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Abstract: The development of hydrogen-blended natural gas (HBNG) increases the risk of gas trans-
portation and presents challenges for pipeline security in utility tunnels. The objective of this study
is to investigate the diffusion properties of HBNG in utility tunnels and evaluate the effectiveness
of various ventilation mechanisms. The numerical simulation software Fluent 2023 R1 is applied to
simulate and analyze the leakage of small holes in a HBNG pipeline in the natural gas compartment.
By examining the leaking behavior of HBNG through small holes in different circumstances, we
aimed to identify the most unfavorable operational situation for leakage. Subsequently, we analyzed
the ventilation strategy for sub-high-pressure pipes at various pressure levels in this unfavorable
condition. This study’s findings demonstrate that blending hydrogen improves the gas diffusion
capacity and increases the likelihood of explosion. The primary factors that influence the pattern
of leakage are the size of the leaking holes and the pressure of the pipeline. The gas compartment
experiences the most unfavorable working conditions for natural gas pipeline leaks when there are
higher pressures, wider leak openings, higher hydrogen blending ratios (HBRs), and leaks in close
proximity to an air inlet. When the HBR is 20%, the minimum accident ventilation rates for pressures
of 0.4 MPa and 0.8 MPa are 15 air changes per hour and 21 air changes per hour, respectively. The
maximum allowable wind speed for accident ventilation is 5 m/s, as regulated by China’s national
standard, GB 50838-2015. This regulation makes it difficult to minimize the risk of leakage in a
1.6 MPa gas pipeline. It is recommended to install a safety interlock device to quickly shut off the
pipeline in the event of a leak in order to facilitate the dispersion of the substance.

Keywords: hydrogen-blended natural gas; utility tunnel; leakage and diffusion; accident ventilation
strategy

1. Introduction

Global energy diversification, sustainability, and carbon reduction have been trending
in recent years [1,2]. As it is carbon-neutral, hydrogen energy is widespread [3,4]. However,
hydrogen use widely poses many risks, including combustion, explosion, and corrosion
of pipelines. To enhance transport efficiency and minimize leakage in the utilization of
hydrogen energy, it is customary to transmit a blend of hydrogen and natural gas [5,6].

Research on hydrogen-blended natural gas (HBNG) transport has been conducted
to varying extents in different nations [7]. As early as 2004, the EU launched a demon-
stration project called NaturalHy, which aimed to identify and address the problem of
hydrogen blending into the natural gas network [8]. In 2008, the Sustainable Ameland
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project was initiated by the Netherlands in Ameland, Netherlands, to investigate the effects
of hydrogen-enriched natural gas on pipelines [9]. In 2013, NREL published “Blending
Hydrogen into Natural Gas Pipeline Networks: A Review of Key Issues.” This comprehen-
sive synthesis study covers US natural gas hydrogen doping technology research. Other
significant international scientific findings are also considered [10]. In 2016, the H21 project
launched in the UK aimed to assess the technological and economic feasibility of transition-
ing from natural gas to a 100% hydrogen supply [11]. In 2019, China established its first
hydrogen doping pilot project in Chaoyang, Liaoning Province, to validate the core tech-
nologies of the HBNG “production, storage, and transportation–doping–comprehensive
utilization” industrial chain [12]. In 2024, a comprehensive scientific and technological
experimental platform was developed in Shenzhen for the hydrogen doping of town gas.
This development represents a significant milestone in China’s deployment of HBNG [13].

China’s national standard [14,15] allows gas pipelines to be included in utility tunnels.
Nevertheless, if accidents occur in gas pipelines within natural gas compartments, there
may be a high risk of explosion due to the flammability and explosiveness of natural gas,
which can affect other compartments. Numerical modeling techniques are commonly
used to study natural gas leakage patterns and explosion hazards in utility tunnels. Wang
analyzed the dispersion pattern of leaked natural gas under various ventilation conditions
and its correlation with the effectiveness of ventilation dilution [16]. Bu used numerical
simulation to analyze the different factors affecting methane leakage in utility tunnels
and established a prediction equation for the methane intrusion distance under natural
ventilation conditions, which provides a reference for the installation distance of methane
leakage alarm devices [17]. Bai optimized the layout of sensors in the utility tunnels based
on their ability to recover from human casualties and economic losses [18]. Zhao created an
experimental setup to model natural gas explosions in utility tunnels, studied the effects of
gas chamber length and pressure relief conditions on flame behavior, and examined several
parameters related to natural gas explosion severity [19].

