., 2022), gas monitoring
points are installed at the top of the tunnel, spaced 15 m apart
and positioned 0.5 m below the ceiling of the tunnel. The gas
alarm threshold is 20% of the lower explosive limit, as listed
in Table 1.

Table 1. The lower explosion limit (LEL) and alarm
concentration at different HBRs

HBR (%) Alarm concentration (%) LEL (%)

0 1.00 5.00

10 0.98 4.88

20 0.95 4.76

30 0.94 4.70

2.2 Governing equations
In developing the mathematical model for gas leakage

and diffusion in the utility tunnel described earlier, this pa-
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Fig. 1. Physical model of the utility tunnel, the layout of monitoring points and the schematic diagram of A cross-section
(mm).

per employs certain simplifications and assumptions. These
include treating both the gas and air as ideal gases and
assuming no chemical reactions between the leaking gas and
air. The gas flow is considered to be turbulent. It is also
assumed that the mass leakage rate of the gas is constant
throughout the leakage process and the wind speed is stable
under ventilation conditions. Given these simplifications and
assumptions, the control equations to this problem comprise
the continuity equation, the momentum equation, the species
transport equation and the turbulence model.

Continuity equation (Li et al., 2022):

∂ρ
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= 0 (1)
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Species transport equation (Su et al., 2022):
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where ρ is the fluid density, kg/m3; g is the gravity acceler-
ation, m/s2; t is time, s; ui is the velocity in the i direction,
m/s; λ is the friction factor along the pipeline; θ is the angle
between the pipeline and the horizontal plane, °; L is the
internal diameter of the pipeline, m; p is the gas pressure
inside the pipeline, pa; H is the heat released per unit mass of
gas, J/kg; h is the enthalpy of the gas, J/kg; e is the internal
energy of the gas, J/kg; z is the height of the pipeline position,
m; s represents the gas species; Cs is the volume concentration
of species s; Dair−s is the diffusion coefficient of species s in
air, m2/s. As in Li et al. (2021), Dair−H2 = 7.6×10−5 m2/s and
Dair−CH4 = 1.6×10−5 m2/s.

This paper employs the Realizable k−ε turbulence model
(Liu et al., 2009). This model incorporates the equations for
turbulent kinetic energy and turbulent dissipation rate.
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where µ and µt are the dynamic viscosity coefficient and
the eddy viscosity coefficient, Pa·s, respectively; Gk represents
the turbulent kinetic energy generated by velocity gradients,
kg·m−1·s−3; Gb is the production term of turbulent kinetic
energy caused by buoyancy, kg·m−1·s−3; β is the thermal ex-
pansion coefficient; Y M is the fluctuation caused by excessive
dissipation in compressible turbulence, kg·m−1·s−3; Mt is the
Mach number; σk and σε are the turbulent Prandtl numbers for
the k and ε equations, respectively; Sk is a user-defined source
term. C1 and C2 are constants and C1 = max [0.43,η/(η +5)],
η = S · (k/ε), S =

√
2Si jSi j.

The boundary conditions are defined as follows: the leak
aperture is modeled as a pressure inlet. The outlet is connected
to the atmosphere and set as a pressure outlet at ambient
pressure; the walls of the utility tunnel and the pipeline are
set as no-slip surfaces. Besides, to simulate the diffusion
process of H2-NG in the utility tunnel, a species transport
model is used without considering chemical reactions, and
the turbulence is modeled using the Realizable k− ε model.
Standard wall functions are applied to the walls, and the
species are modeled using a first-order upwind scheme, while
energy, density and turbulence are modeled using a second-
order upwind scheme. The time step is set as 0.01 s, the
iterative step is 100 and the calculation time is 100 s.

2.3 Grid independence validation
The gas leakage model encompasses various regions, such

as the core jet area and the diffusion area. Given the disparity
between the overall dimensions of the utility tunnel and the
leak aperture, local refinement of mesh is imperative. A high-
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Fig. 2. Grid details of the utility tunnel.

