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Abstract: Leakage detection methods based on the analysis of leakage acoustic signals provide an
effective technical approach for detecting small leaks in water supply pipelines. From a technical
perspective, the study of the propagation characteristics of acoustic waves generated by the leakage
in the water supply pipeline is necessary for detecting the leak location on the basis of acoustic signals.
In this study, a 3D transient leakage acoustic wave propagation equation was derived by combining
the principles of fluid dynamics and Lighthill acoustic analogy theory. The propagation of the leakage-
induced noise in water supply pipeline was modelled theoretically. We simulated the propagation of
a leakage acoustic wave under different conditions for different target scenarios encountered in actual
pipeline inspections. Specifically, we analysed the effect of different factors, such as the pipe size and
acoustic source characteristics, on acoustic propagation. Finally, the simulated experiments were
practically performed using a self-designed simulated water supply pipeline and self-developed
spherical water supply pipeline detector to validate the simulation analysis. The results of this study
provide a theoretical guidance and basis for the analysis of characteristics of leakage acoustic wave
signals and the recognition of leakage conditions in water supply pipelines.

Keywords: water supply pipeline; leakage acoustic wave; propagation in pipeline; distribution
characteristics; spherical detector

1. Introduction

The increasing level of urbanisation has led to an increase in the scale of water supply
pipelines constructed in urban areas [1]. Owing to obsolete water supply infrastruc-
tures, complex maintenance operations in densely populated areas, and high mainte-
nance costs, the leakage rate of water supply networks has reached 25% [2]. Leaks in
water supply pipelines cause not only economic losses but also large-scale water road
collapses and other accidents [3,4]. Therefore, it is very important to detect leakage in
water supply pipelines [5].

Listening to the leak sounds at the surface of the pipeline is currently the most
commonly used method for water leakage detection [6-8]. However, this method is not
suitable for the accurate detection of small leaks over a long distance owing to the limited
effective detection distance and complicated background noise in the external environment
of the pipeline. The mobile leak detection method, which is based on the acoustic signal, is
an effective approach to overcome the issues of traditional leakage detection methods [9,10].
From a technical perspective, to detect the leak location using this method, it is necessary
to study the propagation characteristics of acoustic waves generated by the leakage in the
water supply pipeline.

The generation mechanism and propagation characteristics of leak acoustic signals in
pipelines have been investigated by many researchers worldwide. Liu et al. [11] found that
quadrupole and dipole sonic sources are the major causes of leak-acoustics in gas pipelines.
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They analysed the effect of the leakage orifice diameter on the pressure perturbation
generated by quadrupoles and dipoles. Kostowski et al. [12] simulated the steady-state
flow of liquids in pipelines by using a one-dimensional isothermal and adiabatic flow
model. Further, they proposed a method to account for the leakage by means of a reference
flow equation with a discharge coefficient.

With the increasing depth of research on leakage detection, the propagation model of
leak acoustic signals has gradually evolved from one-dimensional to three-dimensional.
Han et al. [13] studied the generation mechanism of acoustic sources in gas pipeline leak-
age and then developed a simulation model based on the aeroacoustics, flow field, and
sound source characteristics of the gas pipeline leakage. Yuan et al. [14] performed a
three-dimensional computational fluid dynamic study on the generation and propagation
mechanism of negative waves in high-pressure gas pipelines using the large eddy simula-
tion approach. They proposed a method to predict the negative wave amplitude on the
basis of the pipeline pressure and leak diameter. Xu et al. [15] analysed the propagation
of leak acoustic signals along the wall of a gas pipeline theoretically. On the basis of this
analysis, they further identified the acoustic signal of gas pipeline leakage by using the
wavelet packet transform method and fuzzy support vector machine pattern classification.