The addition of hydrogen to natural gas decreases the density of natural gas, resulting
in a decreased minimum ignition energy and a significantly expanded explosion limit in
comparison to utilizing it alone. These modifications impact the flow and dispersion of
gas within the pipeline, affecting the ability to detect flammable gases after a leak and
assess the consequences of an incident. Furthermore, upon entering the utility tunnel, the
failure modes of natural gas pipelines primarily consist of small hole failures resulting from
manufacturing defects, assembly defects, and corrosion. Therefore, it is of great significance
to study the leakage law of natural gas small holes under hydrogen doping conditions
to ensure the safe operation of pipelines. Li conducted a study on the leakage of HBNG
from small holes in a domestic house, simulated the distribution of gas leakage under
different ventilation scenarios with doors and windows open and closed, and analyzed
the reasons for the change in the volume of the harmful gas cloud [20]. Zhang developed
a mathematical model of HBNG delivery, examined the hydraulic and thermal effects of
hydrogen blending on natural gas pipelines and pipeline networks, and discussed how
hydrogen blending ratios (HBR) affects centrifugal compressor performance and combined
pipeline and compressor operating points [21].

While there has been some research on HBNG leakage by academics in various na-
tions, few studies focus specifically on the leakage of hydrogen-doped gas from tiny holes
in the gas compartments of urban pipeline utility tunnels under the most unfavorable
working conditions. This work utilizes the numerical simulation software Fluent 2023 R1
to investigate the leaking characteristics of sub-high-pressure HBNG pipelines in natural
gas compartments of utility tunnels. The leakage pattern of HBNG in a natural gas com-
partment under different working conditions was examined in great detail. This helps
us identify the worst leakage conditions in pipelines, with a greater risk of explosion in
gas compartments. We also looked into how to keep the natural gas compartment as safe
as possible while transporting HBNG in a sub high-pressure pipeline while the worst
conditions were in place.
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2. Physical and Mathematical Model
2.1. Physical Model

In accordance with the regulations specified in [14], natural gas compartments are
required to be equipped with non-combustible walls at intervals of 200 m in order to estab-
lish fire protection zones. Moreover, it is crucial to integrate fire-blocking techniques, such
as employing fire-stopping packs, at points where pipes intersect with the fire protection
zones to ensure a reliable seal.

This study focuses on the changing law of HBNG concentration in the longitudinal di-
mension, so a fire protection zone was selected as the object of study, and a two-dimensional
physical model was constructed in the longitudinal direction for a 200 m × 2 m × 2 m fire
protection zone of a natural gas compartment. The HBNG pipe of the model has a diameter
of DN300 and is located 2 m from the top of the cabin. The air supply and exhaust openings,
each measuring 1 m × 1 m, are positioned 1 m apart from the left and right edges of the
firewall. Due to the lower density of HBNG in comparison to air and its natural tendency to
rise following a leak, only the portion above the pipe wall is retained. The physical model
of the natural gas compartment developed in this study is shown in Figure 1.
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Figure 1. Physical model of the natural gas compartment.

In this study, we substituted flammable gas alarms in natural gas compartments with
monitoring points for research purposes. In accordance with China’s national standard [22]
is stipulated that closed or semi-closed gas transmission and distribution facilities should be
equipped with detectors at intervals of 15 m, and these detectors should not be positioned
more than 4 m away from gas release sources. Gases such as natural gas, as well as other
gases with a relative density of less than 1, are recommended to be detected on the roof
or at a distance of 0.3 m from it. To account for the low density of methane and hydrogen,
a monitoring line with monitoring points has been positioned 0.1 m (y = 1.9 m) below
the ceiling. Simultaneously, considering the worst-case scenario of leakage occurring at
X = 0 m, a monitoring point was placed at the point of the leakage at X = ±7.5 m. The
remaining monitoring sites were distributed evenly with a 15 m spacing. Table 1 displays
the x-axis monitoring points.

Table 1. The x-axis monitoring point distribution.

Serial
Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

X
Coordinate −97.5 −82.5 −67.5 −52.5 −37.5 −22.5 −7.5 0 7.5 22.5 37.5 52.5 67.5 82.5 97.5

2.2. Mathematical Model

The list of symbols in the mathematical model is given in Table 2.
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Table 2. The list of symbols.

Symbol Terminology Unit

ρ Gas density kg/m3

h Natural gas enthalpy value J/mol

pdivU Surface forces perform work on a
micro-unit J

λ Thermal conductivity W · m−1 · K−1

T Thermodynamic temperatures of
micro-unit K

ϕ Energy dissipation function
Ek Endothermic terms for micro-unit
µ Dynamic viscosity N · s/m2

Fx,Fy
The force acting on the x y coordinate axes

of the micro-unit N

Yi
Pulsating expansion term for component i

in compressible turbulence
Ji Diffusive flux of component i
Ri Chemical net source term for a substance i
Xi Mole fraction of component i
Dij Diffusion coefficient m2/s
k Turbulent kinetic energy
ε Turbulent dissipation rate