(a) Mole fraction of H2-NG (b) Gas velocity

Fig. 3. Grid independence validation.

density grid is employed in the core jet area to capture detailed
flow dynamics, while a low-density grid is utilized in regions
further from the core jet area to optimize the balance between
computational accuracy and resource allocation. The detailed
grid information is shown in Fig. 2.

Grid independence in the model is verified by analyzing
the mole fraction of the leakage gas and the gas velocity
in different positions. The model was tested with different
numbers of grid cells, including 0.56, 1.22, 2.15, 3.26, 4.12
and 5.54 million. As illustrated in Fig. 3, the improvement
in computational accuracy for both the mole fractions of the
gas and gas velocities becomes negligible beyond 4.12 million
cells. Consequently, to achieve the desired accuracy while
enhancing computational efficiency, the model employing 4.12
million cells is selected for the computational analyses in
subsequent parts of the study.

2.4 Parameters setting and model validation
Before beginning this research, it is essential to clarify the

settings of various parameters. The operating pressure of a
pipeline significantly affects the gas diffusion pattern following
a leak, and for the purposes of this study, we have classified
these pressures into medium, sub-high and high categories.
We have chosen specific pressures of 0.4, 0.8, 1.0 and 1.6

MPa to simulate the leakage and diffusion processes at these
varied pressure levels. Another important variable, the size
of the leak aperture, influences the leak dynamics. Based on
the literature EIA (2020), apertures smaller than 6.35 mm
are classified as small holes. Consequently, we selected a
2 mm diameter for small hole leak conditions, and 8 mm
and 12 mm diameters for scenarios involving larger leaks.
Additionally, while most studies on the H2-NG gas diffusion
process consider a maximum hydrogen blending ratio of 20%
(Su et al., 2022), we examined ratios of 0%, 10% and 20%,
and extended our analysis to 30% to explore the effects of
higher hydrogen concentrations on the diffusion of leaked
gas. The ventilation conditions within pipeline galleries are
also a critical safety factor. According to the guidelines stated
in Liu (2018), ventilation requirements for pipeline leakage
incidents must exceed 12 times/h. In this study, 3 times/h
and 6 times/h ventilation rates were selected for conditions
that do not meet these emergency ventilation standards, while
ventilation rates of 12, 15 and 18 times/h were selected to
investigate gas distribution under high-frequency ventilation
conditions. This approach allows us to thoroughly assess the
impact of different ventilation frequencies on gas distribution,
ensuring safety and efficiency in emergency scenarios. All
conditions were conducted at 300 K. The simulated conditions,



106 Zhu, C., et al. Computational Energy Science, 2024, 1(2): 102-116

Table 2. Simulated conditions and parameters.

Case pipeline pressure (MPa) leakage rate (kg/s) leak apertures (mm) ventilation rate (times/h) HBR (%)

1 0.4 1.95×10−3 2 0 20

2 0.8 0.06226 8 0 20

3 0.8 0.14009 12 0 20

4 0.8 3.89×10−3 2 0 0

5 0.8 3.89×10−3 2 0 10

6 0.8 0.06226 8 0 20

7 0.8 3.89×10−3 2 0 20

8 0.8 3.89×10−3 2 0 30

9 0.8 3.89×10−3 2 3 20

10 0.8 3.89×10−3 2 6 20

11 0.8 3.89×10−3 2 12 20

12 1.0 3.89×10−3 2 0 20

13 2.0 0.00973 2 0 20

14 2.0 0.35025 12 12 20

15 2.0 0.35025 12 15 20

16 2.0 0.35025 12 18 20

(a) Monitoring point 2 (b) Monitoring point 4

Fig. 4. Comparisons between the present results and available experimental results in Liu (2018).

considering all these factors, are provided in Table 2. In this
Table the leakage rate of gas can be given as (Liu, 2018):

q0 =C0A0P2

√√√√ kM
ZRT

·
(

2
k+1

)( k+1
k−1 )

(7)

where C0 represents the leakage coefficient, with a value of 1
for circular holes and 0.9 for rectangular holes; A0 represents
the area of the leakage hole in square meters, m2; k represents
the adiabatic index of the gas; M represents the Mach number;
R represents the gas constant in J·kg−1·K−1; T represents the
gas temperature, K; Z represents the compression factor.