Masri et al. [16] investigated leakage from a pipeline with an incompressible flow.
They introduced continuous sinusoidal pressure waves of small amplitudes at the entrance
of the pipeline and simulated the variation of the amplitude of the pressure gradient and
the shear stress on the inside surface of the pipeline in the streamwise flow direction. For a
water supply pipeline, Yan et al. [17] analysed the soil-pipe-liquid three-phase coupling
problem associated with buried pipelines. By treating the soil around the pipeline as an
elastic body, they studied the acoustic propagation characteristic in a liquid-filled pipeline
surrounded by an elastic medium. Yang et al. [18] explored the propagation and attenuation
characteristics of the leak acoustic wave along the direction of the water flow and further
detected and analysed the leak acoustic wave signal in the water supply pipeline. Giustolisi
et al. [19] proposed a novel steady-state simulation model of a water supply network
considering the classical hydraulic representation, pressure-driven demand, and leakage at
the pipeline level. The experimental tests demonstrated a high robustness of the proposed
simulation model. Lu et al. [20] treated the water supply pipeline as the signal transmission
system and studied the dispersion characteristics of leakage acoustic waves of the water
supply pipeline during wave propagation. Abhulimen et al. [21] derived a novel model
for detecting leaks in complex pipeline network systems based on the Liapunov stability
criteria. Further, they analysed the unsteady state flow matrix of the complex pipeline
network system to compute the velocity and pressure for each node and pipeline loop in
the complex network.

All the aforementioned studies have focused on the generation mechanism and prop-
agation characteristics of leakage acoustic waves in pipelines. These studies provided
a theoretical basis for improving the methods and techniques used to detect pipeline
leakage. However, most existing studies emphasise on the propagation mechanism and
the characteristics of leak acoustic waves at the leaking location and along the pipeline
wall, particularly the propagation behaviour of leak acoustic waves along the medium
in the pipeline. There are just a few studies on the distribution characteristics of leak
acoustic waves. Therefore, to address this gap, this study aims to determine the technical
requirements of leak acoustics detection in water supply pipelines. On the basis of the
three-dimensional transient leakage acoustic propagation model in the pipeline, a theo-
retical model was developed to investigate the propagation of leak acoustic waves in the
water supply pipeline. The variation in the sound pressure, sound intensity, and frequency
distribution in the pipeline were analysed through simulation analysis and experiments.
Moreover, the focus of current research has shifted to underground pipeline and pipeline
network, and it is a Gordian knot for leakage detection. The conclusions from this study
are mainly aimed at providing a fundamental theory for a spherical detector, which can
be utilised in underground pipeline and pipe networks. With respect to other detecting



Sensors 2021, 21, 5450

30f17

methods, this study can also provide a theoretical guidance and basis for the analysis of the
characteristics of leakage acoustic wave signals and the recognition of leakage conditions
in water supply pipelines.

2. Theoretical Analysis

The acoustic mechanism of leakage acoustic waves generated in pressure pipelines can
be rationalised based on aeroacoustics [22]. The mechanism of acoustic wave generation
is essential in fluid—fluid and fluid-solid interactions. Therefore, the distribution of the
acoustic sources in the flow field in water supply pipelines can be obtained from the
fundamental equations of fluid dynamics, i.e., the Navier-Stokes equation (N-S equation)
given by Equation (1) as follows:

0v
Ps; = oF — Vp + uV?v — (Vo)o, (1)

where p is liquid density, v is the velocity vector, p is pressure, F is the external force scalar,
and y is the dynamic viscosity.

Noise generation, due to the leakage in water supply pipelines, is a complex fluid-solid
coupling process. Owing to the large pressure difference between the internal and external
sides of the pipeline wall, the leakage location becomes a pressure outlet with a small
cross-sectional area. Thus, the large pressure difference leads to the formation of a high-
velocity jet stream at the leaking point. Furthermore, the irregular geometry of the leakage
results in complex fluid—solid coupling vibration and the formation of turbulent flow. The
pulsation of the turbulent flow generates fluid noise, which propagates in the pipeline with
the contained liquid as a propagation medium. This acoustic source formed by high-speed
pulsating turbulence generated by high pressure is also called the quadrupole source of
sound radiation. The propagation of sound in a uniform medium, without sources of
matter or external forces, is governed by the following equations (Lighthill et al.) [23]:

d d
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where v; is the velocity in the x; direction and 4y is the speed of sound in the uniform
medium. Equation (4) is attained from eliminating the momentum density pv; from
Equations (2) and (3).

