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Abstract

To address the difficulty of locating small-hole leaks in buried natural gas pipelines, this
study conducted a comprehensive theoretical and numerical analysis of the acoustic char-
acteristics associated with such leakage events. A coupled flow–acoustic simulation frame-
work was developed, integrating gas compressibility via the realizable k-ε and Large Eddy
Simulation (LES) turbulence models, the Peng–Robinson equation of state, a broadband
noise source model, and the Ffowcs Williams–Hawkings (FW-H) acoustic analogy. The
effects of pipeline operating pressure (2–10 MPa), leakage hole diameter (1–6 mm), soil type
(sandy, loam, and clay), and leakage orientation on the flow field, acoustic source behavior,
and sound field distribution were systematically investigated. The results indicate that the
leakage hole size and soil medium exert significant influence on both flow dynamics and
acoustic propagation, while the pipeline pressure mainly affects the strength of the acoustic
source. The leakage direction was found to have only a minor impact on the overall results.
The leakage noise is primarily composed of dipole sources arising from gas–solid interac-
tions and quadrupole sources generated by turbulent flow, with the frequency spectrum
concentrated in the low-frequency range of 0–500 Hz. This research elucidates the acoustic
characteristics of pipeline leakage under various conditions and provides a theoretical
foundation for optimal sensor deployment and accurate localization in buried pipeline leak
detection systems.

Keywords: natural gas pipeline leakage; acoustic leak detection; porous soil medium;
flow–acoustic coupling

1. Introduction
Natural gas is an important component of the global energy consumption mix [1] and

makes a significant contribution to the transition toward a low-carbon economy [2]. In
recent years, worldwide natural gas consumption has grown rapidly, establishing it as a
preferred energy source [3]. The continuing shift of global energy demand toward natural
gas has fueled a global surge in pipeline construction activity [4,5]. As of early 2023, 86% of
all pipelines planned or under construction carried natural gas [6], placing unprecedented
demands on pipeline transport safety [4]. According to incident reports from the European
Gas Pipeline Incident Data Group (EGIG), gas pipeline leaks are classified as pinholes,
holes, or ruptures. Pinhole leaks, with effective orifice diameters ≤ 20 mm, are the most
common form of leakage in gas pipelines [5]. In practice, the subsurface environment is
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far more variable and complex than above-ground conditions, making underground leak
detection more difficult. Consequently, early leak detection and consequence assessment
based solely on flow field analysis cannot deliver the accuracy required for buried pipeline
leak detection. Minor leaks in buried natural gas pipelines are difficult to detect using
traditional methods, each of which has its own advantages and limitations. For instance,
manual surveys using handheld detectors are highly sensitive and are widely used in
urban gas distribution systems, yet they are labor-intensive and limited by environmental
conditions and coverage speed [7]. Aerial surveillance, though effective for identifying
large-scale surface anomalies in rural areas, often fails to capture small, subsurface gas
releases [8]. More advanced methods, such as vehicle-mounted or drone-based methane
sensors, offer enhanced sensitivity and efficiency but are constrained by high operational
costs and a reliance on favorable weather and terrain conditions [9]. Acoustic and fiber-
optic sensing technologies provide continuous monitoring and higher spatial accuracy,
but their deployment is typically limited to high-priority pipeline segments due to their
installation complexity and cost [10,11]. Internal detection methods, including mass balance
and real-time pressure monitoring, offer useful system-level insights but lack the resolution
needed to pinpoint low-rate leaks [12]. These limitations highlight the urgent need for
integrated, multi-modal leak detection strategies that combine the strengths of various
techniques to ensure accurate, timely, and cost-effective identification of minor leaks in
buried natural gas pipelines. Acoustic detection, however, is currently the most widely
adopted technique, offering high sensitivity, a long detection range, low false-alarm rates,
rapid response, and excellent real-time capability [13,14]. For this reason, the acoustic
characteristics of buried pipeline leaks are attracting growing research interest.

International research on natural gas pipeline leakage, particularly in theoretical
modeling and detection technologies, began earlier and has produced substantial work
in the field of acoustic detection [15]. While external leakage detection technologies in
China have largely caught up with those in developed countries, notable gaps remain in
areas such as defect localization accuracy, data utilization efficiency [16], and the practical
application of results to guide large-scale maintenance [17]. These gaps stem from the
later large-scale construction of natural gas pipelines in China, an insufficient theoretical
foundation for pipeline leakage studies [18,19], and a lack of comprehensive theoretical and
data support for acoustic leak detection technologies. As a result, the technology is not yet
fully mature, and the necessary equipment has not entered mass production or widespread
field trials. Recent studies have utilized Computational Fluid Dynamics (CFD) to simulate
high-pressure natural gas leaks from buried pipelines, revealing key insights into gas’s
migration through soil and dispersion into the atmosphere. These simulations often model
the soil as a porous medium and employ transient 3D RANS approaches using tools like
ANSYS Fluent 2020R2. Zhang [20] validated their model with experiments, showing that
shallower burial depths lead to faster gas breakthrough and higher surface concentrations.
Bagheri and Sari [21] developed soil-classified empirical models to estimate leak rates under
various conditions. Yue [22] highlighted how proximity to confined underground spaces
can significantly increase explosion risks, proposing safety distance thresholds. Overall,
these CFD-based studies provide essential guidance for leak detection, risk assessment, and
emergency planning in pipeline safety management. Studies on the acoustic characteristics
of gas leaking into soil are scarce, most existing computational models employ limited
domains, leak orifices are comparatively large, and some investigations even treat natural
gas as an incompressible fluid [23]. To construct a model that better reflects the engineering
reality and yields more reliable simulation results, this work establishes a 10 m × 10 m ×
10 m physical domain and fully accounts for gas’s compressibility during leakage. This
study presents a theoretical investigation of leakage in buried natural gas pipelines from
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both flow field and acoustic field perspectives. Compressible flow governing equations
and their acoustic analogy counterparts were developed to model the leakage process.
Numerical simulations and analysis were carried out to examine how the pipeline pressure,
leakage hole diameter, soil medium, and leakage direction affect the flow field dynamics,
acoustic source behavior, and resulting sound field characteristics.

2. Simulation Methods
Following a pipeline leakage event, the flow field undergoes dynamic changes, which,

in turn, give rise to evolving acoustic sources. Once the leakage flow stabilizes, the acoustic
source likewise reaches a steady state and enters a continuous emission regime [24–28].
Accordingly, this study first simulated the flow field until a steady state was achieved;
the resulting flow field was then analyzed to determine the acoustic source characteristics.
Finally, the steady-state solution was adopted as the initial condition for a time-domain
simulation of sound propagation within the computational domain, yielding the spatial
distribution of the acoustic field.

Research on buried natural gas pipeline leakage is inherently interdisciplinary, span-
ning safety engineering, fluid dynamics, aeroacoustics, and computational modeling. Com-
pared with leakage in open air, leakage within soil environments introduces additional
physical complexity. The flow and sound fields in such scenarios are highly intricate,
making them difficult to resolve through purely analytical approaches. With continuous ad-
vancements in numerical methods and the increasing maturity of simulation software, it is
now possible to obtain reliable distributions of the flow and sound fields in buried pipeline
leakage through theoretical analysis combined with numerical simulation. This study first
conducts theoretical analysis of the flow and acoustic fields associated with buried pipeline
leakage, and then it establishes a set of governing equations for compressible real gas flow,
laying a solid foundation for subsequent investigations.

2.1. Computational Domain and Boundary Conditions

Based on typical pipeline dimensions reported in engineering practice, a pipeline with
an outer diameter of 711 mm was selected. Leak orifice diameters of 1 mm, 2 mm, 3 mm,
4 mm, 5 mm, and 6 mm were considered. The pipe length was set to 10 m, the burial depth
to 1.5 m, and the wall thickness to 10 mm. The entire computational domain measured
10 m × 10 m × 10 m. A 3D physical model was established, as illustrated in Figure 1.

Figure 1. Schematic diagram of the physical model.

