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ABSTRACT

The leakage gas from a buried natural gas pipelines has the great potential to cause economic losses and
environmental pollution owing to the complexity of the mountainous environment. In this study, computational
fluid dynamics (CFD) method was applied to investigate the diffusion law and hazard range of buried natural
gas pipeline leakage in mountainous environment. Based on cloud chart, concentration at the monitoring site
and hazard range of lower explosion limit (LEL) and upper explosion limit (UEL), the influences of leakage hole
direction and shape, soil property, burial depth, obstacle type on the diffusion law and hazard range are analyzed.
Results show that the leakage gas is not radially diffused until it reaches the ground, and the velocity of gas diffusion
to the ground and the hazard range decrease as the angle between the leaking direction and the buoyancy direction
increases. Triangular and square leak holes have a faster diffusion rate and a wider hazard range than circular. The
diffusion rate of leakage gas in soil rises as soil granularity and porosity increase. The time of leakage gas diffusion
to the ground increases significantly with the increase of burial depth, and the hazard range reduces as burial depth
increases. Boulder-type obstacles will alter the diffusion path of the leakage gas and accelerate the expansion of the
hazard distance, while trench-type obstacles will cause the natural gas to accumulate in the trench and form a high
concentration region slowing the expansion of the surface gas concentration.
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1 Introduction

Natural gas, as the cleanest and most efficient fossil energy source, has played a critical role
in fostering green and low-carbon energy transformation and high-quality development with the
implementation of the global decarbonization strategy in recent years [1-3]. And the Construction
and advancement of natural gas pipelines have reached a golden age as the primary method of natural
gas transportation today [4]. Despite China’s enormous natural gas deposits, the country’s natural
gas is primarily dispersed in the central and western areas, whereas the eastern region has the fastest
growing economy and the fastest growing demand for natural gas consumption [5]. To ensure natural
gas supply, an increasing number of long-distance natural gas pipelines must pass through hilly areas
with complicated and varied topography and high and low relief.
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Currently, the majority of long-distance natural gas pipes are installed by burying them in the Soil
[6]. Although pipeline burial reduces both organic and synthetic damages, accidents caused by leakage
of buried natural gas pipelines due to mechanical external forces, corrosion, and construction defects
have been a constant occurrence, accounting for 27%, 27%, and 16% of reported accidents [7]. An
accident will not only waste resources and result in financial losses but will also significantly impair
the environment, social order, and public safety [8—12]. Therefore, it is critical to investigate and assess
the leakage and dispersion properties of buried pipelines in mountainous areas.

Current research on buried natural gas pipeline leakage focuses on calculating gas leakage rates
and analyzing gas diffusion mechanisms [13]. Over the years, numerical models used to examine the
leakage and dispersion properties of buried pipelines have advanced from 1D to 2 and 3D [14,15].
The majority of early research was done on 1D models based on assumptions such as ideal gases,
adiabatic fluxes, and so on. For example, Olorunmaiye et al. [16] modeled the flow following a
long-distance natural gas pipeline break as a one-dimensional unsteady isothermal flow and used
the eigenvalue approach to quantify the natural gas loss. Montiel et al. [17] supplied a model for
forecasting gas leakage based on pore size and pipe pressure under steady-state and one-dimensional
flow assumptions, which is a conventional “pore” and “pipe” model under low and medium-pressure
and steady state assumptions. Jo et al. [18] applied Fanning’s equation to construct a one-dimensional
estimate model for hole leakage in high-pressure gas transmission pipes. Kostowski et al. [19] stated
a one-dimensional model for predicting the rate of gas outflow under isothermal and adiabatic flow
assumptions. Lu et al. [20] presented a one-dimensional model of an urban medium-pressure pipeline
for predicting the effects of pipeline pressure and leakage hole diameter on leakage rate under steady
leakage circumstances.