µt Turbulent viscosity

Gk
Turbulent kinetic energy from mean

velocity gradient

YM
Dissipation rate from compressed

turbulent dynamic expansion
SK ,Sε Custom source items

Cε1,Cε2,Cε3,σk,σε Model coefficients for turbulence equations
t Gas flow time s
P Absolute pressure Pa
ς Mass fraction of component %

Ma The relative molecular mass of air
Mm The relative molecular mass of methane
Lm Explosive limits of gas mixtures %

VH2

Volume fraction of hydrogen in the gas
mixture %

VCH4

Volume fraction of methane in the gas
mixture %

LH2 Explosive limit of hydrogen %
LCH4 Explosive limit of methane %

v Air velocity m/s
V Gas compartment volume m3

A Ventilation opening area m2

2.2.1. Model Simplification

To optimize the calculation process, the following assumptions are made, taking
into account the existing circumstances of the project while also guaranteeing calculation
precision:

1. The gas leakage process at the leakage hole is isentropic, which means that the mass
flow rate of HBNG at the leakage hole remains constant.

2. The influence of air viscosity is disregarded.
3. It is assumed that the HBNG is composed exclusively of methane and hydrogen.

Following a leakage, these components become mixed with the surrounding air.
These components are also believed to leak, behave as ideal gases, and not undergo
any chemical reactions with each other.

4. The walls of the natural gas compartment are adiabatic, which signifies the absence of
heat transfer between the system and its surroundings.
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2.2.2. Leakage Diffusion Modelling

The dispersion of HBNG leakage in utility tunnels is determined by three fundamental
equations: the continuity equation, the energy equation, and the momentum equation. It
is important to follow both the component transport equation and the turbulence equa-
tion when studying the diffusion process of HBNG, which has many parts and behaves
erratically as it leaks from high-pressure jets.

1. Continuity equations:

∂ρ

∂t
+

∂(ρu)
∂x

+
∂(ρv)

∂y
= 0 (1)

2. Energy equation:

∂(ρh)
∂t

+
∂(ρuxh)

∂x
+

∂(ρuyh)
∂y

= pdivU + div(λgradT) + ϕ + Ek (2)

3. Momentum equation:


∂(ρux)

∂t + ∂(ρuxux)
∂x +

∂(ρuxuy)
∂y = − ∂p

∂x + µ
(

∂2ux
∂x2 + ∂2ux

∂y2

)
+ Fx

∂(ρuy)
∂t +

∂(ρuxuy)
∂x +

∂(ρuyuy)
∂y = − ∂p

∂y + µ

(
∂2uy
∂x2 +

∂2uy
∂y2

)
+ Fy

(3)

4. Component transport equation:

∂(ρYi)

∂t
+∇(ρ

¯
ViYi) = −∇·Ji + Ri + Sii (4)

Ji = −ρ
1 − Xi

∑
j,j ̸=i

(Xj/Dij)
∇·Yi (5)

5. Turbulence equation:

This study utilizes the standard k-ε turbulence model. This model was initially intro-
duced by Launder and Spalding in 1991 [23]. It is founded on the transport equations for
turbulent kinetic energy k and its dissipation rate. The conventional k-ε model is widely
employed in industrial fluid dynamics including gas diffusion because of its robustness and
cost-effectiveness. Below are the formulae for turbulent kinetic energy k and its dissipation
rate ε.

∂(ρk)
∂t

+
∂(ρµik)

∂xi
=

∂
[(

µi +
µt
σk

)
∂k
∂xj

]
∂xj

+ Gk + Gb − ρε − YM + SK (6)

∂(ρε)

∂t
+

∂(ρµiε)

∂xi
=

∂
[(

µi +
µt
σε

)
∂ε
∂xj

]
∂xj

+ Cε1
ε

k
(Gk + Cε3Gb)− Cε2ρ

ε2

k
+ Sε (7)

The model constants Cε1 is 1.44, Cε2 is 1.92, σk is 1.0, and σε is 1.3.
To close the equations, the transport equation and the mixed gas density equation

need to be augmented as follows [24]:

∂(ρς)

∂t
+

∂

∂xj
(ρujς) =

∂

∂xj

(
µi

∂ς

∂xj

)
(8)

ρ =
P

RT
Mm Ma

[ςMa + (1 − ς)Mm]
(9)
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2.3. Physical Properties of Components

Table 3 presents data on the physical properties of components in HBNG, including
density, lower explosive limit (LEL), and upper explosive limit (UEL) for hydrogen and
methane.

Table 3. Physical parameters of HBNG components [25].