The model consists of three regions: the internal pipeline fluid, the fluid in the
leakage hole area, and the surrounding soil fluid region. The soil is assumed to be an
isotropic and homogeneous porous medium, with the physical properties detailed in
Table 1. The leakage holes are modeled in three orientations: at the top, bottom, and side of
the pipeline’s centerline.
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Table 1. Properties of soil.

Density
/(kg/m3)

Specific Heat
Capacity/J/(kg/K)

Thermal
Conductivity

/ W/(m·K)

Porosity
/%

Surface Heat
Transfer Coefficient

/W/(m2·K)

2650 840 0.018 0.45 11.6

To reduce the computational complexity, the following assumptions are made in
this study:

(1) The spatial structure of the soil is assumed to remain unchanged throughout the
leakage process. No chemical reactions occur between the leaking gas and the sur-
rounding soil, and the influence of gravity on fluid flow within the porous medium
is neglected.

(2) The soil pores are considered to be filled with air, and the soil moisture content
is neglected.

(3) The natural gas inside the pipeline is modeled as pure methane, based on the fact that
methane typically comprises 75–98% of natural gas.

Natural gas flows from left to right in the model, with the applied boundary conditions
summarized in Table 2. For compressible flow simulations, the inlet boundary is typically
defined as a pressure inlet. Initially, the soil pores are filled with air, and the gas within the
pipeline is modeled as pure methane. Consequently, the initial concentration and velocity
of natural gas in the soil are both set to zero, and the initial pressure is atmospheric pressure.
The fluid within the pipeline is set to the operating pressure of the system. All walls are
modeled as adiabatic, with no-slip conditions, and both the inlet and outlet are defined as
pressure boundaries.

Table 2. Boundary conditions of the simulation model.

Boundary Location Boundary Name Boundary Type Value

Pipeline Inlet Inlet-Pipeline Pressure inlet 2–10 MPa
Pipeline Outlet Outlet-Pipeline Pressure outlet 101,325 Pa
Ground Surface Outlet-Top Pressure outlet 101,325 Pa

Periphery of the Computational
Domain Outlet-Around Pressure outlet 101,325 Pa

Bottom of the Computational
Domain Outlet-Bottom Pressure outlet 101,325 Pa

Interface Between Leakage Hole
Fluid and Soil Holefluid-Soilfluid Interior

Interface Between Leakage Hole
Fluid and Soil Holefluid-Pipefluid Interior

Outer Wall of the Pipeline Wall-outside Stationary wall
Inner Wall of the Pipeline Wall-inside Stationary wall

Side Wall of the Leakage Hole Wall-hole Stationary wall

2.2. Mathematical Model

The leakage from buried natural gas pipelines is governed by the three fundamental
equations of fluid mechanics and is described using compressible flow equations. The
porous medium is modeled by introducing a momentum source term Si into the standard
fluid flow equations. This source term comprises two components: the viscous loss term
and the inertial loss term, corresponding to the first and second terms on the right-hand
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side of Equation (1), respectively. For a simple, homogeneous porous medium, Equation (1)
can be simplified to Equation (2):

Si = −(
3

∑
j=1

Dijµuj +
3

∑
j=1

Cij
1
2

ρ|u|uj) (1)

Si = −(
µ

α
ui + C2

1
2

ρ|u|uj) (2)

In Equations (1) and (2), Si denotes the source term in the i-th momentum equation,
where i = x, y, z. The viscous resistance coefficient is 1/α; D and C are prescribed matrices;
the inertial resistance coefficient is C2; and |u| represents the velocity magnitude in meters
per second.

In turbulent flow conditions, packed beds are modeled using permeability and inertial
loss coefficients. Based on semi-empirical correlations that are valid across a wide range
of Reynolds numbers and applicable to many types of packing materials [5], the viscous
resistance coefficient 1/α and the inertial resistance coefficient C2 for each component can
be represented by Equations (3) and (4), respectively:

1
α
=

150
D2

p

(1 − ε)2

ε3 (3)

C2 =
3.5
Dp

(1 − ε)

ε3 (4)

In Equations (3) and (4), P denotes the pressure of the gas mixture, µ is the dynamic
viscosity of the gas, ε represents the porosity of the soil, and Dp represents the average
particle diameter.

Table 3 summarizes the properties of three typical soil types. To evaluate the influ-
ence of different soil media, the corresponding resistance parameters for each soil type,
calculated using Equations (3) and (4), are presented in Table 4.

Table 3. Characteristics of the soils.

Soil Type Average Particle
Diameter/mm Porosity

Sandy 0.5–1.0 0.25–0.45
Loam 0.05–0.5 0.43–0.54
Clay 0.01–0.05 0.3–0.6

Table 4. The results of soil resistances.

Soil Type
Particle

Diameter
/mm

Porosity
Viscous

Resistance
/1/m2

Inertial
Resistance

/1/m

Sandy 0.6 0.45 1.38 × 109 3.52 × 104

Loam 0.06 0.45 1.38 × 1011 3.52 × 105

Clay 0.01 0.45 4.98 × 1012 2.11 × 106

Due to the intermolecular forces present in natural gas and the finite size of gas
molecules, the ideal gas law is not directly applicable. While the ideal gas equation
provides reasonable accuracy under low-pressure and high-temperature conditions, its
reliability diminishes significantly under high-pressure or low-temperature environments.
Given that natural gas pipelines typically operate under high pressures, the use of the ideal
gas law is unsuitable.
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The Peng–Robinson (PR) equation accounts for both intermolecular interactions and
the finite molecular volume of gases, offering superior performance in predicting volu-
metric properties compared to other equations of state. Accordingly, the PR equation
(Equation (5)) is adopted in this study as the governing equation of state for the gas.

P =
RT

V − b
− a(T)

V(V + b) + V(V − b)
(5)

In Equation (5), P denotes the gas pressure, V is the molar volume of the gas, T is the
temperature (K), R is the universal gas constant, and a and b are empirical constants.

2.2.1. Governing Equations

(1) Species Transport Model

Leakage from buried natural gas pipelines involves both natural gas and air, which are
in the same gaseous phase. As such, the use of a multiphase flow model is inappropriate.
Since the leaked gas and ambient air share the same phase and do not exhibit a clearly
defined interface but instead form a mixed state, it is therefore suitable to apply the species
transport model.

The species transport model is based on component transport equations, which de-
scribe the spatial and temporal variation in the concentrations of different species within a
fluid. These equations are capable of capturing complex transport phenomena, and their
general form is given in Equation (6):

ε
∂

∂t
(ρφ) +∇ · (ρφug) = ∇ · (ρD∇φ) + S (6)

In Equation (6), ρ denotes the density of the gas mixture, t is time, ug is the velocity of
gas diffusion within the soil, D is the diffusion coefficient, ϕ is a scalar quantity representing
species concentration or mass fraction, and S is the source term.

(2) Realizable k-ε Model

Acoustic field simulations are conducted based on the underlying flow field. There-
fore, it is necessary to obtain a stable and accurate flow field prior to acoustic model-
ing, as the precision of the flow field directly influences the reliability of subsequent
acoustic calculations.

In the steady-state flow field simulation, the realizable k-ε turbulence model is em-
ployed. This model is suitable for compressible flows and provides high computational
accuracy, though at a slightly higher computational cost. It is applicable to various flow sce-
narios, including jet flows, mixing flows, internal pipe flows, and boundary layer flows [29],
which align well with the characteristics of flow resulting from buried pipeline leakage.

The transport equations for turbulent kinetic energy and its dissipation rate in the
realizable k-ε model are given as follows:

ρ
Dk
Dt

=
∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Gk + Gb − ρε − YM + Sk (7)

ρ
Dε

Dt
=

∂

∂xj

[(
µ +

µt

σk

)
∂ε

∂xj

]
+ ρC1Sε − ρC2

ε2

k +
√

vε
+ C1ε

ε

k
C3εGb + Sε (8)

C1 = max
[

0.43· η

η + 5

]
(9)

η = Sk/ε (10)
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S = 2
√

SijSij (11)

In Equations (7) and (8), Gk denotes the production of turbulent kinetic energy due to
the mean velocity gradients, while Gb represents the contribution from buoyancy-induced
turbulence. YM accounts for the effect of compressible turbulence fluctuations on the overall
dissipation rate. The turbulent viscosity is given by µt = ρCµk/ε, with Cµ = 0.09. The
constants C1ε and C2, along with the turbulent Prandtl numbers σk and σε, are empirical
values: C1ε = 1.44, C2 = 1.9, σk = 1.0, and σε = 1.3. Sk and Sε are user-defined source terms.
The definitions of these coefficients are provided in Equations (9)–(11).