To validate the accuracy of the model in this paper, the
calculated results of natural gas mole fraction in the utility
tunnel were compared with the available experimental data
Ref. Liu (2018), as displayed in Fig. 4. In the numerical
simulations, all the conditions are set as described in Ref.
Liu (2018), and the natural gas mole fractions at monitoring
points 2 and 4 shown in Fig. 1 were obtained. Fig. 4 shows that
the simulated results are consistent with the variation trends
of the available experimental results, with an average error of
less than 10%, indicating that the model established in this
paper is reliable.
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Fig. 5. The distribution of natural gas and hydrogen at different leakage times without mechanical ventilation: (a) t = 10 s;
(b) t = 30 s; (c) t = 50 s; (d) t = 100 s.

(a) Monitoring point 8 (b) Monitoring point 9

Fig. 6. The distribution of leaking gas at different monitoring points without mechanical ventilation (Alarm concentration and
LEL line from top to bottom as CH4, CH4+H2, H2).

3. Results and discussion

3.1 Diffusion process of H2-NG in the utility
tunnel

Fig. 5 presents the distribution of natural gas and hydrogen
in the utility tunnel at different times, given a scenario with
a 20% HBR, a 12 mm leak aperture, pipeline pressure at 0.8
MPa, and the absence of ventilation (case 3 in Table 2). The
figure reveals that the H2-NG is ejected at high velocity from
the leak hole, leading to rapid accumulation of the H2-NG at
the top of the tunnel, from where it symmetrically diffuses
towards both ends. The mole fractions of both natural gas and
hydrogen are observed to be higher in the upper region of
the tunnel compared to the lower region. This phenomenon
is attributable to the fact the inertia of the gas jetting from

the small hole causes it to rise and accumulate at the ceiling
of the tunnel. Upon impact with the ceiling of the tunnel, the
gas rapidly spreads outward, effectively enlarging the diffusion
radius. Under the no-mechanical ventilation condition, the gas
is symmetrically distributed around the leak hole within the
tunnel. Over time, the concentration of the gases at any given
location within the tunnel progressively increases, and the
radius of diffusion increases, leading to an expansion of the
hazardous area along the length of the tunnel.

Fig. 6 illustrates the gas concentration distribution at mon-
itoring points 8 and 9 in the utility tunnel under no mechanical
ventilation conditions. From Fig. 6(a), it is evident that at
monitoring point 8, located near the leak hole, both the H2-
NG and natural gas concentrations rapidly escalate to the
alarm level within a mere 4-6 s. This quick accumulation is
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(a) t = 50 s (b) t = 100 s

Fig. 7. The H2-NG distribution in the centerline under different leak apertures.

(a) t = 50 s (b) t = 100 s

Fig. 8. The H2-NG distribution of monitoring line under different leak apertures.

attributed to the high jet velocity of the leaking gas. As the
leak progresses, at about 39 s and 68 s, the mole fractions of
both the H2-NG and natural gas surpass the LEL, ultimately
stabilizing at 6.6% and 5.3%, respectively. Conversely, as
shown in Fig. 6(b), monitoring point 9, which is further from
the leak hole, records a lower mole fraction of the leaking
gas compared to point 8. At this point, the H2-NG reaches
the LEL at 60 s, while natural gas nears the LEL at about
100 s. These observations indicate that under no mechanical
ventilation conditions, the mole fractions of H2-NG at both
monitoring points 8 and 9 attain the LEL within the first 60
s, thereby presenting a significant explosion hazard.