Gas Type Densities (kg/m3) LEL (vol%) UEL (vol%)

CH4 0.6679 4.9 15
H2 0.0819 4.0 75.9

The explosive limit of HBNG fluctuates in accordance with alterations in the HBR.
The Le Chatelier formula, represented by Equation (10), can be utilized to ascertain the
explosive limit of a gas mixture comprising two or more gases [26].

Lm =
100

VH2
LH2

+
VCH4
LCH4

% (10)

Several developed countries have conducted studies on HBNG with HBR reaching
up to 20%. For the purpose of this study, 5%, 10%, 15%, and 20% HBR are selected for
examination. In this study, the gas content is expressed as a mass fraction. Therefore,
the units of explosion limits are converted from volume fraction to mass fraction for the
purpose of comparison. The explosion limits of HBNG with varying HBR are presented in
Table 4.

Table 4. Explosive Limits of HBNG components (mass fraction).

HBR (%) LEL UEL

0 0.0279 0.0878
5 0.0275 0.0917
10 0.0272 0.0960
15 0.0268 0.1001
20 0.0265 0.1060

2.4. Boundary Conditions
2.4.1. Boundary Condition Type Setting

In order to accelerate the convergence of the simulation process, suitable boundary
conditions are set for the leakage holes, air inlets, air outlets, and wall surfaces, as outlined
in Table 5.

Table 5. Model boundary condition set.

Model Boundary Boundary Type Setting Parameters

air inlet velocity inlet velocity magnitude, species
leakage hole mass-flow-inlet mass flow rate, species

air outlet pressure-outlet
wall, firewall, ceiling wall

fluid domain interior

2.4.2. Inlet Condition Setting

Turbulence typically occurs in the airflow along the length of the natural gas com-
partment. The formula used to calculate the air velocity at the air supply outlet in the gas
compartment is as follows [27]:

v =
nV

3600A
(11)
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Table 6 displays the air velocity at the air supply outlet for various ventilation strate-
gies.

Table 6. The air velocity at the air supply outlet for various ventilation strategies.

Ventilation
Strategies 6 Times/h 12

Times/h
15

Times/h
18

Times/h
21

Times/h
22

Times/h

air velocity 1.33 m/s 2.66 m/s 3.325 m/s 3.99 m/s 4.655 m/s 4.87 m/s
The unit time/h indicates air changes per hour.

2.4.3. Leak Hole Condition Setting

The primary factor influencing the flow rate of leakage through a small hole is the
flow pattern of the gas as it escapes from the leak point. This flow pattern can be evaluated
by utilizing the critical pressure ratio (CPR) [28].

CPR =

(
2

k + 1

) k
k−1

= 0.528 (12)

where k is the gas adiabatic index, taken as 1.29.
China’s national standard [15] stipulates that the towns and cities of the sub-high-

pressure gas pipeline operating pressure levels were 0.4 MPa, 0.8 MPa, and 1.6 MPa. The
calculated CPR values of the gas at the leakage holes in this study are all less than the ratio
of the absolute pressure of the pipeline to the outlet pressure (the outlet pressure was set to
0.1 MPa because the HBNG leaks into the atmosphere), so the flow pattern of the gas at the
leakage holes is acoustic flow. Therefore, the small hole leakage flow rate in this study is
calculated as in Equation (13):

Q = ADCDPT

√√√√ Mk
ZRT

(
2

k + 1

) k+1
k−1

(13)

Table 7 presents the mass flow rate of leakage from a sub-high-pressure HBNG pipeline
with a DN300 pipe diameter at various sizes of leakage orifices.

Table 7. Leakage hole HBNG mass flow rate.

Pipeline Pressure (MPa) Leakage Hole
Diameter (mm) Mass Flow Rate (kg/s)

0.4
4 0.0106
5 0.0166
6 0.0239

0.8 5 0.0298

1.6 5 0.0563

The initial gauge pressure of the leakage hole should be set when the gas velocity
reaches the speed of sound. This study sets the initial gauge pressure according to [16], and
for details see Table 8.

Table 8. The initial gauge pressure.

Pipeline Pressure (MPa) Initial Gauge Pressure (MPa)

0.4 0.274

0.8 0.493

1.6 0.932
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2.5. Working Conditions

The main parameters influencing this study were the hydrogen doping ratio, leakage
hole size, pipe pressure, and leakage location. Case 4 was selected as the benchmark for
comparative analysis. The numerical simulation plan for this study was designed based on
these factors, as illustrated in Table 9.

Table 9. Working conditions of numerical simulation.