(3) LES Model

After obtaining a stable flow field, a corresponding stable acoustic source can be
identified. As the acoustic source enters a continuous emission phase, transient numerical
calculations are employed to simulate the sound propagation. These transient simulations
require greater computational accuracy than steady-state simulations in order to capture
acoustic signals based on the flow field. Consequently, the turbulence model used in the
transient acoustic simulations is switched to the Large Eddy Simulation (LES) model.

The LES model offers higher accuracy and can capture many unsteady flow features
that conventional turbulence models fail to resolve. It is relatively insensitive to boundary
geometry and flow type, although it incurs higher computational costs.

The LES method begins with the construction of a mathematical filtering model [30],
which filters out eddies smaller than the filter scale from the instantaneous turbulent
equations. This process yields a set of equations describing the dynamics of large eddies.
In LES, each flow variable is decomposed into two parts using a filtering function. The
large-scale averaged component ϕ represents the filtered quantity and is directly solved
in the simulation. This is a spatial (not temporal) average and can be obtained through
Equation (12):

ϕ =
∫

D
ϕG(x, x′)dx (12)

where D denotes the flow domain, x is the spatial coordinate, and G(x, x′) is the filter
function, which defines the scale of the eddies that are resolved in the simulation.

By applying the filtering operation to the instantaneous Navier–Stokes equations
and the continuity equation, the filtered forms represented by Equations (13) and (14)
are obtained:

∂

∂t
(ρui) +

∂

∂xj
(ρuui) = − ∂p

∂xi
+

∂

∂xj
(µ

∂ui
∂xj

)−
∂τij

∂xj
(13)

∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (14)

τij = ρuiuj + ρuiuj (15)

In Equations (13) and (14), the overlined variables represent the filtered field quantities.
The term τij denotes the subgrid-scale (SGS) stress, as defined in Equation (18). This stress
accounts for the influence of unresolved small-scale eddy motions on the resolved-scale
equations of motion.

To incorporate the effects of these filtered-out small eddies on the large-scale eddies,
an additional stress term—referred to as the SGS stress—is introduced into the governing
equations of the large-eddy flow field. Since the SGS stress is not directly known, it must
be modeled using appropriate physical quantities, forming what is known as a subgrid-
scale model.

τi − τkkδij = −2µtsy (16)
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The evaluation of SGS stress is a critical component of LES. The first SGS model was
proposed by Smagorinsky [31], who assumed that the SGS stress can be expressed in the
form given by Equation (16). The specific derivation is omitted here.

2.2.2. Acoustic Field Calculation Model

Based on the flow characteristics associated with leakage from buried natural gas
pipelines, the resulting noise is primarily attributable to viscous stress interactions between
gas molecules, which generate turbulence. In the vicinity of the leakage orifice, quadrupole
sound sources are formed that radiate acoustic waves, while the interaction between the
gas and the pipe wall gives rise to dipole sound sources. These two types of sources
superimpose to form the overall noise source associated with pipeline leakage.

(1) Broadband Noise Source Model

Using the steady-state flow field obtained from the flow simulations, the results are
imported into the broadband noise source model to determine the sound power level
distribution of the leakage noise and to analyze the acoustic source characteristics. The
broadband noise source model operates using steady-state flow data and does not require
time-resolved flow information, thereby minimizing computational resource demands
and offering advantages in terms of efficiency [32]. In Fluent’s broadband noise model,
turbulence parameters are obtained through Reynolds-averaged equations, and the noise
power of surface or volume elements is calculated using various semi-empirical models,
including the Proudman model, boundary layer noise source model, linear Euler equation
source term model, and Lilley equation source term model [33–37].

Proudman [38] and Lilley later derived the sound power expressions presented
in Equation (17), based on Lighthill’s acoustic analogy theory originally proposed by
James Lighthill.

P = αρ(
u3

l
)

u5

c5 (17)

In Equation (17), C is a constant, u denotes the turbulent velocity, l is the turbulence
length scale, and c is the speed of sound.

To more effectively represent and compare the radiated energy of different acoustic
sources, Sarkarhe and Hussainni [39] introduced the concept of sound power level, as
defined in Equation (18):

Lp = 10 log(
P

Pre f
) (18)

In Equation (18), Pref denotes the reference sound power, which is typically taken as
the standard reference value in air, equal to 1 × 10−12 W/m3.

(2) FW-H Model

The acoustic field is derived from Lighthill’s theory and the general form of the
acoustic analogy, formulated by the Ffowcs Williams–Hawkings (FW-H) equation [40].
The FW-H model captures the temporal variations in relevant flow field variables and,
through subsequent analysis, provides the required acoustic parameters. It is well suited
for transient simulations.

Building on Lighthill’s foundational work, Williams and Hawkings [41] employed
generalized function theory to solve the problem of acoustic radiation caused by pipe
vibrations in a fluid medium, resulting in the development of the widely adopted
FW-H model.

∂2ρ′

∂t2 − c0
2∇2ρ′ =

∂

∂t

[
ρ0ui

∂ f
∂xi

δ( f )
]
− ∂

∂xi

[
(p′δij)

∂ f
∂xi

δ( f )
]
+

∂2Tij

∂xixj
(19)
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In Equation (19), the far-field acoustic pressure is defined as p′ = p − p0, where p′ is
the sound pressure.

This study investigates the steady-state leakage behavior of a buried natural gas
pipeline after leakage has occurred for some time, without considering the process of wall
rupture. As there is no relative motion between the solid wall and the fluid, the monopole
source can be neglected [42]. Therefore, Equation (19) can be reduced to the simplified form
shown in Equation (20):

∂2ρ′

∂t2 − c0
2∇2ρ′ = − ∂

∂xi

[
(p′δij)

∂ f
∂xi

δ( f )
]
+

∂2Tij

∂xixj
(20)

2.3. Numerical Method

A pressure-based solver was used in this study, and the numerical simulation included
both steady-state and transient components. Following the onset of leakage, the flow field
evolves, giving rise to and continuously altering the acoustic source. When the leakage
flow field reaches a stable state, the acoustic source also stabilizes and transitions into
a continuous emission phase. The steady-state results—comprising the stabilized flow
field and corresponding acoustic source—were used as initial conditions for the transient
simulation. An appropriate time step was selected to simulate the propagation of sound
within the computational domain over a defined period.

The realizable k-ε model was employed for steady-state turbulence modeling, and the
broadband noise model was used for acoustic analysis. Pressure–velocity coupling was
handled using the SIMPLEC scheme, and pressure interpolation was performed using the
PRESTO! method. Gradients were discretized using a cell-based least-squares approach,
and all other terms were discretized using a second-order upwind scheme. The residual
convergence criterion was set between 1 × 10−6 and 1 × 10−10 to ensure numerical accuracy.

The initial conditions play a critical role in the convergence of subsequent computa-
tions. A hybrid initialization was first applied, followed by local initialization. Prior to
leakage, the pipeline contains pure methane at the operational pressure, while the leakage
orifice and surrounding soil are filled with air at atmospheric pressure (101,325 Pa). The
transient simulation conditions are detailed in Table 5.

Table 5. Operating conditions of steady cases.