Specifically, the wave equation of turbulent noise can be derived by re-writing the
two sides of the N-S equation in the wave form as [19]. Substitute p = a3(p — po) and
Equation (4) into Equation (1) as follows:

Po  Pp  FTy

W B axiZ N axix]-’ (5)
Tij = pujuj + [(p — po) — (p — p0)1dy, ©6)
{ 0ij =0,i # ] @)

In these equations, T is the Lighthill stress tensor, p is the liquid density, pg is the
density of free liquid, f is the time; ¢ is the speed of sound in the uniform medium, J;; is
the Kronecker delta, u; and u; are the velocity components, p is the fluid pressure, py is the
static pressure of the flow field, 0 T;j/dx;x; is the Lighthill quadrupole acoustic source, and
Tj; is the element in the turbulence stress tensor matrix. If all the components in the stress
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tensor equal to zero, then no acoustic waves are generated. Once a leakage occurs in the
water supply pipeline, a high-velocity jet stream at the leak location must exist. Therefore,
pv;v; is a finite and non-zero limited term, and an acoustic wave is inevitably generated.

3. Model Construction

The leak acoustic model in the pipeline can be constructed using the classical wave
equation of fluids. The leakage is assumed to generate an adiabatic noise with a small
amplitude, and the flow is assumed to be uniform in the pipeline. When the flow velocity
is much smaller than the local Mach number, the fluid velocity has a negligible impact on
acoustic propagation in the liquid. Therefore, the influence of the flow velocity on acoustic
propagation is neglected in this study.

The diameter of urban underground water supply pipelines varies from 100 to
1200 mm according to the different levels of water consumption in the local area. The
primary urban underground water supply pipelines have diameters of 500 mm. Figure 1
shows the geometric model of leakage from a pipeline. The section used for our computa-
tion has a length of 20 m. To investigate the effect of the diameter on the propagation of
leakage acoustic signals in the water supply pipeline, two different diameters (i.e., 200 and
500 mm) were considered in this study. A uniform velocity profile of 1 m/s was used as
the boundary condition at the inlet. A zero-pressure boundary condition was imposed on
the outlet. The acoustic source at the leakage location was considered as a point acoustic
source located at the centre of the pipeline.

inlet leakage orifice

=

outlet

Figure 1. Geometric model of leakage in the pipeline.

A three-dimensional transient acoustic wave equation was derived in the cylindri-
cal coordinate based on the Lighthill turbulent noise wave equation, as expressed by

Equation (5). In this model, the amplitude of the sound wave is small. For the convenience
92T}
ij

of the model calculation, 5 is ignored in Equation (5). Change Equation (5) from linear

ax;x
to three-dimensional, as expressed by Equation (8) [23] as follows:

19/ 0 1% 2 1 92
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where 7, the radial coordinate, equals to x;; ¢ is the azimuthal angle; z, the coordinate along
the axial direction of the pipeline, equals to x;; p is the acoustic pressure; t is the time; and
ap is the speed of sound in water, which is 1497 m/s.

Considering that the flow is uniform, Equation (8) can be transformed to Equation (9)

as follows:
2 2 2\ 32
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where U is the average flow velocity. In terms of the acoustic boundary condition, the
pipeline wall was set as a hard boundary (total reflection of the acoustic wave without any
absorption), which can be expressed by Equation (10) as follows:

ap _
2 =0. (10)
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A soft boundary condition (total absorption of the acoustic wave without any re-
flection) with zero acoustic pressure was imposed on the velocity inlet and the pressure
outlet. As Equation (10) is linear, the superposition principle of the acoustic pressure is
satisfied. Therefore, the point acoustic source is set as the superposition of multiple sine
wave signals with different frequencies that change over time. The amplitude of these
waves was set as 1, and the frequency varied from 1 to 20,000 Hz. The wave equation
is shown as Equation (11). Considering that the high-frequency acoustic waves decay
faster and possess less energy, the acoustic waves with a frequency exceeding 20 kHz were
neglected in the simulation analysis.