It should be noted that the usage of one-dimensional models is prone to substantial mistakes [21].
Because of the advantages of using computer simulation technology and the findings of numerous
experimental research, people began to utilize 2D and 3D models closer to the real gas to examine
pipeline leakage and diffusion behavior [22-26]. Particularly for buried pipes, 3D modeling can
account for the resistance of all 3D soil bodies, which is more accurate than 1D and 2D computational
models [27]. For the widely encountered medium-pressure natural gas pipelines in cities, Ebrahimi-
Moghadam et al. [28] designed 2D and 3D models and numerically solved them using the finite
volume approach to achieve high solution accuracy. Bezaatpour et al. [2 1] investigated the effects of soil
anisotropy, stratification, soil matrix moisture content in every layer, and slope on the gas dispersion
behavior of leakage from medium-pressure buried natural gas pipelines. Wang et al. [29] applied Fluent
to simulate the leaking of a low-pressure buried natural gas pipeline and investigated the effects of
various pressures, leakage hole sizes and directions, soil attributes, and burial depth on the diffusion
process. Liu et al. [30] evaluated the leakage rate and diffusion extent in soil by numerically simulating
the leakage diffusion of medium-pressure buried pipelines in soil. Bu et al.’s study [31] used numerical
simulation to examine the properties of methane diffusion in soil, analyze the harmful boundary of
methane diffusion, and develop a model for harmful boundary prediction.

It has revealed that previous discussions focused on urban low-pressure buried pipelines in
the plains, with little research done on the dispersion behavior of high-pressure buried pipelines in
mountainous areas. Pipelines in mountainous regions differ greatly from urban pipelines in plain
areas in terms of both pipeline properties and laying environment. Pipelines in mountainous regions
differ greatly from urban pipelines in plain areas in terms of both pipeline properties and laying
environment. First, the pipeline’s large diameter and high pressure accelerate the rate of gas loss
and diffusion following damage [32,33]. As the saying goes: “One mountain with four seasons, ten
miles with different weathers”, since long-distance pipelines usually cross several regions, the pipeline
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temperature and soil properties vary greatly. Meanwhile, the mountain environment tends to be the
“ecological kingdom,” a large number of wild animals and plants will exacerbate corrosion and
harm to the pipeline, and the frequent occurrence of natural disasters such as collapses, landslides,
and other natural disasters will cause pipeline damage more uncertain. Furthermore, the undulating
terrain could lead to the pipeline’s depth altering, and the numerous rivers, ravines, and cliffs in the
mountainous environment may create various barriers to the dispersion of leaking gases.

This article creates a 3D model of pipeline-soil-air to investigate the leaking diffusion process and
hazardous distance of high-pressure buried gas pipelines in mountainous areas. The law of leakage and
diffusion is examined by varying pipeline features such as vagaries leakage direction and changeable
leakage hole shape, and external environmental factors such as different soil properties, burial depth
and various obstacles. The diffusion pattern and hazard range of the leakage gas are explored using the
diffusion cloud chart, the concentration of the monitoring point, and the vertical hazard distance. This
work is expected to give a theoretical foundation for pipeline integrity management in mountainous
environments.

2 Numerical Model

2.1 Physical Model

The model considers not only the influence of soil resistance in the three directions but also the
dispersion of the gas in the air when it overflows from the soil, to ensure the accuracy of the results. The
simple model has a rectangular body with 6 m x 6 m x 5 m dimensions. Where the height direction is
divided into the upper air layer with a height of 2 m and the lower soil layer with a depth of 3 m, with
the pipeline positioned in the middle of the soil layer. Fig. | shows the established pipeline-soil-air 3D
model.

Air layer
; !
1.6
3 Soil layer
®©1.016
| 6 |
(a) The 3D view of a buried natural gas pipeline (b) Front view of buried natural gas pipeline

Figure 1: Physical model of buried natural gas pipeline
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2.2 Mathematical Model
2.2.1 Model Assumptions
The following assumptions are raised to simplify the modeling and calculations [34]:

(1) The soil was modeled as a porous structure, with all air in the pores prior to gas leakage, and
its porous structure was set to be isotropic;

(2) The default leakage hole’s shape is circular, and the leakage process is continuous with no
impact on the pipe wall next to it;

(3) Soil temperatures and leakage gas temperatures are stable and unaffected by environmental
factors;

(4) Assume the gas leakage rate is constant during a brief period of time;
(5) The gas composition is set to 95% CH, and 5% C,Hg, regardless of the natural wind speed.

2.2.2 Governing Equations

The governing equations contain the conservation equations of mass, the conservation equations
of momentum, the transport equations, and the turbulence model based on the assumptions in
Section 2.2.1.