Pipe
Diameter

/mm

Leakage
Hole

Diameter
/mm

Pipeline
Pressure

/MPa

Leakage
Hole

Location
Soil Type

Burial
Depth

/m

711 1 2–10 Top Loam 1.5
711 2 2–10 Top Loam 1.5
711 3 2–10 Top Loam 1.5
711 4 2–10 Top Loam 1.5
711 5 2–10 Top Loam 1.5
711 6 2–10 Top Loam 1.5
711 6 6 Top Sandy 1.5
711 6 6 Top Clay 1.5
711 6 6 Bottom Loam 1.5
711 6 6 Side Loam 1.5

For transient turbulence modeling, the LES model was used in conjunction with the
broadband noise model. Pressure–velocity coupling was handled using the coupled scheme.
Given the high accuracy of the selected turbulence model, the transient formulation was
set to bounded second-order implicit to enhance numerical stability.
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Since the time step’s size determines the maximum frequency that can be captured in
acoustic analysis, a time step of 5 × 10−4 s was used in this study, enabling the simulation of
acoustic signals in the ~1000 Hz frequency range. The steady-state results were employed
as the initial conditions for the transient simulation, and all other discretization schemes
remained consistent with those used in the steady-state simulation. The conditions for the
transient simulation are presented in Table 6.

Table 6. Operating conditions of transient cases.

Case
Pipe

Diameter
/mm

Leakage Hole
Diameter

/mm

Pipeline
Pressure

/MPa

Leakage
Location Soil Type Burial Depth

/m

1 711 6 2 Top Loam 1.5
2 711 6 4 Top Loam 1.5
3 711 6 6 Top Loam 1.5
4 711 6 8 Top Loam 1.5
5 711 6 10 Top Loam 1.5
6 711 1 6 Top Loam 1.5
7 711 2 6 Top Sandy 1.5
8 711 3 6 Top Clay 1.5
9 711 4 6 Top Loam 1.5
10 711 5 6 Top Loam 1.5
11 711 6 6 Top Sandy 1.5
12 711 6 6 Top Clay 1.5
13 711 6 6 Bottom Loam 1.5
14 711 6 6 Side Loam 1.5

During the transient simulation, acoustic signal receiving points must be defined.
Figure 2 presents a schematic layout of these receiving points, which enables the characteri-
zation of the acoustic field distribution within the computational domain. The specific x, y,
and z coordinates of the receiving points are listed in Table 7. As shown in Figure 2, the
vertical distances between adjacent planes are 0.5 m, 0.5 m, 4 m, and 4 m, respectively.

 
Figure 2. Receiving point layout diagram.

To facilitate the analysis of physical models with different leakage directions, the
coordinate system was kept consistent, while the position of the leakage hole varied. The
schematic layout of the receiving points is shown in Figure 3, and their specific coordinates
are provided in Table 8. As depicted in Figure 3, the receiving points were arranged along
concentric circles centered on the pipeline, with a radial interval of 0.1 m.
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Table 7. Receiving point coordinates.

Receiver Point x/m y/m z/m

Leak Point (Top) 5.0 5.0 8.8555
Point 1 5.0 5.0 8.856
Point 2 2.5 5.0 8.856
Point 3 0.0 5.0 8.856
Point 4 7.5 5.0 8.856
Point 5 10 5.0 8.856
Point 6 5.0 2.5 8.856
Point 7 5.0 0.0 8.856
Point 8 5.0 7.5 8.856
Point 9 5.0 10 8.856
Point10 5.0 5.0 9.356
Point 11 7.5 5.0 9.356
Point 12 10 5.0 9.356
Point 13 5.0 7.5 9.356
Point 14 5.0 10 9.356
Point 15 5.0 5.0 9.856
Point 16 7.5 5.0 9.856
Point 17 5.0 5.0 4.856
Point 18 5.0 7.5 4.856
Point 19 5.0 5.0 0.856
Point 20 7.5 5.0 0.856

Figure 3. Receiving point layout diagram (for different leakage directions).

Table 8. Receiving point coordinates (for different leakage directions).

Receiver Point x/m y/m z/m

Leak Point (Top) 5.0000 5.0000 8.8555
Leak Point (Bottom) 5.0000 5.0000 8.1445

Leak Point (Side) 5.3555 5.0000 8.5000
Point 21 5.0000 5.0000 8.9555
Point 22 5.0000 5.0000 9.0555
Point 23 5.0000 5.0000 8.0445
Point 24 5.0000 5.0000 7.9445
Point 25 4.5445 5.0000 8.5000
Point 26 4.4445 5.0000 8.5000
Point 27 5.4555 5.0000 8.5000
Point 28 5.5555 5.0000 8.5000
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When the leakage hole is located at the top of the pipeline, the leakage point coordi-
nates are (5, 5, 8.8555); when it is at the bottom, the coordinates are (5, 5, 8.1445); and when
it is on the side of the pipeline, the coordinates are (5.3555, 5, 8.5).

During acoustic field simulation, different types of acoustic source surfaces can be
defined, and their configuration plays a critical role. The characteristics of the resulting
sound field depend on how these source surfaces are combined. As shown in Table 9, two
acoustic source surfaces were selected: the contact surface between the leakage hole and
the soil region (Holefluid-Soilfluid), labeled as Source 1; and the wall surface at the hole
location (Wall-Hole), labeled as Source 2. The combination of these two surfaces is referred
to as Source 3.

Table 9. Sound source surface selection.

No. Acoustic Source Surface Boundary Type

Source 1 Holefluid-Soilfluid Interior
Source 2 Wall-Hole Stationary wall
Source 3 Holefluid-Soilfluid and Wall-Hole Coupled

The sound pressure level (SPL) spectrum was obtained by applying a Fourier trans-
form to the time-domain results from the Transient Case 3 simulation. Figures 4–6 present
the SPL spectra at receiving points along the axial direction of the leakage hole for different
acoustic source surface configurations.

 

Figure 4. SPL of the receiving point in the axial direction of the leakage hole (Source 1).

 

Figure 5. SPL of the receiving point in the axial direction of the leakage hole (Source 2).
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Figure 6. SPL of the receiving point in the axial direction of the leakage hole (Source 3).

A comparative analysis reveals that when Source 1 is used as the acoustic source
surface, the SPL spectrum attenuates the slowest with increasing distance along the axial
direction. In contrast, using Source 2 results in the fastest attenuation. When Source 3 is
used, the SPL amplitude is the highest, and the attenuation rate is moderate. Therefore,
Source 3 was selected as the acoustic source surface for the subsequent acoustic field study.

2.4. Mesh Independence Verification

To ensure the accuracy of the numerical results and eliminate the potential influence
of mesh resolution on the computed physical quantities, grid independence verification
was carried out prior to the subsequent simulations. In this study, ten mesh configurations
were generated for the same physical model to perform the verification, as summarized in
Table 10.

Table 10. Verification of mesh independence.

No. Min. Element
Size/mm

Max. Element
Size/mm Mesh Count

Min. Inverse
Orthogonal

Quality

Avg. Velocity at
Leakage/m/s

Avg. SPL at
Leakage/dB

1 2.50 500 246,040 0.08 10.516 48.443
2 2.00 500 250,512 0.24 16.532 58.480
3 1.50 500 256,881 0.41 17.876 58.050
4 1.00 500 114,659 0.35 20.361 57.218
5 1.00 300 289,793 0.21 20.164 56.499
6 1.00 100 966,446 0.20 20.157 56.511
7 0.50 100 968,095 0.26 20.284 56.884
8 0.30 100 907,170 0.32 20.080 57.212
9 0.10 100 930,152 0.32 20.045 56.566
10 0.05 100 988,188 0.23 20.448 56.867

Due to the need for local mesh refinement around the leakage hole, mesh independence
cannot be assessed based solely on the total cell count. Instead, appropriate minimum and
maximum element sizes were determined based on the variation in average velocity at the
leakage hole and the average SPL.

Analysis of Table 10 shows that, when the minimum cell size is below 1 mm and the
maximum cell size is below 500 mm, the mesh has negligible impact on the simulation
outcomes, with the total number of cells exceeding 900,000. Considering that the smallest
leakage hole diameter is 1 mm, and balancing model applicability with computational
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accuracy, the final mesh configuration adopted a minimum element size of 0.05 mm and a
maximum element size of 100 mm.