20,000

p= )Y sin(27ft). (11)
f=1

Equation (11) is discretised with second-order precision. The second-order partial
derivative term is discretised using the second-order central difference scheme, given by
Equation (12).

1 1 1 1 1 1 1 1
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The pipeline was divided into 100, 20, and 50 computation nodes along the axial, radial,
and circumferential directions, respectively. Considering that the maximum frequency of
the signal at the acoustic source is 20,000 Hz, and the corresponding period is 5 x 10~° s,
the timestep was set to 1077 s to capture the wave characteristics of the acoustic source
in the computation and improve the calculation accuracy. As the computational model
developed in this study is a transient model, the distributions of the acoustic pressure and
intensity were calculated at a total computational time of 0.1 s. In this case, the acoustic
signals can propagate over a sufficiently long distance in the pipeline.

The discretised wave equation was solved considering the corresponding boundary
conditions via the iteration method using a global convergence algorithm.

4. Simulation Analysis
4.1. Distribution of Acoustic Pressure in the Pipeline and Characteristics of Acoustic Decay

Figure 2 shows the distribution of the acoustic wave along the longitudinal cross
section of the pipeline. The propagation of the spherical wave and the reflection of the
wave at the interface of the pipeline can be clearly seen. The acoustic waves reflected by the
lower wall of the pipeline and those transmitted from the acoustic source are superimposed
in the centre of the pipeline to form interference fringes. Figure 3 shows the distribution
of the maximum amplitude of the acoustic pressure in the longitudinal cross section of
the pipeline. The maximum amplitude reflects the intensity of the acoustic field in the
pipeline. It is found that the acoustic intensity is quite strong near the acoustic source in the
pipeline and decays very rapidly with increasing distance from the source. The region with
a strong acoustic field is represented by a fan-shaped area formed at a certain angle and
centred on the acoustic source. In addition, the distribution of the acoustic intensity follows
a stripe shape in the pipeline. This behaviour is attributed to the interference between the
reflected and mainstream waves, which produces a standing wave at a certain location in
the pipeline.
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Figure 2. Distribution of acoustic pressure generated from a point-shaped leakage hole along the
longitudinal cross section of the 20-meter-long pipeline.
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Figure 3. Distribution of the maximum amplitude of the acoustic pressure generated from a point-
shaped leakage hole along the longitudinal cross section of the 20-meter-long pipeline.

Figure 4 shows the distribution of the maximum amplitude of the acoustic pressure at
three locations along the axial direction of the pipeline measured based on the longitudinal
cross section of the pipeline. These locations correspond to the vicinity of the acoustic
source, on the central axis of the pipeline, and far away from the acoustic source.
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Figure 4. Distribution of the maximum amplitude of the acoustic pressure generated from a point-shaped leakage hole
along the longitudinal cross section of the pipeline (a) nearest to the acoustic source; (b) on the central axis of the pipeline,
and (c) far away from the acoustic source.

The acoustic intensity measured near the acoustic source experiences the fastest delay
along the axial direction, followed by the acoustic signal at the central axis and that far away
from the acoustic source (e.g., the bottom end of the pipeline wall). This feature indicates
that, if the leakage detection is conducted along the length direction of the pipeline, then an
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apparent acoustic intensity decay curve can be obtained near the acoustic source; contrarily,
the same curve measured at a location far away from the acoustic source does not manifest
any significant intensity variation. Therefore, effective leakage information cannot be
extracted directly from the signal amplitude.