3.2 The influence of leak apertures
This section delves into the leakage and diffusion prop-

erties of H2-NG under no mechanical ventilation conditions
and different leak apertures. The specific conditions under
consideration involve a pipeline pressure of 0.8 MPa and

an HBR of 20%. This study examines three different leak
diameters: 2, 8 and 12 mm, which correspond to cases 2, 3
and 7, respectively, as outlined in Table 2.

Figs. 7 and 8 illustrate the variation in the H2-NG mole
fraction along the central and monitoring lines under different
leak apertures. As depicted in Fig. 8, the mole fraction of
the H2-NG gradually increases over time, along with an
expanding diffusion radius. Figs. 7(a) and 8(a) indicate that
the distribution patterns of the leakage gas along both the
central and monitoring lines are essentially consistent at the
same time intervals. With increasing leak aperture, there is
a corresponding increase in the mole fraction of H2-NG and
its diffusion radius. This is attributed to the fact that larger
leak apertures result in greater quantities of H2-NG being
released, leading to a higher mole fraction in the utility tunnel.
Furthermore, directly above the leak hole, the mole fraction
of H2-NG reaches its maximum, forming a peak. This peak is
due to the area above the leak hole, where the leakage speed
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(a) Monitoring point 8 (b) Monitoring point 9

Fig. 9. Effect of leakage aperture on the concentration of H2-NG.

(a) The concentration of H2-NG varies with time under
HBRs at monitoring point 8

(b) The concentration and growth rate of H2-NG varies
with HBR at t = 100 s of monitoring point 8

Fig. 10. The effect of HBRs on H2-NG concentration and leak speed growth rate.

of H2-NG is the fastest. The monitoring line, situated near the
top of the tunnel, records a larger diffusion radius for H2-NG
compared to the central line. This is because, upon reaching
the top of the tunnel, the gas collides with the ceiling and
disperses laterally, resulting in a wider diffusion radius at the
monitoring line.

Fig. 9 presents the impact of leak apertures on the con-
centration of H2-NG at different monitoring points. As the
leak apertures increase, the mole fraction of the leaking gas
also increases, leading to earlier alarm times at monitoring
points 8 and 9. When the leak aperture is 2 mm, the H2-
NG mole fraction does not reach the alarm threshold within
100 s of leakage, resulting in a relatively low concentration
of gas in the utility tunnel. For leak apertures larger than 8
mm, the H2-NG quickly approaches the LEL. With an 8 mm
leak aperture, monitoring points 8 and 9 reach the LEL at 39
s and 61 s, respectively, and the mole fractions then stabilize

at around 6.5% and 5.8%. When the leak aperture is increased
to 12 mm, these monitoring points reach the LEL even more
rapidly, at 17 s and 24 s, respectively, with subsequent mole
fractions stabilizing at 11.8% and 10.2%.

3.3 The influence of HBRs
Fig. 10 illustrates the effect of different HBRs on the

concentration of H2-NG at monitoring point 8 under no
mechanical ventilation conditions, with a leak diameter of
2 mm and pipeline pressure of 0.8 MPa. As shown in Fig.
10(a), the mole fraction of the H2-NG gradually increases with
the rise in HBR, and the rate of increase also escalates. This
indicates that a higher HBR leads to a greater volume of gas
leakage. When the HBR is below 50%, the increase in the
mole fraction of H2-NG leakage is relatively modest. However,
as the HBR exceeds 50%, the mole fraction of leaked H2-NG
significantly increases. Fig. 10(b) shows that the rate of growth
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Fig. 11. Natural gas distribution at Y = 0 section with different HBRs at 100 s of leakage: (a) 0%; (b) 10%; (c) 20%; (d) 30%.

Fig. 12. Hydrogen distribution at Y = 0 section with different HBRs at 100 s of leakage: (a) 0%; (b) 10%; (c) 20%; (d) 30%.