3. Numerical Results and Discussion
3.1. Leakage Flow Field Analysis

Figure 7 shows the velocity and pressure contours on the plane y = 5, which is parallel
to the XZ plane, under the condition where the leakage hole diameter is 1 mm, the pipeline
pressure is 6 MPa, the leakage occurs at the top of the pipe, and the surrounding soil is
loam (denoted as 1 mm-6 MPa-Top-Loam).

Figure 7. Cloud diagram of velocity and pressure (1 mm-6 MPa-Top-Loam).

The flow analysis indicates that the velocity distribution near the leakage hole is radial
and symmetric about the hole’s axis. As natural gas escapes from the pipeline, the pressure
differential between the interior and exterior of the pipe causes a rapid acceleration of flow
through the leakage hole. Upon entering the surrounding soil, the flow velocity decreases
due to the resistive effect of the porous medium, leading to a gradual attenuation of
flow energy.

Farther from the leakage site, the velocity and pressure fields become more uniform.
Significant changes in both parameters are localized near the leakage hole, where sharp
gradients are observed. The velocity at the leakage point is markedly higher than in the
surrounding areas.

3.1.1. Effect of Varying Pipeline Pressure on Flow Field Characteristics

The impact of varying pipeline operating pressures on the flow field was investigated
for pressures of 2 MPa, 4 MPa, 6 MPa, 8 MPa, and 10 MPa, with the leakage hole diameter
fixed at 6 mm. Figure 8 presents the velocity and pressure distributions along the central
axis of the leakage hole under different pressure conditions.

Because velocity and pressure remain relatively uniform in areas far from the leakage
hole but exhibit steep gradients in its vicinity, the analysis focuses on the 8.83–8.90 m
segment along the hole’s axis. Two reference lines, positioned at 8.8455 m and 8.8555 m,
denote the inlet and outlet of the leakage hole, respectively. As such, the region to the left
of these lines corresponds to the internal pipeline fluid, the central region represents the
fluid within the leakage hole, and the right side corresponds to the fluid in the surrounding
porous soil medium.

From the pipeline interior to the inside of the leakage hole, the flow velocity gradually
increases, reaching its maximum within the hole, and then decreases. A slight increase in
velocity is observed at the leakage hole outlet, followed by a gradual decrease as the flow
enters the soil region, where it eventually stabilizes.

Within the leakage hole, at identical positions, an increase in pipeline pressure results
in a decrease in velocity. After entering the soil, the velocity initially increases slightly,
and then it steadily decreases. At greater distances from the leakage point (approximately
8.858 m), higher pipeline pressures lead to higher velocities at corresponding positions. In
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the localized soil region near the leakage hole, higher pipeline pressures produce steeper
velocity and pressure gradients with respect to distance.
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Figure 8. Velocity and pressure distribution on leakage hole axis under different pipeline pressures:
(a) velocity; (b) pressure.

Despite the varying pipeline pressures, the velocity distribution curves along the
leakage hole axis are very similar. The maximum difference in leakage velocity is 1.068
m/s, and the maximum difference in peak velocity along the axis is 1.827 m/s, indicating
minimal variation. These findings suggest that, within a leakage hole of fixed size, pipeline
pressure has a relatively limited influence on the axial velocity distribution.

3.1.2. Influence of Leakage Hole Size on the Flow Field

The effect of the leakage hole size on the flow field was examined under a constant
pipeline pressure of 6 MPa, with hole diameters of 1 mm, 2 mm, 3 mm, 4 mm, 5 mm, and
6 mm. Figure 9 illustrates the velocity and pressure profiles along the axis of the leakage
hole for each case. Compared to the results shown in Figure 8, the influence of the hole
size on the flow field is more significant. The maximum difference in leakage velocity
reaches 25.801 m/s, while the peak axial velocity along the leakage hole varies by up to
44.685 m/s—indicating a substantial impact.
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Figure 9. Pressure distribution on leakage hole axis under different leak hole sizes: (a) velocity;
(b) pressure.
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Flow variations are mainly concentrated within the leakage hole and in the adjacent
soil region. Although the overall pressure drop remains consistent across different hole
sizes, larger leakage holes show smaller spatial gradients in both velocity and pressure
near the hole, leading to slower attenuation with distance.

Figure 10 presents a comparison of the leakage velocities for various leakage hole sizes
under different pipeline pressure conditions. The results show that, across all pressure
levels, the leakage velocity consistently decreases as the leakage hole diameter increases.
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Figure 10. Leakage velocity comparison.

For a given leakage hole size, the leakage velocity also tends to decrease with increasing
pipeline pressure. However, the variation in leakage velocity across different pressures for
the same hole size is relatively small, while the variation across different hole sizes under
the same pressure is significantly larger.

These findings indicate that the pipeline operating pressure has a comparatively minor
influence on the flow field, whereas the leakage hole size plays a more dominant role.
Furthermore, as the leakage hole size increases, the influence of pressure on the leakage
velocity becomes progressively less significant.

3.1.3. Influence of Soil Type on the Flow Field

The impact of soil type on the flow field was evaluated under a pipeline operating
pressure of 6 MPa and a leakage hole diameter of 6 mm, with three soil media considered:
sandy, loam, and clay. As illustrated in Figure 11, the velocity and pressure distributions
along the leakage hole axis showed substantial variation across the different soil types. The
influence range of velocity was greatest in sandy soil and smallest in clay.

Similarly, the pressure contours differ noticeably. The pressure influence ranges for
sandy soil and loam are comparable, while clay exhibits the widest pressure distribution
range. These differences are closely related to the resistance characteristics of the soil,
with the resistance ranking as clay > loam > sandy and the corresponding gas leakage
velocity ranking as sandy > loam > clay. The measured leakage velocities were 80.65 m/s,
19.96 m/s, and 5.99 m/s, respectively, with a maximum difference of 74.66 m/s. The
maximum velocities reached were 101.56 m/s for sandy soil, 32.59 m/s for loam, and
9.90 m/s for clay, yielding a maximum difference of 91.66 m/s.

In the vicinity of the leakage hole, at the same location along the leakage axis, lower
soil resistance results in higher gas velocities.
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Figure 11. Velocity and pressure distribution on the axis of the leakage hole under different soil types:
(a) velocity; (b) pressure.

Within the leakage hole, the pressure distribution along the axial direction is identical
when the surrounding soil is either loam or clay. However, in the case of sandy soil, a
distinct pressure drop of approximately 0.2 MPa is observed along the axis. This can be
attributed to the lower resistance of sandy soil, where the leakage region effectively acts as
a coupling zone between the internal pipeline fluid and the soil fluid, causing the pressure
to rapidly drop to atmospheric levels.

Once the flow enters the soil region, the pressure distributions along the leakage axis
for loam and sandy soils are similar. In contrast, when the soil is clay, the highest resistance
results in the smallest pressure gradient, and the pressure decreases more gradually with
increasing distance.

3.1.4. Influence of Leakage Direction on the Flow Field

This section explores the impact of the leakage direction—top, bottom, or side—on
the flow field, under conditions of a pipeline operating pressure of 6 MPa, a leakage hole
diameter of 6 mm, and a loam soil environment.

Theoretically, since the soil was modeled as a homogeneous and isotropic porous
medium, the local flow fields near the leakage holes were expected to be similar across
different leakage directions. Using the pipeline center as the origin, the analysis considered
a 0.5 m range along the axis of each leakage hole. Figure 12 displays the velocity and
pressure distributions along the leakage hole axis for each leakage direction.
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Figure 12. Velocity and pressure distribution on the axis of the leakage hole under different leakage
directions: (a) velocity; (b) pressure.



Processes 2025, 13, 2274 18 of 33

Analysis of Figure 12 shows that the velocity and pressure distribution curves along
the leakage hole axis are nearly identical across different leakage directions. Velocity
exhibits significant variation within the 0.30–0.50 m range from the pipeline center, while
the pressure drop is mainly concentrated between 0.34 m and 0.44 m.

Along the central axis of each leakage hole, the maximum difference in leakage velocity
is 0.452 m/s, the maximum difference in peak velocity is 0.504 m/s, and the maximum
difference in average velocity is 0.5475 m/s, indicating that the variations are minimal. This
confirms that the leakage direction has a negligible influence on the local flow field around
the leakage hole, which is consistent with the theoretical expectation.