Owing to the standing wave effect in the tube, a decay curve with significant intensity
change cannot be obtained at locations far away from the acoustic source. However, the
spatial fluctuation of the acoustic intensity caused by the standing wave can be used for
signal detection and analysis. The premise of using the standing wave effect to extract
and analyse the leakage acoustic wave signal is that the frequency spectrum of the leakage
acoustic source must exhibit a narrow distribution. If the acoustic source at the leakage
point has a wide frequency spectrum, then more standing waves with different wavelengths
will be generated, weakening the spatial fluctuations of the acoustic intensity.

4.2. Effect of Distribution of Monitoring Points

To analyse the acoustic characteristics detected at monitoring points with different
distances from the acoustic source, the length of the model shown in Figure 1 was increased
from 20 to 30 m and the corresponding computation region of the pipeline was extended to
30 m. By analysing the characteristics of the frequency spectrum at different monitoring
points, we can evaluate the detection performance of the leakage acoustic wave generated at
different locations. The monitoring points in the pipeline are distributed at these following
locations: the 20th, 60th, and 120th nodes of the 250 nodes along the length direction
of the pipeline. The exact locations of the monitoring points were set on the central
axis below the acoustic source. Figure 5 shows the distribution of the acoustic pressure
along the longitudinal section of the computational region in the extended pipeline. The
superimposition of the reflected acoustic wave and the acoustic wave generated from the
acoustic source can both be easily observed on the lower pipeline wall in Figure 5.

40 v 1

Nodes in pipe

diameter direction
o
>

0
50 100 150 200 250

Nodes in the direction of pipe length

Figure 5. Distribution of the acoustic pressure generated from a point-shaped leakage hole along the
longitudinal cross section of the 30-meter-long pipeline.

Figure 6 shows the acoustic pressure signals in the frequency domain at the 20th, 60th,
and 120th nodes along the direction of the water flow. Figure 7 shows the proportion of
the low-frequency harmonic power to the full-band power. It is found that the farther
the monitoring point is from the sound source, the greater the proportion of the low-
frequency harmonic power to the full-band power is. Based on our analysis, this is because
the farther the monitoring point is from the sound source, the greater the change in the
waveform of the acoustic source caused by reflection and superposition is. According to
this phenomenon, when the leakage acoustic wave is detected along the length direction of
the pipeline in the frequency domain, the signal is found to change from the superposition
of low-frequency harmonics and the high-frequency waves of the acoustic source to high-
frequency waves of a single acoustic source. Thus, if the detector is moving in the pipeline,
the high-frequency signal is more evident when the detector is closer to the leakage point.
Therefore, the location of the leakage point can be determined from the frequency spectrum
of the signal, which is obtained using the detector.
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Figure 6. Acoustic pressure signal generated from a point-shaped leakage hole in the frequency domain measured at the
(a) 20th, (b) 60th, and (c) 120th nodes along the direction of the water flow.
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Figure 7. Proportion of the low-frequency harmonic power to the full-band power.

4.3. Effect of Acoustic Source Frequency

The propagation characteristics of acoustic sources with different frequencies in the
pipeline are also important for the selection of the detector. In this section, we analysed
the decay characteristics of acoustic sources with different frequencies propagating in the
pipeline. Figure 8 shows the distribution of the maximum amplitude of the acoustic pres-
sure in the longitudinal cross section of the pipeline for acoustic sources with frequencies
of 5000 and 10,000 Hz. When the frequency of the acoustic source is 10,000 Hz, the acoustic
pressure decays along the length direction of the pipeline is evident. Contrarily, when
the frequency of the acoustic source is 5000 Hz, the decay curve of the acoustic pressure
is relatively flat along the length direction of the tube. Therefore, the frequency of the
acoustic source has a significant influence on the decay characteristics of the leakage signal
in the pipeline.
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Figure 8. Distribution of the maximum amplitude of acoustic pressure generated from a point-shaped leakage hole along
the longitudinal cross section of the pipeline for a source frequency of (a) 5000 Hz and (b) 10,000 Hz.