Fig. 13. H2-NG distribution at Y = 0 section with different HBRs at 100 s of leakage: (a) 0%; (b) 10%; (c) 20%; (d) 30%.
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(a) Centerline (b) Monitoring line

(c) Monitoring point 8 (d) Monitoring point 9

Fig. 14. The effect of HBR on the concentration of H2-NG.

in the mole fraction of the H2-NG progressively increases with
an increase in HBR. Therefore, at the same leakage duration,
both the leakage speed and volume increase with the rise in
the HBR. For instance, at t = 100 s compared to a 0% HBR,
a 30% HBR results in approximately an 8% increase in H2-
NG mole fraction, whereas a 90% HBR leads to an increase
of about 51%. Considering practical applications, subsequent
research sets the maximum HBR at 30%. This decision takes
into account the balance between the risks associated with
higher hydrogen concentrations and the practical feasibility of
utility tunnel operations.

To further explore the impact of the HBR on the concen-
tration of the leaking gas, four HBRs of 0%, 10%, 20% and
30% were selected based on the conditions (cases 4, 5, 7 and
8 in Table 2). Figs. 11, 12 and 13 show the distribution of
different gases on the Y=0 cross-section at 100 s of leakage
under different HBRs. As shown in Fig. 11, which depicts the
distribution of natural gas on the Y = 0 cross-section, natural
gas jets into the tunnel from the leak hole and accumulates at
the top of the tunnel, symmetrically diffusing to both sides and
then descending downward. Additionally, with an increasing
HBR, the mole fraction of natural gas gradually decreases

due to the reduction in the natural gas content in the pipe.
As shown in Fig. 12, the diffusion process of hydrogen is
similar to that of natural gas, and as the HBR increases, the
concentration of hydrogen increases. Fig. 13 shows that the
diffusion process of H2-NG is consistent with that of natural
gas and hydrogen. With an increasing HBR, the mole fraction
of H2-NG in the tunnel increases. This is because as the HBR
increases, the leaking speed increases, as explained in Fig. 10,
leading to a gradual increase in the amount of leakage. The
concentration of H2-NG at the top of the tunnel is greater than
that at the bottom.

Fig. 14 illustrates the impact of varying HBRs on the
concentration of H2-NG at different locations. As depicted
in Figs. 14(a) and 14(b), an increase in the HBR results in
a higher concentration of H2-NG, yet it has a minimal effect
on the diffusion radius. This is primarily because the gas leak
speed is much greater than the speed at which the gas diffuses
to both sides. Figs. 14(c) and 14(d) demonstrate that as the
HBR increases, the alarm times at monitoring points 8 and
9 are advanced. Specifically, for monitoring point 8, which
is situated relatively close to the leak source, the alarm time
advances from 7.5 seconds to 4.5 seconds as the HBR rises
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(a) Centerline (b) Monitoring line

Fig. 15. Distribution of H2-NG at the centerline and monitoring line under different pipeline pressures at t = 100 s.

(a) Monitoring point 8 (b) Monitoring point 9

Fig. 16. Effect of pipeline operating pressure on the concentration of H2-NG.

from 0 to 30%. This advancement in alarm time is attributed
to an increase in the volume of H2-NG as the HBR increases.

3.4 The influence of pipeline operating pressure
Pipeline operating pressure significantly influences the

leakage rate of gas, which in turn affects the distribution of gas
within the utility tunnels. This section investigates the effect
of three operating pressure levels, including 0.2, 1.0 and 2.0
MPa (cases 1, 12 and 13 in Table 2), on the leakage and
diffusion behaviors of the leaking gas in the utility tunnel. In
these cases, the leak aperture is 2 mm, and the HBR is 20%
under no mechanical ventilation conditions.