3.2. Analysis of Leakage Acoustic Source Characteristics

Figure 13 presents the sound power level contour for the 1 mm-6 MPa-Top-Loam case.
The results indicate that the sound power level is primarily concentrated in the vicinity of
the leakage hole and is symmetrically distributed about its axis.

Figure 13. Cloud diagram of sound power level (1 mm-6 MPa-Top-Loam).

After the gas enters the soil region, the sound power level along the axis initially
continues to increase before gradually decreasing. This pattern arises from the interactions
and mutual effects among multiple acoustic sources—once the sound power reaches its
peak, it decreases gradually as the acoustic energy dissipates.

3.2.1. Influence of Pipeline Pressure on Acoustic Source Characteristics

The effect of the pipeline operating pressure on the acoustic source characteristics was
examined under pressure levels of 2 MPa, 4 MPa, 6 MPa, 8 MPa, and 10 MPa, with the
leakage hole diameter fixed at 6 mm. Figure 14 illustrates the axial distribution of the sound
power level along the leakage hole for each pressure condition, and Table 11 provides a
comparison of the corresponding characteristic values.

8.83 8.84 8.85 8.86 8.87 8.88 8.89 8.90

0

10

20

30

40

50 8.85558.8455

So
un

d 
Pr

es
su

re
 L

ev
el

/d
B

Leakage Hole Axial Position/m

 2 MPa
 4 MPa
 6 MPa
 8 MPa
 10 MPa

 

Figure 14. Distribution of sound power level on leakage hole axes under different pipeline pressures.
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Table 11. Comparison of sound power level characteristics under different pipeline pressures.

Pipeline Pressure
/MPa

Centerline SPL in Leakage Hole SPL in Leakage
Hole Fluid Domain Overall SPL

Max/dB Average/dB Max/dB Max/dB

2 40.624 26.178 100.777 100.777
4 32.611 17.826 101.149 101.149
6 27.792 13.251 101.356 101.356
8 24.377 10.388 101.545 101.545

10 21.746 8.399 102.177 102.177

As shown in Figure 14, the sound power level along the leakage axis first increases,
reaching a peak, and then gradually decreases. With increasing pipeline pressure, the
sound power level at the same axial position becomes lower, and the gradient of variation
with distance decreases, indicating a slower rate of attenuation.

As shown in Table 11, the characteristic values of sound power level under different
pipeline pressures provide a basis for analyzing the contributions of dipole and quadrupole
acoustic sources. According to the data, the maximum sound power level within the
leakage hole is equal to the maximum overall sound power level of the pipeline, and both
are greater than the maximum along the central axis inside the leakage hole. This indicates
that the highest sound power level occurs within the fluid domain of the leakage hole,
suggesting that the dominant acoustic source in buried pipeline leakage is of the dipole
type. Moreover, the sound power level associated with the dipole source is greater than
that of the quadrupole source.

For the same leakage hole size (6 mm), the maximum overall sound power level
increases by 1.400 dB as the pipeline pressure increases. The variation in the axial sound
power level within the leakage hole exceeds that of the overall sound power level. This
implies that, with increasing pipeline pressure, the contribution of quadrupole sources to
the sound power level gradually decreases, while that of dipole sources increases. This
trend can be attributed to the relationship between leakage-induced noise energy and flow
field parameters such as density fluctuations, pressure pulsations, and velocity gradients.

3.2.2. Influence of Leakage Hole Size on Acoustic Source Characteristics

To analyze how the leakage hole size affects the characteristics of the acoustic source,
simulations were conducted at a constant pipeline pressure of 6 MPa, with the leakage hole
diameters set to 1 mm, 2 mm, 3 mm, 4 mm, 5 mm, and 6 mm. Figure 15 illustrates the axial
distribution of the sound power level for each leakage size.

The results indicate that within the leakage hole, for diameters in the ranges of 1–3 mm
and 4–6 mm, larger holes tend to exhibit lower sound power levels at the same axial
positions, and the spatial gradient of the sound power level decreases. However, a notable
turning point occurs at 4 mm, where the sound power level along the axis exceeds that
of the 3 mm case. After the gas enters the surrounding soil, the sound power level along
the axis initially continues to increase before gradually decreasing. At a sufficient distance
from the leakage hole, for diameters in the 4–6 mm range, larger holes are associated with
higher sound power levels.

As summarized in Table 12, the characteristic sound power level values under different
leakage hole sizes were compared. The analysis shows that as the leakage hole diameter
increases, both the maximum sound power level along the central axis within the hole and
the overall maximum sound power level decrease.
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Figure 15. Distribution of sound power level on leakage hole axes under different leak hole sizes.

Table 12. Comparison of sound power level characteristics under different leak hole sizes.

Pipeline Pressure
/mm

Centerline SPL in Leakage Hole SPL in Leakage
Hole Fluid Domain Overall SPL

Max/dB Ave/dB Max/dB Max/dB

1 78.892 59.320 142.700 142.700
2 57.585 37.196 128.979 128.979
3 35.755 17.782 125.965 125.965
4 36.675 24.411 110.207 110.207
5 30.170 16.280 107.259 107.259
6 27.792 13.251 100.777 100.777

The average sound power level along the central axis first decreases to 17.782 dB, then
exhibits a local increase at 4 mm, reaching 24.411 dB, and subsequently declines again to
13.51 dB. This indicates that as the leakage hole size changes, the two types of acoustic
sources can transform into each other.

Figure 16 presents a comparison of the average sound power level along the central
axis inside the leakage hole for different hole sizes under varying pipeline pressures. The
analysis indicates that as the pipeline pressure increases, the average sound power level
along the leakage axis tends to decrease. As the leakage hole diameter increases from 1 mm
to 3 mm, the sensitivity of the sound power level to pressure variations increases, indicating
that the effect of pressure on acoustic power becomes more pronounced. This demonstrates
a clear interaction between leakage hole size and pipeline pressure in determining sound
power behavior.

At a leakage hole diameter of 4 mm, an inflection point is observed in the average
sound power level within the 4–10 MPa pressure range. As the diameter further increases
to 6 mm, the change in the sound power level with pressure becomes nearly constant,
indicating that the influence of pressure diminishes for larger leakage holes.

3.2.3. Influence of Soil Medium on Acoustic Source Characteristics

This section examines the effect of the soil type—sandy, loam, or clay—on the acoustic
source characteristics under a pipeline pressure of 6 MPa and a leakage hole diameter
of 6 mm. Figure 17 shows the axial distribution of the sound power level for each soil
condition, and Table 13 summarizes the corresponding characteristic values. As shown
in the figure, the sound power level distributions along the leakage hole axis are mainly
concentrated within the ranges of 8.8440–8.8955 m for sandy soil, 8.8459–8.88925 m for
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loam, and 8.8484–8.8640 m for clay. The results indicate that lower soil resistance leads to
a broader spatial distribution of the acoustic source’s sound power level, and to higher
sound power level values along the leakage axis.
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Figure 16. Comparison of sound power levels of leakage hole center axis.
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Figure 17. Distribution of sound power levels on leakage hole axes under different soil types.

Table 13. Comparison of sound power level characteristics under different soil types.

Soil Type
Centerline SPL in Leakage Hole SPL in Leakage

Hole Fluid Domain Overall SPL

Max/dB Ave/dB Max/dB Max/dB

Sandy 46.922 32.245 141.497 141.497
Loam 27.792 13.251 100.777 100.777
Clay 8.9679 1.924 58.472 58.472

From Table 13, it can be seen that as the soil resistance increases, the maximum and
average sound power levels along the central axis inside the leakage hole, as well as the
overall maximum sound power level, all decrease. The influence of soil type on the acoustic
source characteristics is clearly evident. Both quadrupole and dipole sound power levels
decrease with increasing soil resistance, leading to an overall reduction in the sound power
level of the buried pipeline leakage source. This trend is closely related to the impact of
different soil resistances on the flow field behavior.
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3.2.4. Influence of Leakage Direction on Acoustic Source Characteristics

This study also examined the effect of the leakage direction—top, bottom, or side—on
the acoustic source characteristics, under a fixed pipeline pressure of 6 MPa, leakage hole
diameter of 6 mm, and loam as the soil medium. Figure 18 shows the sound power level
distribution along the leakage hole axis for each leakage direction, and Table 14 compares
the corresponding characteristic values.
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Figure 18. Distribution of SPL on leakage hole axes under different leak directions.