Case Pipeline
Pressure (MPa)

Leakage Hole
Diameter (mm)

Leak Hole
Location HBR (%)

Case1 0.4 5 X = 0 0
Case2 0.4 5 X = 0 5
Case3 0.4 5 X = 0 10
Case4 0.4 5 X = 0 15
Case5 0.4 5 X = 0 20
Case6 0.4 4 X = 0 15
Case7 0.4 6 X = 0 15
Case8 0.8 5 X = 0 15
Case9 1.6 5 X = 0 15

Case10 0.4 5 X = −50 15
Case11 0.4 5 X = −97.5 15
Case12 0.4 5 X = −99.5 15
Case13 0.4 5 X = 50 15
Case14 0.4 5 X = 97.5 15
Case15 0.4 5 X = 99.5 15

2.6. Verification of Grid-Independence

The model grid is efficiently divided using ICEM. The model divides the flow field
into seven regions based on the characteristics of the core jet, diffusion, inlet, and outlet
regions of the leakage. The mesh of the leakage holes, inlet, and outlet is locally encrypted
to improve calculation accuracy. Figure 2 displays the meshing and local encryption used
in this investigation.
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To assess grid independence, three different grid schemes with 125,610, 309,350, and
409,350 grid counts are used in case 1 for comparative analysis. Figure 3 illustrates the
methane distribution of the three grid schemes at test points 1 (7.5, 1.9) and 2 (10, 1.8).

The results indicate that when the grid reaches 3 × 105, the concentration generally
agrees with the calculated solution for a grid of 4 × 105 magnitude, with a relative error of
less than 2.3%. Considering the precision requirements of engineering and computational
efficiency, a grid size of 3 × 105 is chosen for division.

The selected grids’ overall numerical domain grid size is 0.1 mm, and the maximum
size is 50 mm. Five hundred meshes were divided in the area above the 4 mm leakage hole
for local encryption, with a grid size growth rate of 1.05.
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2.7. Initial Conditions and Solution Methods

1. Initial conditions:

At t = 0 s, the gas compartment is initially filled with air, with a temperature of 300 K
and a pressure equal to the atmospheric pressure. The methane and hydrogen have a
starting concentration and velocity of zero.

2. Solution methods:

The scheme chooses SIMPLE, which uses the first-order windward differential mode
for the parts and the second-order windward format for the energy, momentum, and
turbulence. The volume fraction of each component at the monitoring point was examined
to determine convergence. The time step is set as 1 × 10−2, taking into account the mesh
size and courant number requirements and the maximum iterations per time step is set as
50. Each situation is simulated for 40,000 time steps with a 400 s length of simulation. The
residual criteria are set to 1 × 10−3 for continuity, 1 × 10−4 for x-velocity and y-velocity,
and 1 × 10−3 for turbulence parameters and species.

2.8. Model Validation

The physical model of the similar platform experiments for accidental ventilation of
gas compartments in [29] was simulated using the numerical simulation parameter settings
of this study to obtain the simulated values of methane volume fractions at sampling points
6 and 9 in the physical experiments.

Figure 4 compares the simulated values obtained using the mathematical model
developed in this study with the experimental values at test points 6 and 9.Compared with
the experimental values, the two obtained methane volume change trends are consistent,
and the average error is 4.3% and 5.6%, respectively. The deviation is within the acceptable
range, which verifies the reliability of the mathematical model and parameter settings in
this study.
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3. Results and Discussion

In accordance with [14], the upper limit for the concentration of natural gas in an
alarm should not exceed 20% LEL. This study defines the “infringement distance” as the
distance at which the HBR reaches 20% LEL. The concentration at the point that catches
20% LEL is referred to as the “alarm concentration,” and the time at which it reaches this
concentration is called the “alarm time.”

The specification also mandates that the number of ventilation changes in natural
gas compartments should be a minimum of six per hour under normal conditions and
twelve per hour under accident conditions. Hence, the ventilation conditions within
the pipeline corridor can be classified into two distinct categories: natural ventilation
and mechanical ventilation. Natural ventilation is the absence of fan activation, while
mechanical ventilation encompasses both normal and accident ventilation.

3.1. HBNG Leakage Pattern under Natural Ventilation

The probability of a concurrent failure of both the gas pipeline and ventilation system
within natural gas compartments is considerably lower than the likelihood of an isolated
gas pipeline leak within the same corridor. Consequently, the analysis and study are
exclusively centered on the distribution pattern of gas leakage under natural ventilation
conditions and the alterations in the leakage pattern following hydrogen doping.