(1) Conservation equation of mass [35]:
ap ad
LT, yY=0 1
¢t ™ (pu,) (D

where, p is the density of gas (kg/m?); ¢ is time (s); x; is displacement (m); u; is velocity (m - s7'); i = X,
y, Z, indicates the x, y, z directions; ¢ is porosity of soil.

(2) Conservation equation of momentum [36]:
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where, j is three directions of the coordinate axes, u; is the split velocity in that direction (m - s™');
u' is average impulse velocity over a period of time (m - s7'); S is source term of the equation of
conservation of momentum, calculated from Eq. (3) [37]; P is the static pressure (Pa).
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where, a™!' is coefficient of viscous drag (m™2), calculated from Eq. (5); C, is inertial resistance
coefficient (m™"), calculated from Eq. (6). Egs. (5) and (6) are obtained from the comparison of Eq. (3)
and Ergun’s equation (Eq. (4)).
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where, D, is soil particle diameter (m).

(3) Transport equation [38]:
0 0 d dw
hd — (puw) = — ( pD— 7
8(pw)+-a&(p%a0 axj(p a%) (7
where, w is mass fraction of gas component (%); D is diffusion coefficient (m?* - s™").

(4) Turbulence modeling [39]:

An appropriate turbulence model should be chosen for modeling since the flow state at the gas
leakage port of a high-pressure gas pipeline is turbulent [40]. In this paper, the k-¢ standard equation
is used for the calculation, which consists of k turbulent kinetic energy equation and & turbulent
dissipation rate equation as shown in Egs. (7) and (8).
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where, p is fluid viscosity; w; is turbulent viscosity, and u; = pC,k*/e; oy is turbulence Prandtl

constant; G, is turbulent kinetic energy term from buoyancy; G, is turbulent kinetic energy term
from mean velocity gradient; Y, is dissipation term due to fluctuating expansion of compressible
turbulence; A,, A,, and A; are empirical constants taken as 1.44, 1.92, and 1, respectively.

2.3 Boundary Conditions
2.3.1 Soil Property Definition

Soil is regarded as a porous media with viscous resistance, inertial resistance, and porosity. The
behavior of gas diffusion is strongly influenced by the properties of the soil. This study categorizes

mountain soil types into four groups based on soil granularity and porosity, and Table | displays their
resistance properties [21,23].

Table 1: Characteristic parameters of porous media in different soils

Soil type Particle diameter (mm) Porosity Viscous resistance (m™2) Inertial resistance (m™)
Sandy a 0.30 0.25 6 x 10" 5.6 x 10°

Sandy b 0.30 0.45 5.53 x 10° 7.04 x 10*

Sandy ¢ 0.50 0.25 2.16 x 10" 3.36 x 10°

Loam 0.05 0.40 3.38 x 10" 6.56 x 10°

Clay 0.01 0.30 2.72 x 10" 9.07 x 10°

2.3.2 Boundary Type Definition

According to the simplified assumptions in Section 2.2.1, there are three major features of bound-
ary condition settings: Outlet boundary conditions, inlet boundary conditions, and wall boundary
conditions, which are shown in Table 2.
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Table 2: Boundary type used in the present study

Boundary type Boundary location Setting value

Outlet boundary Pipe outlets and air layers Pressure outlet
Soil boundary around Symmetry
Upper soil boundary Interface
Lower soil boundary Outflow

Inlet boundary Pipeline inlet Pressure inlet

Wall boundary Pipeline sidewall Wall (no-slip)

2.3.3 Settings of Leakage Hole Shape

Generally, the leakage hole caused by corrosion is irregular in shape. In order to simulate
operability, the shape of the hole is simplified and the typical hole shape shown in Table 3 is used
for simulation.

Table 3: Setting of leakage hole shape

Circular Square Triangular
R =0.05 (m) L =0.0886 (m) L =0.1347 (m)

2.4 Settings of Simulation Parameters and Monitoring Point

2.4.1 Parameter Settings

In this paper, the influence of the characteristics of the pipeline (leakage hole shape and leakage
direction) and the laying environmental factors (soil property, burial depth and obstacle type) on the
diffusion characteristics of leakage gas was investigated by the control variate method.