4.4. Effect of Pipeline Dimension

To analyse the influence of different pipeline diameters on the decay characteristics
and frequency spectrum, two different pipeline diameters were selected for calculation and
analysis. Figure 9 shows the distribution of the maximum amplitude of acoustic pressure
in the longitudinal cross section of pipelines with diameters of 0.2 and 0.5 m. As the
pipeline diameter increases, the decay of the acoustic pressure intensity weakens along
the length direction of the pipeline. In fact, the larger the pipeline diameter is, the weaker
the characteristics of the low-frequency harmonic wave at the monitoring point are. This
is because a larger pipeline diameter provides greater propagation space for the acoustic
wave, which results in weaker reflection and superposition features. Consequently, the
acoustic pressure intensity of the low-frequency harmonic wave becomes smaller.

m -3

2 0050 T8 x10 : : . .

5} e}

el = -

£ 0033 = 6

= o

E £t

3 0016 <

£ E 20

E 0 g 0 L 1 L 1

g 0 20 40 60 80 100 20 20 40 60 80 100
= Nodes along the longitudinal cross section of the pipeline = Nodes along the longitudinal cross section of the pipeline

(@) (b)

Figure 9. Distribution of the maximum amplitude of acoustic pressure generated from a point-shaped leakage hole along
the longitudinal cross section of a pipeline with diameter of (a) 0.2 m and (b) 0.5 m.

4.5. Effect of Acoustic Source Geometry

The leakage points on underground water supply pipelines are usually point-shaped
or small band-shaped cracks. These two types of cracks lead to point-shaped and long
strip-shaped acoustic sources. A point-shaped acoustic source was selected and analysed
in the previous sections. In this section, we analyse the characteristics of acoustic waves
generated from a long strip-shaped acoustic source. The same velocity inlet and pressure
outlet boundary conditions shown in Figure 1 were used for the analysis in this section. Ten
computation nodes on the pipeline wall were selected as the acoustic source for generating
sine waves. This configuration allows us to analyse the influence of the acoustic source
distribution on the decay characteristics and frequency spectrum of the acoustic waves
inside the pipeline.

Figure 10 shows the distribution of the acoustic pressure on the longitudinal cross
section of the pipeline. Figure 11 shows the distribution of the maximum amplitude of
the acoustic pressure on the longitudinal cross section of the pipeline. The distribution
pattern of the acoustic field intensity in the pipeline is more oriented along the radial
direction of the pipeline. Almost no stripe pattern is observed along the length direction
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of the tube. This feature indicates that, when the acoustic source has a shape of a long
stripe, the propagation direction of the standing wave in the pipeline is more inclined
towards the radial direction of the pipeline. Theoretically, it can be concluded that, for
a long strip-shaped acoustic source, it is not feasible to detect the leakage by measuring
the spatial fluctuation of the acoustic wave caused by the standing wave along the flow
direction. In addition, for long strip-shaped acoustic sources, the acoustic wave signals
collected near the acoustic source inside the pipeline during the movement along the length
direction of the pipeline show a ‘single flat peak’ feature in the response amplitude, as
shown in Figure 12. Further, unlike the single point acoustic source shown in Figure 4,
the long strip-shaped acoustic source only generates a very small spatial fluctuation of the
acoustic intensity along the flow direction. This is because the waves of long strip-shaped
acoustic sources mostly propagate along the radial direction of the pipeline. Therefore, the
reflected waves will also propagate along the radial direction. Thus, the standing waves
generated by the superimposition of these two waves are mostly distributed along the
radial direction. The difference between the point-shaped and long strip-shaped leakage
hole can be utilised for leakage hole recognition. The signal from the long strip-shaped
leakage hole, along the radial direction, is more obvious than that from the point-shaped
hole. Furthermore, the ‘single flat peak’ can be used as another identification characteristic.