Table 14. Comparison of SPL characteristics under different leakage directions.

Leak Position
SPL on Leakage Hole Axes Overall SPL

Max/dB Average/dB Max/dB

Top 27.792 13.251 100.777
Bottom 26.680 9.442 105.103

Side 25.071 9.210 105.834

Since the acoustic source characteristics are determined based on the flow field, and
previous analysis has shown that the leakage direction has minimal influence on the flow
field, it is expected that the acoustic source behavior near the leakage hole should also
be largely unaffected by leakage direction—aside from differences in emission position
and direction. The results in Figure 18 support this theoretical expectation, showing
nearly identical sound power level distributions across leakage directions. However, the
comparison in Table 14 reveals that slight differences in the characteristic sound power
values do exist, indicating that while the effect is small, the leakage direction still introduces
minor variations in acoustic source behavior.

When the leakage hole is located at the bottom or side of the pipeline, the overall max-
imum sound power levels are 105.103 dB and 105.834 dB, respectively, showing minimal
differences in characteristic values between the two. In contrast, when the leakage direction
is at the top of the pipeline, the dipole sound power level is lower, the quadrupole sound
power level is higher, and the overall sound power level of the buried pipeline leakage
source is also lower than in the other configurations. This can be attributed to the fact that
natural gas is less dense than air and, thus, tends to rise upon leakage. When the leakage
hole is not located at the top—such as at the bottom or side—the upward movement of the
gas is impeded. This leads to enhanced viscous interactions between gas molecules and a
reduced coupling effect between the gas and the pipe wall.
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3.3. Leakage Sound Field Characteristics
3.3.1. Influence of Pipeline Pressure on Sound Field Characteristics

To investigate how the pipeline pressure affects the sound field characteristics, simula-
tions were carried out at operating pressures of 2 MPa, 4 MPa, 6 MPa, 8 MPa, and 10 MPa,
with a constant leakage hole diameter of 6 mm. Figure 19 shows the SPL spectrum at the
receiving point labeled “Leak Point (Top)” under different pressure conditions.
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Figure 19. SPL of Leak Point (Top) under different pipeline pressures.

The results indicate that noise energy is mainly concentrated in the low-frequency range
of 0–500 Hz, with particularly high SPL amplitudes in the 0–50 Hz and 360–380 Hz intervals.
Within the 0–400 Hz range, the SPL generally decreases with increasing frequency, exhibits a
minor increase, and then continues to decay.

In the 400–1000 Hz range, the SPL decreases with increasing frequency, in an oscillatory
manner. Furthermore, as the pipeline pressure increases, the rate of SPL decay with
frequency becomes more pronounced in this high-frequency range.

Figure 20 illustrates the overall SPLs at the receiving points along the z-axis, x-axis,
and y-axis under different pipeline pressures, with reference lines corresponding to the
positions of the leakage point along these axes. From the analysis, it can be seen that, along
the z-axis direction, the overall SPL near the leakage hole exhibits complex variations. In
contrast, along the x-axis and y-axis directions, the overall SPL distribution at the receiving
points is similar and demonstrates a certain symmetry. The gradient of variation in the
overall SPL near the leakage point is higher than at points farther away. As the pipeline
pressure increases, the overall SPL at a given position also increases, and the rate of decay
in sound pressure with distance becomes slower.

3.3.2. Influence of Leakage Hole Size on Sound Field Characteristics

The effect of leakage hole size on sound field characteristics was studied under a
pipeline pressure of 6 MPa, with leakage diameters ranging from 1 mm to 6 mm. Figure 21
presents the SPL spectra at the receiving point Leak Point (Top) for each case. The results
indicate that in the low-frequency range (0–400 Hz), smaller leakage holes are associated
with slower SPL attenuation as the frequency increases. Conversely, in the higher-frequency
range (400–1000 Hz), larger leakage holes exhibit slower SPL decay with frequency.
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Figure 20. Overall SPL at receiving points along the x-, y-, and z-axes under different pipeline
pressures: (a) Location along z-axis. (b) Location along x-axis. (c) Location along y-axis.
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Figure 21. SPL of Leak Point (Top) under different leak hole sizes.

Figure 22 presents the overall SPLs at receiving points along the z-axis, x-axis, and
y-axis directions for different leakage hole diameters. The effect of the leakage hole size
on the spatial distribution of overall SPLs is nonlinear and exhibits complex patterns. As
the leakage hole diameter increases, the overall SPL at receiving points near the leakage
reference—specifically at Leak Point (Top) and Point1—gradually decreases. When the hole
size reaches 4 mm, the overall SPL at these points increases, but with further enlargement
beyond 4 mm, it decreases again. In general, as the leakage diameter increases, the overall
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variation in overall SPL becomes smaller. However, at 4 mm, a localized increase in SPL
variation is observed, followed by a reduction as the hole continues to enlarge. For hole
sizes in the 1–3 mm and 4–6 mm ranges, the larger the hole, the slower the SPL decays
with distance. Conversely, smaller leakage holes lead to more rapid attenuation of the SPL
over distance.
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Figure 22. Overall SPL at receiving points along the x-, y-, and z-axes under different pipeline
pressures: (a) Location along z-axis. (b) Location along x-axis. (c) Location along y-axis.

3.3.3. Influence of Soil Medium on Sound Field Characteristics

This study evaluated the impact of different soil types—sandy, loam, and clay—on the
acoustic field characteristics under a pipeline pressure of 6 MPa and a leakage hole diameter
of 6 mm. Figure 23 displays the SPL spectra at the receiving point “Leak Point (Top)” for
each soil condition. The results show that lower soil resistance leads to higher SPL values
at a given frequency and a slower rate of SPL attenuation with increasing frequency.

In Figure 24, the overall SPLs at receiving points along the z-axis, x-axis, and y-axis are
shown for different soil media. The effect of soil resistance on the spatial distribution of
overall SPL is significant. Specifically, higher soil resistance results in a lower overall SPL
at a given location, and the SPL attenuates more rapidly with increasing distance.

3.3.4. Influence of Leakage Direction on Sound Field Characteristics

To evaluate how the leakage direction affects the acoustic field, simulations were
conducted for three directions—top, bottom, and side—under a pipeline pressure of 6 MPa,
a leakage hole diameter of 6 mm, and loam as the surrounding soil. Figure 24 presents
the SPL spectra at receiving points along the axial direction of each leakage hole, while
Figure 25 shows the corresponding distribution of overall SPL along each leakage path.
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Figure 23. SPL of Leak Point (Top) under different soil types.
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Figure 24. Overall SPL at receiving points along the y-axis under different soil types: (a) Location
along z-axis. (b) Location along x-axis. (c) Location along y-axis.

The analysis reveals that the SPL spectra at receiving points along the axial direction
of each leakage hole are highly similar across different leakage directions. Moreover, the
overall SPL distribution curves along the leakage axes are nearly identical after applying
mirroring and spatial translation. These results, as shown in Figure 26, indicate that the
leakage direction does not significantly influence the local acoustic field characteristics in
the vicinity of the leakage hole.
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Figure 25. SPL of receiving points along the respective leakage hole axis with different leakage
directions: (a) top; (b) bottom; (c) side.
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Figure 26. The distribution of the overall SPL at the receiving point along the respective leakage hole
axis under different leakage directions.
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To evaluate the influence of the leakage direction on a fixed receiving point, the
positions of the receivers were held constant—reflecting practical scenarios where sen-
sors or monitoring devices are installed at fixed locations. Figures 27 and 28 show
the SPL spectra at receiving points Point 22 and Point 26, respectively, under different
leakage directions.

 
Figure 27. SPL of receiving point 22 under different leakage directions.
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Figure 28. SPL of receiving Point 26 under different leakage directions.