Take a long-distance natural gas pipeline in the mountainous region of Western China as an
example, the operating pressure of the pipeline is set to 10 MPa, the ambient temperature is set to
300 K, the diameter of the pipe is set to 1016 mm, and the default leakage hole is set to a circle with
a diameter of 100 mm because the leakage hole of buried pipelines in mountainous areas are mostly
small hole caused by corrosion. The working conditions under the constant parameter are simulated
as the default conditions, and the other variable parameters are shown in Table 4.

2.4.2 Monitoring Point Setting

To investigate how the gas diffusion pattern varies at typical heights and directions, we have set up
seven monitoring points as shown in Table 5 and Fig. 2, respectively, with O point being the location of
the leakage holes, points A, B, and C being able to respond to the concentration variation at different
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heights, and points E and F being used to study the variation of gas diffusion concentration at typical
heights and directions.

Table 4: Parameters of working condition of buried pipeline in mountainous area

Entry Input data
Default Variable
Leakage hole angle (°) 0 90; 180
Leakage hole shape Circles Rectangles; triangles
Soil property Sandy a Sandy b and c; loam; clay
Burial depth (m) 1.6 1.2;1.4;1.8;2
Obstacle type None Boulder; trench

Table 5: Relative location of leakage holes and monitoring points

0 (3,14,-3) D 4,48, -3)
A (3,24,-3) E (5,3, -3)
B (3,3, -3) F 3,3, -5)
C (3,4.8, =3) G (3,4.8, —4)
Ce—eh
B IR . ._-—
! Ae
Leakage hole :“"'T
i F A—1m above the leakage hole
G B—1.6m above the leakage hole
A le' D E C—3.4m above the leakage hole
e T E/F—2.6m from the leakage hole
\ D/G—2.6m from the leakage hole

Figure 2: Schematic representation of the location of the monitoring sites

2.5 Grid Generation and Solution Methods
In this paper, a structured geometric grid is used to discretize the computational model, focusing
on encrypting the mesh around the leakage orifice to obtain more accurate calculation results.
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In this paper, the finite volume method (FVM) was used to discretize the control equations. For
the coupled velocity and pressure problem in the solution process, the PISO algorithm with better
applicability is used for transient simulation calculations based on the pressure solver. In order to
ensure the convergence and accuracy of the computational results, a second-order windward discrete
format is used. The time step was set to 0.05 s for a total of 3600 steps to study the diffusion of the
leakage within 180 s, and the data were recorded every 20 steps.

2.6 Model Validation
2.6.1 Validation of Grid-Independent Solution

As shown in Fig. 3, generate four grid levels of 68 x 10*, 48 x 10* 28 x 10%, and 10 x 10* and
monitor methane concentrations at varying vertical distances under the same operating settings 30 s
after leakage. The calculation results with grid of 28 x 10* and 10 x 10* have a large deviation, while
the average error of gas concentration calculated with grid number 68 x 10* and 48 x 10* is within
3%. To ensure the calculation accuracy and reduce the calculation time, the 48 x 10* grid level was
selected for numerical simulation, and the minimum grid is 6.86714¢™"", as shown in Fig. 4.

1.04

——— Number of grids 68x10"
Number of grids 48x10*
Number of grids 28x10*
Number of grids 10x10*

00 02 04 06 08 10 12 14 16
Vertical distance from the leak hole(m)

Figure 3: Variation of vertical methane concentration calculated by four different grids

(a) Global domain grid (b) Local refinement grid

Figure 4: Schematic of grid generation

2.6.2 Validation of Mathematical Model

The buried pipelines experimental results of Yan et al. [26] were used to verify the steady simulation
method. In this paper, a rectangular model with a pipe burial depth of 900 mm, a pipe diameter of
200 mm and a leakage hole diameter of 5 mm is reconstructed according to Yan’s experimental method.
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The gas fraction was set to 2.5% air and 97.5% methane with a volumetric flow rate of 12 L - min >,
and the soil was a sandy soil with a mean porosity value of 0.134. The monitoring points were set up as
spatial points for sensor 3 (—1.5, 0, 0.8) and sensor 10 (—1, 1, 0.5), respectively. As shown in Fig. 5, the
average error between the numerical simulation results and the experimental results is less than 5.1%,
which proves that the model developed in this paper can be used for the prediction of gas diffusion
in soil.