40

1.0
g TR
o . —
=g —
com o
= 0.5
g5 20 E—
e
52 10
< 9 . 0
S £ s E 9 .
Z < 5 ) ,
5 10 20 30 40 50 60 70 80 90 100

Nodes in the direction of pipe length

Figure 10. Distribution of the acoustic wave along the longitudinal cross section of the pipeline (long
strip-shaped acoustic sources).
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10 20 30 40 50 60 70 80 90 100
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Figure 11. Maximum amplitude response curve of the acoustic pressure generated from a long
strip-shaped leakage hole along the longitudinal cross section of the pipeline.

051 \ ‘ ,

Maximum amplitude/dB

Nodes along the longitudinal cross section of a pipeline

Figure 12. Distribution of the maximum amplitude of acoustic pressure generated from a strip-shaped
leakage hole along the longitudinal cross section of a pipeline.
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5. Experimental Study
5.1. Experimental Setup

A self-designed experiment platform that simulates the leakage in a pipeline was
constructed according to the actual scale of a water supply pipeline [24]. A self-developed
mobile spherical detector for use in the water supply pipeline [25,26] was employed
to collect the leakage acoustic signal generated from simulated leaking holes located at
different distances and directions with respect to the pipeline. The actual water supply
pipeline used in the simulated leakage experiment is shown in Figure 13.

Figure 13. Actual water supply pipeline used in the simulated leakage experiment.

The mobile spherical detector for use in the water supply pipeline is composed of an
inner core metal ball and an outer sponge spherical shell. Images of the physical objects
are shown in Figure 14. The core metal ball is responsible for the collection and storage of
the leak acoustic wave data. In the actual detection process, the core metal ball is placed
inside the sponge spherical shell to provide good vibration damping. In recent years,
microphones have gained popularity in detecting faults owing to their high sensitivity and
bandwidth [27]. Therefore, we have used a bone conduction microphone sensor as the
acoustic sensor in this study.

Figure 14. Mobile spherical detector for use in the water supply pipeline.

The working mode of the aforementioned mobile spherical detector is shown in
Figure 15. The spherical detector moves smoothly in the pipeline with the help of the
fluid thrust in the pipeline. Upon passing a leakage point in the pipeline, the built-in
high-sensitivity acoustic sensor captures the acoustic wave generated by the leakage in
the pipeline. Simultaneously, the built-in accelerometer is used together with the ground
marker to locate the leakage point accurately. Such an approach allows us to detect leakage
in the pipeline.
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Figure 15. Working mode of the mobile spherical detector.

To analyse the characteristics and propagation behaviour of the leakage acoustic
signal in water supply pipelines under different conditions, simulated experiments were
conducted using pipelines with two different diameters (0.2 and 0.5 m). The shape of the
leak holes includes both a circular point and a long strip. In our experiment, simulated
leak holes were designed at the following two different locations, as shown in Figure 16.

| —

o Premeienind

Figure 16. Simulated leakage hole on the (1) upper and (2) lower surfaces of the pipeline.

5.2. Analysis of Experimental Results

Figure 17 shows the waveform of the leakage acoustic wave generated by leakage
on the upper and lower surfaces of a pipeline with a diameter of 0.5 m and the leakage
hole geometry of the point circle. The data were collected using the spherical detector. As
shown in Figure 17, the spherical detector moves on the bottom surface of the pipeline
during the detection process. Therefore, the detector is closer to the leakage acoustic source
on the lower surface than that on the upper surface of the pipeline. A comparison of the
waveform associated with the two leakage locations demonstrated a significant decaying