As shown in the figures, when the leakage occurs at the bottom of the pipeline,
Point 22—positioned directly above the pipeline’s center—is the farthest from the source,
resulting in the lowest received energy. Consequently, its SPL values are the lowest across
all frequencies. Similarly, when the leakage occurs on the side, Point 26—located on the
opposite side of the pipeline relative to the side leakage direction—is also the farthest
from the leakage source. As a result, the SPL at this point is the lowest at the correspond-
ing frequencies.

When the receiving point is located directly above the leakage hole, the SPL spectrum
exhibits a pronounced peak in the 350–400 Hz range. Conversely, when the receiving point
is positioned opposite the leakage hole, a distinct peak appears in the 650–700 Hz range.
This frequency shift may result from the influence of the pipeline structure on sound wave
propagation. When the receiving point is situated laterally relative to the leakage direction,
two prominent peaks appear in both the 350–400 Hz and 650–700 Hz frequency ranges.
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3.4. Relationship Between Leakage Noise and Flow Field Characteristics in Natural Gas Pipelines

As derived in this study and described by Equation (19), dipole acoustic sources
arise from interactions between compressible gas within the pipeline and solid boundaries
such as the pipe wall and orifice. These sources are characterized by surface pressure
fluctuations and can be quantitatively represented by the mean dynamic pressure. In
contrast, quadrupole sources are associated with turbulent flow generated by gas ejection
from the leakage hole and can be characterized by mean turbulent kinetic energy.

Figure 29 illustrates the variations in mean dynamic pressure and mean turbulent
kinetic energy for buried pipelines under different operating pressures and leakage hole
diameters. When the leakage hole diameter is fixed at 6 mm and the pipeline pressure
increases from 2 MPa to 10 MPa, the mean dynamic pressure rises from 1173 Pa to 45,702 Pa,
while the turbulent kinetic energy decreases from 4.146 J/kg to 4.006 J/kg. During this
process, the overall SPL increases from 117.908 dB to 140.487 dB, and the rate of SPL
attenuation with distance becomes slower. These trends indicate that increasing pipeline
pressure strengthens the dipole acoustic source while weakening the quadrupole source,
leading to dipole-dominated leakage noise—consistent with the preceding analysis.
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Figure 29. Average dynamic pressure and average turbulent kinetic energy for the buried pipeline:
(a) different pipeline pressure; (b) different leak hole size.

Under a constant pipeline pressure of 6 MPa, as the leakage hole diameter increases
from 1 mm to 3 mm, the mean dynamic pressure decreases from 17,253 Pa to 3415 Pa,
and the turbulent kinetic energy decreases from 13.299 J/kg to 4.109 J/kg. The overall
SPL also drops from 148.568 dB to 135.721 dB, and the sound attenuates more gradually
with distance for larger leakage holes. When the hole diameter increases to 4 mm, the
mean dynamic pressure continues to decline, while the turbulent kinetic energy slightly
rises from 5.529 J/kg to 5.783 J/kg. Further increasing the diameter to 6 mm results in a
continued decrease in both indicators—down to 3415 Pa and 4.109 J/kg, respectively. These
observations suggest that as the leakage hole enlarges, both the dipole and quadrupole
source strengths generally diminish. A slight local enhancement of the quadrupole source
is observed at 4 mm, followed by further weakening. This behavior is consistent with
previous analytical conclusions.

Table 15 summarizes the average dynamic pressure and turbulent kinetic energy
for buried pipelines under different soil conditions. The difference in average dynamic
pressure between sandy soil and clay is 30,998 Pa, while the difference in average turbulent
kinetic energy is 40.971 J/kg. The overall SPL differs by 48.412 dB between these two soils.
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These substantial differences explain the pronounced effect that the soil type has on acoustic
behavior in buried pipeline leakage scenarios.

Table 15. Average dynamic pressure and average turbulent kinetic energy for the buried pipeline
under different soil types.

Soil Type Average Dynamic
Pressure/Pa

Average Turbulent
Kinetic

Energy/(J/kg)

Overall SPL
/dB

Sandy 31,314 41.326 156.151
Loam 3415 4.109 132.414
Clay 361 0.355 107.739

Table 16 provides the corresponding data for different leakage directions. The maxi-
mum variation in average dynamic pressure is only 78.10 Pa, the maximum difference in
turbulent kinetic energy is 0.141 J/kg, and the overall SPL varies by no more than 1.144 dB.
These minimal differences confirm that the leakage direction has a negligible effect on
acoustic output. In conclusion, the average dynamic pressure and turbulent kinetic energy
effectively explain variations in the overall SPL caused by buried pipeline leakage. These
flow field parameters can be employed to characterize the underlying mechanisms of noise
generation in buried natural gas pipeline leaks.

Table 16. Average dynamic pressure and average turbulent kinetic energy for the buried pipeline
under different leakage directions.

Leak Position Average Dynamic
Pressure/Pa

Average Turbulent
Kinetic

Energy/(J/kg)

Overall SPL
/dB

Top 3414.87 4.109 132.414
Bottom 3336.77 3.978 132.803

Side 3400.81 3.968 131.659

4. Practical Considerations
This study explored the spectral characteristics of leakage noise in buried pipelines

under various conditions and established a relationship between leakage noise and the
associated flow field. The behavior of the quadrupole sources reflects the turbulent state
around the leakage hole, consistent with the assumption of compressible gas flow within
the pipeline. The results indicate that, during steady-state leakage, the acoustic field is
primarily governed by dipole sources (arising from gas–solid interactions) and quadrupole
sources (arising from turbulent gas motion).

Reliable gas leakage detection depends fundamentally on a clear understanding of
these acoustic source mechanisms. In practical engineering contexts, however, natural gas
pipeline operation is often complex. Therefore, insight into how leakage noise mechanisms
vary under different operating conditions provides a valuable foundation for improving
the accuracy of leak detection and localization.

The observed trends in leakage noise behavior can be used to enhance the effectiveness
of current detection technologies for buried pipelines. In practical applications, because
acoustic waves experience relatively low attenuation in soil, the energy of the noise remains
concentrated in the low-frequency band and stays within a detectable range.

Nevertheless, this study has several limitations. The computational model assumes a
homogeneous and isotropic porous soil medium and neglects the effects of soil mois-
ture content, temperature gradients, and possible chemical interactions between the
leaked gas and the surrounding soil, which may influence sound propagation and at-



Processes 2025, 13, 2274 31 of 33

tenuation. Additionally, although the simulation framework incorporates high-fidelity
turbulence and acoustic models, it has not yet been validated against experimental or
field data, which limits the confirmation of its predictive accuracy in real-world scenar-
ios. These simplifications, while necessary to maintain computational feasibility, may
constrain the direct applicability of the findings to more complex, heterogeneous environ-
ments. Future work should consider incorporating more realistic soil characteristics and
experimental validation to further improve the robustness and practical relevance of the
proposed method.

5. Conclusions
This study investigated the noise generated by small, compressible leaks in buried nat-

ural gas pipelines through theoretical modeling and numerical simulation. Compressible
flow field governing equations and acoustic analogy-based noise equations were estab-
lished. Simulations were conducted under varying conditions—including pipeline pressure
(2–10 MPa), leakage hole diameter (1–6 mm), soil type, and leakage direction—to study the
flow field behavior, acoustic source characteristics, and sound field responses. The main
conclusions are as follows:

(1) Leakage noise in buried natural gas pipelines is primarily composed of dipole sources
(caused by gas–solid interactions) and quadrupole sources (arising from turbulent
stresses). These noise generation mechanisms can be effectively characterized through
key flow field parameters.

(2) The simulated results under different hole sizes and pipeline pressures reveal that
leakage noise energy is predominantly concentrated in the 0–500 Hz frequency range,
with SPL values ranging from approximately 20 dB to 160 dB. This confirms the
feasibility of acoustic methods for leak detection. Additionally, within a spatial range
of 1.5 m above and 4 m below the leakage hole, the overall SPL remains positive,
offering a practical reference for sensor placement and experimental design.
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