0,301 0.254
P/ -
0231 ) 0.20- experimental
experimental = = simulation
— — simulation
:; 0.20 -;
% g 0I5
‘_‘__ 0.154 3
g Z 010
= 104 =
5 o
g 2
g S 0.054
;" 0.054 ?:—
) L=
0.00 4 0.00+4
00 05 10 15 20 25 30 35 40 45 00 05 10 15 20 25 30 35 40 45
time Ch) time (h)
(a) Model reliability verification at sensor 3 (b) Model reliability verification at sensor 10

Figure 5: Comparison of numerical simulation and experimental

3 Results and Discussion

We analyzed the diffusion characteristics of buried natural gas pipeline leaks under default
conditions by means of methane concentration distribution cloud chart and methane concentration
variations at monitoring points. Leakage gas tends to spread upwards due to the fact that natural gas
is less dense than air. Meanwhile, the space at the top of the model is the main area where humans live
and build. Therefore, utilizing LEL and UEL as methane observation concentration boundaries, the
changes in the vertical height of methane under various working conditions with time were recorded
to explore the vertical hazard distance, and the changes in concentration at monitoring points under
the same leakage time were recorded to realize the diffusion process.

3.1 Analysis of Leakage and Diffusion Processes

The simulation scenario was set up according to the constants in Table 3, and two mutually
perpendicular sections a and b, perpendicular to the ground, parallel to the x-axis and z-axis and
passing through the center of the leakage hole, are set up to observe the diffusion of the leakage gas.
The gas dispersion clouds after 2, 4, 20, 60, 120 and 180 s of leakage were obtained as shown in Fig. 6.
In the initial stage within 2 s of the leakage, a nearly circular area of high methane concentration
was formed near the orifice due to the high initial velocity and the insignificant effect of soil on gas
deceleration. When the leak occurs for 4 s, the gas is about to diffuse near the ground because the
resistance in the air layer is much smaller than that in the soil layer, resulting in a greater velocity of
the gas in the vertical direction at this time, making the top of the shape of the gas diffusion region
longer. Methane had partially entered the air layer when the leak occurred in 20 s, making the diffusion
speed up the vertical axis larger than that of the horizontal axis, and there was a crease about the
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methane concentration appearing at the junction of the air layer and the soil layer, and the shape of
the gas diffusion at this time changed to a half-ellipse. The concentration of methane that spreads to
the vicinity of the ground after 60 s has reached the gas explosion concentration range, which means
that if there is an ignition source will cause great casualty losses. The leak occurred for 120 s, and an
area of high concentration developed near the ground, at which time the gas diffused mainly in the
air upwards, while the extent of diffusion in the soil did not change much. Finally, nearly 90% of all
locations in the model had generated medium to high concentrations, as seen at simulation times up
to 180 s.

e
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(a) After 2s of leakage (b) After 4s of leakage

(¢) After 20s of leakage
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(e) After 120s of leakage (f) After 180s of leakage

Figure 6: Time series of the dispersion clouds
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Figure 7: Variation of leakage gas concentration at different positions

Similarly, Fig. 8 displays the vertical hazard distance determined by the simulation. The LEL
meets the ground 3.5 s after the leak happened, while the UEL meets the ground 18 s later. Both in soil
and air layers, the rate of increase of the LEL is much faster than that of UEL, but the rate of increase

et
o
L

the concentration of leakage gas at the seven monitoring points are
shown in Fig. 7. The highest and quickest change in concentration in the altitude direction is revealed
by data from monitoring locations A, B, and C, and it is worth noting that due to the close proximity
of point C to the upper boundary of the model, inhomogeneous diffusion of gas occurred at the model
boundary with the increase of gas concentration, which led to a sudden increase in the growth rate of
gas concentration at point C at 210 s. Since the F/G monitoring point is set up in the same direction
as the leakage gas flow, there is less loss of velocity, permitting the F/G monitoring point to detect

—— A Point: B Point
———C Point D Point
= [ Point F Point
~——— @G Point

0 30 60 90 120 150 180 210 240 270 300

Time(s)

of both tends to decrease with time.