Fig. 15 illustrates the variation of H2-NG concentration
along the central and the monitoring lines for different oper-
ating pressures over time. Observations from Figs. 15(a) and
15(b) reveal that the distribution trends of H2-NG on both
the central and monitoring lines are essentially consistent.
Moreover, the higher the operating pressure of the pipeline,

the greater the peak mole fraction of H2-NG and the larger
the diffusion radius of the H2-NG. This increase in the gas
mole fraction is because of the greater volume of gas leaked
as a result of the elevated pipeline pressure. Specially, with a 2
mm leak aperture, as the pipeline pressure rises from 0.8 MPa
to 2.0 MPa, the peak mole fraction of the H2-NG increases
by about 5.5%, and the diffusion radius rises by about 11 m,
indicating that pipeline pressure has a significant impact on
the leakage and diffusion of H2-NG.

Fig. 16 illustrates the impact of pipeline operating pressure
on the mole fraction of H2-NG at various monitoring points.
With the increase in pipeline operating pressure, the mole
fraction of H2-NG increases correspondingly, leading to earlier
alarm times at the monitoring points. For instance, as shown
in Fig. 16(b), when the pipeline pressure rises from 1.0
to 2.0 MPa, the alarm time is reduced from 28 to 14 s.
When the pipeline operating pressure reaches 2.0 MPa, the
concentration of H2-NG at monitoring points 8 and 9 achieves
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Fig. 17. Effect of ventilation frequencies on the concentration of gases: (a) t = 10 s; (b) t = 30 s; (c) t = 50 s; (d) t = 100 s.

(a) Centerline (b) Monitoring line

Fig. 18. Effect of ventilation frequencies on the H2-NG distribution.

the LEL at 56 s and 82 s, respectively, whereas at pipeline
operating pressures below 1 MPa, monitoring points 8 and
9 do not reach the LEL. Therefore, in the event of a leak
in a high-pressure pipeline, gas diffusion within the utility
tunnel is faster, necessitating timely measures to reduce the
gas concentration.

3.5 The influence of ventilation frequencies
When the mole fraction of leaking gas in utility tunnels

reaches the alarm concentration, it is crucial to implement
appropriate strategies promptly. Adopting the ventilation strat-
egy can effectively control excessive concentrations of H2-NG.
Different ventilation conditions should be applied for varying
leakage apertures, pressures, and HBRs. Therefore, this section
explores the impact of varying ventilation frequencies on the
distribution of the leaking gas. Fig. 17 shows the time-varying
concentration distribution of natural gas and hydrogen in the

utility tunnel under a ventilation frequency of 12 times/h, with
a leak aperture of 8 mm, pipeline operating pressure of 2
MPa, and an HBR of 20% (case 14 in Table 2). Compared
to the scenario without mechanical ventilation (as shown
in Fig. 5), the concentration distribution of natural gas and
hydrogen on both sides of the leak point clearly shows an
asymmetrical trend after mechanical ventilation. Furthermore,
mechanical ventilation inhibits the trend of natural gas and
hydrogen diffusion upstream in the utility tunnel, reducing
the concentration distribution range upstream. Simultaneously,
mechanical ventilation increases the airflow rate within the
utility tunnel, causing natural gas and hydrogen to diffuse
downstream while also reducing their concentrations. This
effectively reduces the area of the hazard zone.

Fig. 18 displays the distribution of H2-NG at various mon-
itoring points for four scenarios: No mechanical ventilation,
ventilation 3 times/h, ventilation 6 times/h and ventilation 12
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Fig. 19. Concentration of H2-NG at various points with 12 times per hour ventilation frequencies.