Figure 5 shows the dispersion pattern of natural gas (HBR = 0%) under natural airflow
conditions at different time intervals based on simulations conducted for case 1. At the 6 s
mark, natural gas rapidly ascends to the uppermost part of the gas chamber in a concen-
trated stream. At the 30 s mark, the infringement distance over which natural gas spreads
in the compartment by diffusion is roughly 10 m. By the time 100 s have passed, its range
has expanded to 30 m. It is clear that in a naturally ventilated environment, the diffusion
rate of natural gas in a gas compartment decreases significantly with increasing diffusion
distance. The reason is that the utility tunnel is an underground confined area with limited
natural airflow, causing natural gas to spread primarily based on the initial velocity of the
leaking jet. The kinetic energy of natural gas diffusion near a leak diminishes symmetrically
from the center of the leak to the longitudinal direction of the gas compartments due to gas
viscous force and air resistance until it is completely exhausted. Furthermore, the top of the
compartments has a higher gas diffusion capacity than the middle and lower parts, and
part of the wall-restricted methane diffuses from the top to the middle, resulting in a clear
stratification of methane concentrations. By the time of 360 s, natural gas has progressively
dispersed throughout the gas compartment. Under conditions of natural ventilation, it
can be deduced that methane in the natural gas compartment demonstrates a symmetrical
distribution at the center of the leakage hole. Furthermore, the distance of natural gas
leakage exhibits a positive correlation with the duration of the leakage, while the diffusion
rate shows a negative correlation with the leakage duration.
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HBR may impact natural ventilation gas leakage. At varied monitoring line times,
matching cases 2–5 yielded HBNG concentration graphs (Figure 6). Hydrogen doping
steadily reduces methane leakage, as shown in the image. HBNG concentrations at each
monitoring point at the same point in time showed a decreasing trend. As the concentration
of hydrogen increases, the gas gains significant momentum, leading to an acceleration of
the diffusion process and an expansion of the diffusion distance within the same timeframe.
This indicates that the dangerousness of gas leakage increases after hydrogen blending.
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3.2. Analysis of Factors Affecting the Spread of HBNG Leakage under Normal
Ventilation Conditions
3.2.1. HBNG Leakage Pattern under Normal Ventilation

Figure 7 depicts the diffusion distribution condition of case 4 situations at various
time periods under normal ventilation circumstances. As demonstrated in Figure 7, owing
to ventilation, the presence of HBNG in the space above the compartment to the left of the
leakage point is almost negligible. With the exception of monitoring point 8 near the air
inlet, the concentration of HBNG increases quickly to 0.01 vol before gradually stabilizing
in the area to the right of the point of leakage. At 150 s, the gas doped with hydrogen had
dispersed toward the vent. The release of the HBNG was hindered by the limited vent
size, resulting in the attainment of the alert concentration throughout the entire downwind
area at 380 s. This shows mechanical ventilation increases HBNG diffusion in the gas
compartment, and the typical ventilation wind speed is not enough to eliminate the jet
column, so raising it is important for gas compartment safety and stability.
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Figure 7. Normal ventilation natural gas compartments leakage concentration distribution of pure
methane natural gas (HBR = 15%), (a) t = 10 s, (b) t = 50 s, (c) t = 150 s, (d) t = 380 s. Natural
ventilation natural gas compartments leakage concentration distribution of pure methane natural gas
(HBR = 0%), (a) t = 6 s, (b) t = 30 s, (c) t = 150 s, (d) t = 360 s.

Figure 8 illustrates the dispersion pattern of the flow lines that arise from a gas com-
partment leakage under typical ventilation conditions in Case 4. The graphic demonstrates
that ventilation gas flow is the primary factor influencing the leakage process. Over time,
the gas flow line becomes increasingly level and linear. Mechanical ventilation increases
HBNG diffusion in the gas compartment, and the typical ventilation wind speed is not
enough to eliminate the jet column. Raising it is thus important for natural gas compartment
safety and stability.
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Figure 8. Distribution of leakage flow lines in the pipeline corridor under normal ventilation
conditions for HBNG (HBR = 15%), (a) t = 10 s, (b) t = 50 s, (c) t = 150 s, (d) t = 380 s.

3.2.2. Different Leakage Hole Sizes

Comparative analyses were carried out for cases 4, 6, and 7. The research produced
graphs showing how the gas concentration changed when HBNG leaked through different
leakage holes while the ventilation mode was normal (see Figure 9). As the size of the hole
rises, the total momentum of the gas leakage jet containing hydrogen increases, resulting in
an improved spread of the HBNG. Over the same amount of time, there were mostly no
changes in the longitudinal distribution pattern of HBNG on the monitoring line when the
leakage aperture conditions were different. The HBNG concentration on the monitoring
line at t = 150 s exhibited a progressive and smooth distribution. The mass fractions for the
leakage aperture diameters of 4 mm, 5 mm, and 6 mm were 0.00672, 0.01047, and 0.0150,
respectively.
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3.2.3. Different Pipeline Pressures