3.51

3.04

Vertical hazard distance(m)

Figure 8: The vertical danger distance of the LEL/UEL with time
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3.2 Analysis of Leakage Consequences with Leakage Hole Characteristics

Leakage of buried pipelines are generally caused by small hole created by corrosion, and the
abundance of wild animals and plants in mountainous environments and frequent geologic hazards
make corrosion of pipelines more unpredictable. Therefore, based on the previous analysis of the
default working condition, this work focuses on the influence of the leakage direction and the shape
of the leakage hole on the leakage diffusion law of the buried pipelines in mountainous areas.

3.2.1 Effect of Leakage Direction

Based on constant parameters, simulations were performed by changing the leakage direction to
90° and 180°, respectively. And the center of the leakage hole at 90° and 180° leakage directions is
roughly (3, 0.38, —3) and (2.5, 0.9, —3), based on the leakage direction, which changes the location of
the leakage hole [25,29]. The diffusion cloud of the gas after 60 s of leakage from different direction
is shown in Fig. 9. The gas always produces a jet and high concentration zone in the direction of the
leakage hole initially. As the volume of gas spilt grows, the gas slowly spreads to the ground owing
to buoyancy. The downward direction of the leakage gas diffusion range is the smallest, followed by
lateral leakage, and the upward leakage range is the largest, indicating that the hazard range of the
leaking gas decreases as the angle between the leakage direction and the direction of the buoyancy.

{a) 90° (b) 180°

ch4

0.95
0.86
0.77
0.68
0.59
0.5

0.41
0.32
0.23
0.14
0.05

Figure 9: Cloud chart of natural gas diffusion after 60 s of leakage from different directions

The variation of methane concentration at monitoring points B and D under different leak
directions is shown in Fig. 10 the concentration of methane rises more quickly when the gas leaked
upwards. In contrast, the methane concentration increases slowly when leaking to the side and
downward, and the process is mainly divided into a no-growth phase at the beginning of the leakage
and a low-growth phase when the leakage gas starts to spill out of the ground.

As shownin Fig. 11, for lateral and downward leakage, the LEL of gas to reach the ground in the
13 and 30 s, the UEL get to the ground in the 65 and 95 s, respectively, the distance of the hazard is
much lower than upward leakage at the same time. When the gas leaks downward, the outlet location of
the gas is farthest from the ground and the velocity of exit gas is opposed to the direction of buoyancy,
so the LEL and UEL require the longest time to get the ground.



EE, 2024, vol.121, no.8 2155

0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
lime {s) time (s)
(a) Monitoring point B (b) Monitoring point D

Figure 10: Variation of leakage gas concentration from different directions
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Figure 11: Vertical hazard distances for different leakage hole orientations

3.2.2 Effect of Leakage Hole Shape

Under the conditions that the aperture size is consistent, the simulated diffusion cloud of the gas
with different leakage hole shapes is shown in Fig. 12. It can be seen that the overall shape of the
concentration interval formed by the leakage of the square hole is more like trapezoid, and the hazard
range is larger, which is different from the oval formed by the circular hole. The shape of the leakage
hole has little effect on the high concentration zone in the soil, while the middle and low concentration
zone outside the soil formed by the triangular hole shifts to the left and upward. Simultaneously, the
diffusion range created by triangular and square leakage hole is similar, and both are bigger than
circular hole. Different shapes of leakage holes affect the velocity gradient of the leaking gas in the
hole and the direction of gas injection, which results in different diffusion rates and hazard ranges of
the leaking gas.

The concentration variation of B and D monitoring points under various leakage hole shape
is depicted in Fig. 13. With square and triangular holes, the concentration of B monitoring points
increases more quickly, and the peak time is shorter. The concentration growth rate of the triangular
hole is the slowest at monitoring point D, which is generated by the gas’s deviation to one side.
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(a) Square (b) Triangular

Figure 12: Cloud chart of natural gas diffusion after 60 s with different leakage hole shapes
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Figure 13: Variation of leakage gas concentration with different leakage hole shapes

Fig. 14 shows that the various leakage hole shapes have little effect on when the LEL gets to the
ground; however, when the UEL does, the square and triangular hole get the ground roughly 10 s
sooner than the circular hole. The vertical hazard distance of the triangular hole is somewhat greater
than that of the square at the same time, and the circular hole is the smallest.