(a) Monitoring point 8 (b) Monitoring point 14

Fig. 20. Effect of ventilation frequencies at different monitoring points on the concentration of H2-NG.

times/h. These scenarios correspond to cases 7, 9, 10, and 11 in
Table 2, with a leakage aperture of 2 mm, pipeline operating
pressure of 0.8 MPa, and an HBR of 20%. It is observed
that the H2-NG concentration distribution trends along the
central and monitoring lines are consistent. Upon initiating
ventilation, the gas diffuses downstream, and the diffusion
distance increases with the ventilation frequency. Since the
diameter of the leak aperture is only 2 mm, resulting in a
relatively small leakage quantity, the mole fraction of the
leaking H2-NG exceeds the alarm threshold only in the area
near the leak hole. In other areas, the mole fraction remains
below the alarm threshold. Therefore, when the leak aperture
is small, adopting a ventilation frequency of 6 to 12 times per
hour can effectively reduce the concentration of H2-NG to a
safe range.

Fig. 19 shows the distribution of H2-NG at various down-
stream points under a scenario with a leak aperture of 12
mm, pipeline pressure of 0.8 MPa, and an HBR of 20%,
where mechanical ventilation at a frequency of 12 times/h
is initiated at 10 seconds after the onset of the leak. It is

observed that when the leakage aperture is increased to 12
mm, a ventilation frequency of 12 times/h is inadequate to
decrease the concentration of the H2-NG below the LEL. This
frequency does not ensure the safe operation of the utility tun-
nel, indicating the need for a higher frequency of mechanical
ventilation to mitigate the risk effectively. Therefore, this study
examines the impact of ventilation frequencies of 12, 15 and
18 times/h (cases 14, 15 and 16 in Table 2) for a scenario
with a 12 mm aperture, a pipeline pressure of 0.8 MPa, and
an HBR of 20%. As shown in Fig. 20(a), near the leak
hole, the alarm times under different ventilation conditions
are almost the same. However, higher frequency ventilation
(> 15 times/h) enables the rapid diffusion of the leaking gas
within the utility tunnel, reducing its concentration below the
LEL. Fig. 20(b) demonstrates that increasing the ventilation
frequency can advance the alarm time at the exit while also
reducing the gas concentration to below the LEL. Therefore,
when the leakage aperture is large, it is necessary to ensure a
minimum ventilation frequency of at least 15 times/h.
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4. Conclusions
This paper established a model for the leakage and dif-

fusion of H2-NG in an underground utility tunnel. Through
systematic numerical simulations, it investigated the impact
of different factors, such as the size of the leak apertures,
pipeline operating pressures, and HBRs, on the distribution of
H2-NG within the tunnel after a leak. Additionally, the study
analyzes the influence of ventilation frequency under different
aperture sizes on both the alarm time and the time to reach
the LEL. The following conclusions were drawn:

1) Under no mechanical ventilation conditions, the H2-
NG disperses symmetrically from the leak point towards
both sides of the tunnel, and the concentration and
spread radius of the H2-NG increase with time. The
highest concentration of the H2-NG is near the leak
hole, gradually decreasing towards both sides. Increasing
pipeline pressure and leak hole size lead to higher H2-
NG concentrations in the tunnel, a larger spread radius,
and earlier alarm times. After 100 seconds, when the leak
aperture exceeds 8 mm or the pipeline pressure is greater
than 2.0 MPa, the concentration of H2-NG reaches the
LEL.

2) Ventilation could effectively reduce gas concentrations
within the tunnel and suppress the tendency of gases
to spread upstream. For a leak aperture of 2 mm and
a pipeline pressure of 0.8 MPa, ventilation frequencies
between 6 and 12 times/h can bring gas concentrations
within the safe range. However, gas concentrations re-
main above the LEL for a leak aperture of 12 mm, even
with 12 times/h ventilation frequencies. Therefore, it is
recommended that the minimum ventilation per hour be
increased to 15 times/h or higher in such cases.

3) As the HBR increases, the concentration of the H2-NG
in the upper part of the tunnel gradually rises, and the
rate of gas concentration increase also increases, resulting
in shorter alarm times. Thus, an increase in the HBR
increases the risk of a combustion explosion within the
tunnel.
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