A comparative study of cases 4, 8, and 9 was carried out to obtain the graphs of
gas concentration changes for HBNG leakage under normal ventilation conditions with
different pipeline pressures (Figure 10). The spatial distribution of HBNG in a pipeline at
various pressures closely resembles the spatial diffusion pattern of HBNG under different
conditions of leakage port aperture. An increase in leakage pressure will result in a
corresponding increase in the flow and velocity at the leaking opening. This outcome leads
to the HBNG jet possessing a higher momentum, enabling it to disperse more vigorously
in all directions. Furthermore, the dispersion of jets is proportionally decreased due to the
dissipation of turbulence on a small scale. At a particular time, as the pipeline pressure
increases, the HBNG diffusion range is expanded accordingly, and the concentration of
HBNG in the corresponding area is more likely to reach the LEL. The risk of accidents
increases significantly if higher-pressure pipelines leak within a natural gas compartment.
Therefore, it is essential to enforce more rigorous security measures for HBNG pipelines
working under higher pressure.
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3.2.4. Different HBR

By comparing and analyzing the simulation results of case 1 to case 5 under normal
ventilation settings, we can generate concentration variation graphs of gas leakage with
varied HBR (Figure 11). When gas leaks with varying HBR, the patterns remain consistent.
It may be deduced that hydrogen and methane were uniformly blended prior to the
occurrence of the leak. Hydrogen and methane exhibit distinct mass transfer capacities, but
this disparity does not impact their leakage. The spatial distribution of methane decreases
with the addition of hydrogen blending. Over time, the gas concentration on the monitoring
line eventually became stable. The gas leakage concentration at HBR = 20% reached 40 vol
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of the LEL of the gas mixture, which is a two-percentage point increase compared to the
value before hydrogen doping. This result indicates that hydrogen blending increases the
danger of explosion.
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The distribution curves of the hydrogen and methane components in gas leaks with
varying HBR at different monitoring locations over time are shown in Figure 12. At an
HBR of 5%, the concentration of hydrogen leakage in the natural gas compartment remains
below the warning threshold even after the leakage has stabilized, possibly attributable
to the relatively low quantity of hydrogen being introduced. The warning times for the
methane sensor and the hydrogen sensor exhibit close similarity when the HBR is 10%,
15%, and 20%.

Furthermore, the inclusion of hydrogen in the gas mixture results in a reduction of its
calorific value. The calorific value of hydrogen is 13 MJ/m3, whereas that of methane is
38 MJ/m3. The heat of combustion of hydrogen is merely 1/26th of the heat of combustion
of methane at a hydrogen integration level of 10%. Therefore, for catalytic combustion-type
combustible gas alarms based on the principle of thermal effect when HBNG is in the
natural gas compartment, it is recommended that the methane concentration be used as the
monitoring standard.
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3.2.5. Different Leak Locations

An analysis was conducted to compare the leakage pattern of HBNG at various leakage
locations under normal ventilation settings in cases 4 and 10~15. A graph illustrating the
changes in gas concentration of HBNG leakage at various positions of the leakage holes
was obtained (Figure 13). When the leakage occurs at x = −97.5 m or x = −99.5 m, the
sluggish air movement in the upwind region of the leak makes it challenging for the HBNG
to be propelled toward the exhaust vent. The gas that has been released gathers in this
region and nears the threshold at which it can explode. The downwind area of the leaking
hole was filled with HBNG, and the air-driven HBNG posed a combustion and explosion
hazard in much of the natural gas compartment. The distribution pattern of the leaking
holes remains consistent when they are positioned at x = −50 m and x = 50 m, as it is at
x = 0 m. As a result of ventilation, the upwind area of the leakage holes is nearly allowed
for gas components, while the downstream area experiences rapid accumulation of HBNG.
When the leakage location is x = 97.5 m and x = 99.5 m, the leakage location is close to the
air vent, so the HBNG can be rapidly discharged out of the integrated pipe corridor under
the effect of ventilation. However, due to the limitations of the vent size, it was challenging
to vent the HBNG, resulting in the area from the edge of the vent to the firewall being filled
with leaking gas. We therefore suggest installing diversion devices and combustible gas
alarms in the blind spots of the air inlet and outlet for ventilation.
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3.3. Ventilation Strategy for HBNG Leakage Accidents Based on the Most Unfavorable
Leakage onditions
3.3.1. Determination of the Most Unfavorable Leakage Conditions

The results of this study of the leakage characteristics of HBNG pipelines in natural
gas compartments under usually ventilated conditions show that the risk of explosion in
gas leakage accidents increases accordingly as the hydrogen content increases. In addition,
the increase in delivery pressure and the enlargement of the leak aperture will also increase
the diffusion rate over the aggression distance. It is noteworthy that the leakage holes close
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to the air supply opening may cause the natural gas concentration to exceed the alarm
value in most areas of the natural gas compartment. Therefore, it is of great significance to
explore the ventilation strategy for small-hole leakage accidents of gas with an HBR of 20%
in the 1.6 MPa gas pipeline with larger leak hole diameters. The most unfavorable leakage
condition set in this study is a gas with an HBR of 20%, a pipeline pressure of p = 1.6 MPa,
a leakage hole diameter of d = 6 mm, and a leakage hole location of X = 99.5.