3.3 Analysis of Leakage Consequences with Laying Environments

The laying environment of the pipeline has an important influence on the diffusion behavior. On
the one hand, the long-distance pipeline has a wide range of soil property due to the vast distance span.
Also, the long-term natural impacts of weathering and desertification in the mountain environment,
as well as frequent natural disasters like earthquakes and landslides, will change the type and thickness
of the soil put on the pipeline trenches. On the other hand, obstacles such as boulders and trenches
near the pipeline will prevent the diffusion of leakage gas.
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Figure 14: Vertical hazard distances with different leakage hole shapes

3.3.1 Effect of Soil Property

In diverse soil settings, the resistance to gas leakage varies substantially. This research examines
the effects of five common soils listed in Table | on diffusion behavior, ignoring the influence of soil
deformation at the leakage hole. Fig. 15 shows that the larger the porosity, the greater the velocity
and range of methane diffusion when the diameter of soil particles remains constant. The range of
methane diffusion increases with soil particle diameter when soil porosity remains constant. The range
of influence is shortest in clay soil due to the slowest gas diffusion as compared to sandy and loam soil.
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Figure 15: (Continued)
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Figure 15: Cloud chart of natural gas diffusion after 60 s with different soil types

Changes in methane concentrations at monitoring sites B and D under different soil categories

are shown in Fig. 16. The larger the porosity, the shortest time for gas concentration to reach the
peak; when the soil particle diameter and porosity are small, the change rate of gas concentration
is the slowest. When soil particle diameter is large, it has little effect on the peak time of methane
concentration in air, but when soil particle diameter and porosity are small, the peak time of gas

increases significantly.
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Figure 16: Variation of leakage gas concentration with different soil types

It can be seen from Fig. 17 that after the sand leakage accident, the LEL of gas quickly reaches the

ground in 2~4 s, and the UEL enters the ground in 4~18 s, while the LEL of loam reaches the ground
in 9 s, and the UEL enters the ground in about 51 s. Therefore, with the decrease of soil particle size
porosity, the resistance effect of soil to gas becomes larger, and the sag hazard distance decreases at

the same time.
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Figure 17: Vertical hazard distances with different soil types

3.3.2 Effect of Burial Depth

The length of time and distance required for the leakage gas to spread into the atmosphere will be
directly affected by the pipeline’s laying depth. This paper continues to simulate the working conditions
of the soil depth of 1.2, 1.4, 1.8 and 2 m. For pipelines with different soil laying depths, the diffusion
cloud chart after 60 s is shown in Fig. 18. The high concentration area within the soil and the middle
and low concentration areas outside the soil are shown to decrease with increasing buried depth. The
reason for this is that the soil resistance distance of the gas increases with increasing burial depth.

Fig. 19 shows the change in methane concentrations at monitoring locations B and D. The con-
centration increases more quickly and the time it takes for the concentration to peak at the monitoring
point B is reduced considerably when the pipeline is closer to the ground. When the laying depth is
greater than 1.4 m, as the laying depth increases, the concentration change range of the monitoring
point D is small, and the difference in atmospheric gas concentration is not obvious. In the early stage
of leakage, the gas was in the stage of diffusion in the soil, and the concentration of D monitoring
points was almost the same under different laying depths. After entering the middle stage of leakage,
the concentration of D monitoring points began to rise rapidly for pipelines with shallow burial depths.

(a) 1.2m

Figure 18: (Continued)
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Figure 18: Cloud chart of natural gas diffusion after 60 s with different soil laying depths
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Figure 19: Variation of leakage gas concentration with different soil laying depths

As shown in Fig. 20, after the leakage accident occurs at the laying depth of 1.2 and 1.4 m, the LEL
of the gas quickly reaches the ground in 1~3 s, and the UEL reaches the ground in 3~10 s. After the
laying depth of 1.8 and 2 m leakage accidents, the LEL of the gas reach the ground in 6 and 15 s, and
the UEL enter the atmosphere in about 45 and 100 s, respectively. It is evident that the gas diffusion
range is more significantly impacted by the burial depth. The possibility of damage can be reduced by
appropriately raising the burial depth of the pipeline on the assumption that the laying criteria and
economic requirements are met.