3.3.2. Minimal Accident Ventilation Strategy for Sub-High Pressure HBNG Pipelines under
Most Unfavorable Working Conditions

In the most unfavorable leakage conditions, when the pipe pressure is 0.4 MPa,
monitoring point 2 reaches the alarm concentration of CH4 at 21 s before monitoring point
1 due to the turbulence effect of the air supply outlet. At this time, pause the calculation
and reset the boundary conditions, switch the boundary conditions of the air supply outlet
from normal ventilation (6 times/h) to the minimum accidental ventilation (12 times/h)
stipulated in [14], and set the air velocity of the air supply outlet to 2.66 m/s. Thus,
the concentration profiles of HBNG at measurement points 1, 2, 8, and 15 are obtained,
as shown in Figure 14. According to this figure, the concentration at the monitoring
point downstream of the gas compartment ended up being approximately 0.00757 Kg/s,
which is higher than the alarm concentration for 20% LEL. It is evident that the minimal
number of accident ventilations mandated by the regulation (12 times/h) decreases the gas
concentration in the cabin. However, this reduction is not significant enough to release the
alert.
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Following [14] that the accidental ventilation air velocity should not exceed 5 m/s,
a variety of ventilation strategies (see Table 6 for details) were simulated and analyzed
for the inlet ducts of different pressure level systems. According to Section 3.2.1, gas
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accumulates in the downstream area of the gas compartment as a result of the ventilating
airflow, so the stabilized gas concentration at measurement point 15 is representative
of the overall change in gas concentration in the gas compartment. Figure 15 depicts
the variations in concentration at measurement point 15 under varied pressure levels
and accident ventilation procedures. Under pressures of 0.4 MPa and 0.8 MPa, with
HBR of 20%, the accident ventilation would be reconciled to 15 times/h and 21 times/h,
respectively. Once the alarm risk has been eliminated and evaluated, repair methods, such
as implementing patching under pressure, can be carried out. For gas pipelines with a
pressure of 1.6 MPa, an accident ventilation air velocity of 5 m/s makes it challenging to
detect and respond to alarm risks. When the concentration of gas reaches 25% of the LEL,
it is recommended to initiate cut-off and venting procedures.
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Figure 15. Changes in the amount of gas present at monitoring point 15 of a sub-pressure HBNG
pipeline leakage for various accidental venting strategies and pressure classes, (a) p = 0.4 MPa,
(b) p = 0.8 MPa, (c) p = 1.6 MPa.

4. Conclusions

This study aims to examine the behavior of HBNG leakage in a pipeline compartment
within utility tunnels and to analyze its leakage patterns under various ventilation con-
ditions through simulation analysis. This study’s findings reveal the most unfavorable
working conditions associated with gas pipeline leakage from small holes and further inves-
tigate the accidental ventilation of sub-high-pressure gas pipelines under these conditions.

This study demonstrated an increase in gas diffusion capacity with higher levels of
HBR. In a mechanically ventilated setting, the ventilation airflow has a significant impact
on gas diffusion. Insufficient wind speed could result in the buildup of gas downstream of
the gas compartment, thereby posing a risk to pipeline safety. Furthermore, the calibration
method for catalytic combustion-type combustible gas detectors in the pipeline corridor
can continue to be used for methane even after the incorporation of hydrogen blending. It
is advisable to install additional diversion facilities in the ventilation dead space of the gas
compartment to improve safety measures.

This study also indicated that the conditions least conducive to gas leaks from small
holes in pipelines included elevated pipeline pressures, larger diameters of the leak holes,
increased hydrogen blending ratios, and the proximity of the leaks to air supply outlets.
At pressure levels of 0.4 MPa and 0.8 MPa, it is recommended that the gas compartment
be ventilated accidentally at a frequency of 15 times per hour and 21 times per hour,
respectively. However, the maximum unintentional ventilation wind velocity of 5 m per
second, as specified in [14], needs to be revised to ensure the safety of the 1.6 MPa gas
pipeline. Therefore, it is recommended to install an accidental interlocking device to
promptly shut off and release a high-pressure pipeline in the event of a leakage accident.

Author Contributions: Conceptualization, Z.X., B.G., L.W. and S.C.; Methodology, Z.X. and B.G.;
Software, M.L.; Validation, X.J.; Investigation, X.J.; Data curation, B.G.; Writing—original draft, Z.X.
and L.W. All authors have read and agreed to the published version of the manuscript.
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