3.3.3 Effect of Obstacle Type

During the diffusion process, leakage gas frequently encounters the influence of barriers. Whereas
buried pipelines in mountainous areas frequently encounter unknown factors like boulders in moun-
tains and hidden trenches, pipelines in urban and plain areas frequently encounter interference from
obstacles parallel to the ground, such as cement or asphalt, this work carries on the investigation of
the impact of obstacles on the gas leakage and diffusion behavior. In the first stage of soil leakage, as
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seen in Fig. 21, the gas will spread upward along the surface of the obstruction when there is a wall
surrounding the pipeline. And the gas outside the soil will go to the side that is not an obstruction
when an adequate quantity of gas rises to the surface. Besides, a trench surrounding the pipeline will
allow a significant quantity of gas leakage to enter it, creating a high concentration area and lowering
the concentration close to the surface.
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Figure 20: Vertical hazard distances with different soil laying depths

-

ch4

0.95
0.86
0.77
— 068
0.59
0.5
0.41
| 0.32
0.23
0.14
0.05

(a) Boulders (b) Trenches

Figure 21: Cloud chart of natural gas diffusion after 60 s with different obstacles

Fig. 22 shows the changes in methane concentration at monitoring points B and D under different
obstacles. Obstacles of boulder-type will prevent gas from diffusing transversely, causing a lot of
gas to rise along the obstructions. The leakage gas will build up in the trench and form a high
concentration area due to the trench-type obstructions. Consequently, the boulder-type obstacles will
cause the monitoring point B’s concentration peak to appear sooner. In addition, the boulder-type
obstacles located on the same side of the D monitoring point, and the methane concentration at the
D monitoring point changes little compared with the presence of the trench-type obstructions.
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Figure 22: Variation of leakage gas concentration with different obstacles

As shown in Fig. 23, regardless of the type of obstacles in the spread path, the LEL of gas
immediately reach the ground at roughly 4 s, and the UEL enter the atmosphere at 9 and 15 s,
respectively. It is evident that obstacles have little effect on the LEL’s vertical harm distance in the
soil, but once in the atmosphere, the presence of wall impediments causes the vertical harm distance
of LEL to rise quickly. Moreover, obstacles in the trench cause the vertical boundaries of the UEL and
LEL to rise slowly as a result of the accumulation effect of the leakage gas.
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Figure 23: Vertical hazard distances with different obstacles

4 Conclusion

This paper analyzes the leakage and diffusion process of high-pressure buried pipelines in
mountainous areas, takes pipeline attributes and external environment characteristics as research
variables, and studies the diffusion law and influence range of leakage gas in soil from three aspects:
Leakage diffusion cloud chart, concentration change of monitoring points, and vertical harm distance.
The main conclusions are as follows:

(1) Under the influence of soil resistance, the gas leakage in the buried pipeline does not appear

radial, but the concentration distribution in the soil is approximately circular. When natural gas spills
out of the ground, the concentration distribution of methane changes from circular to radial. The
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leakage gas near the ground is symmetrically distributed in axial and radial direction, and the gas
concentration is highest at the middle point of the leakage hole. Compared with the UEL, the LEL
increases faster in both soil and air.

(2) For the characteristics of the pipeline, the leakage direction of the leakage have the greatest
influence on the leakage and diffusion behavior of the pipeline. The change of leakage direction causes
the change of the angle between the exit velocity and the buoyancy direction, resulting in the smallest
harm range of natural gas diffusion in the atmosphere for downward leakage, followed by sidewall
leakage, and the largest harm range for upward leakage. The overall shape of the diffusion caused by
the square leak hole is more trapezoidal, while the middle and low concentration area formed by the
triangular hole outside the soil is shifted to the upper left.

(3) The factors that have great influence on the leakage and diffusion behavior in the buried
environment mainly include soil property, buried depth and obstacle type, the larger the soil particle
diameter, soil porosity and the shallower the pipeline burial depth, the larger the leakage and diffusion
range and the vertical hazard distance of the buried natural gas pipeline. The presence of boulder-type
obstacles will cause a shift in the diffusion direction of the leakage gas. The gas diffusion characteristic
is manifested as upward diffusion along the surface of the boulders at the initial stage and begins to
shift to the side without obstacles after a large number of gas enter the air layer. The presence of trench-
type obstacles will cause a large amount of gas to gather in the trenches and form a high concentration
area, which will reduce the growth rate of methane concentration in the air layer.
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