effect of the acoustic intensity, which is consistent with the simulation results discussed
in Section 4.1.
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Figure 17. Leak acoustic signal generated from a point-shaped leakage hole in a pipeline with a diameter of 0.5 m located
on the (a) lower and (b) upper surfaces of the pipeline; (c) the leakage hole geometry of point circle.
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The leakage acoustic wave signal can be analysed using short-time Fourier transform
(STFT) calculations to obtain the time-frequency analysis diagram, as shown in Figure 18.
It can be seen that whether the leakage hole is located on the upper or lower surface, a
richer number of high-frequency components can always be found in the acoustic wave
signal at locations closer to the leakage hole. At locations farther from the leakage hole,
the high-frequency component experiences a fast decay, while the low-frequency com-
ponent attenuates slowly. A frequency spectrum analysis was further performed on the
acoustic signals collected at distances of 5 and 10 m away from the leakage hole, as shown
in Figure 19. These experimental data results are in accordance with the trends of the
simulation analysis results discussed in Sections 4.2 and 4.3.
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Figure 18. Time-frequency diagram of leakage acoustic signal generated from a circular point hole in a pipeline with a

diameter of 0.5 m on the (a) lower and (b) upper surfaces of the pipeline.

Amplitude of frequency domain

Frequency/kHz

0.04-

e

=1

Y
s

=

[=]

>
|

0 5 10 15

Frequency/kHz

(@) (b)

Amplitude of frequency domain

Figure 19. Frequency spectrum of the leakage acoustic signal generated from a circular point hole in a pipeline with a
diameter of 0.5 m collected (a) 5 m and (b) 10 m away from the leakage hole.

All the experimental data were obtained on the basis of the leakage acoustic wave
data collected from a pipeline with a diameter of 0.5 m. To analyse the characteristics
of the leakage acoustic wave under different pipeline diameter conditions, the acoustic
wave signals generated from the leakage hole were collected by the spherical detector in
a pipeline with a diameter of 0.2 m, as shown in Figure 20. Moreover, there is a circular
point leakage hole on the upper surface of the pipeline. The experimental conditions
pertaining to the signals in Figures 17b and 20 are different in terms of the diameter. The
acoustic pressure intensity of the acoustic wave signal shown in Figure 20 was found to
be higher than that shown in Figure 17b when approaching the leakage point. However,
the decay of the signal also becomes more significant. After performing STFT calculations
on the signal data shown in Figure 20, we obtained the time-frequency analysis diagram
shown in Figure 21. A comparison with the results shown in Figure 18b suggests that the
low-frequency component in the leakage acoustic signal collected in the pipeline with a
diameter of 0.2 m decays faster along the length direction of the pipeline. This feature is
consistent with the trends of the simulation results described in Section 4.4.
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To analyse the effect of the geometry of the leakage hole in the pipeline on the prop-
agation behaviour of the leakage acoustic wave, the spherical detector was further used
to collect the leakage acoustic wave signal generated from a long strip-shaped leakage
hole in the pipeline, as shown in Figure 22. The acoustic wave signal collected near the
acoustic source inside the pipeline during the movement along the length direction of the
pipeline exhibits a significant ‘single flat peak” feature. Figure 23 shows the time-frequency
diagram obtained from STFT calculations. The energy of the signal is concentrated on
multiple frequency components at unequal intervals because the leakage acoustic wave
propagating in the pipeline superimposes with the reflected wave along the radial direction
and generates standing waves when the leakage hole is long strip-shaped. This finding is
consistent with the simulation analysis results discussed in Section 4.5.
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Figure 20. Leakage acoustic signal generated from a circular point hole in a pipeline with a diameter
of 0.2 m.
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Figure 21. Time-frequency diagram of the leakage acoustic signal generated from a circular point
hole in a pipeline with a diameter of 0.2 m.
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Figure 22. Leakage acoustic signal generated from a long strip-shaped hole in a pipeline with a diameter of 0.5 m: (a)
leakage acoustic signal, (b) geometry of the long strip-shaped hole.
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Figure 23. Time-frequency diagram of the leakage acoustic signal generated from a long strip-shaped
hole in a pipeline with a diameter of 0.5 m.

6. Conclusions

In this study, a 3D transient leakage acoustic propagation model in a water supply
pipeline was developed by combining the fundamental principles of fluid dynamics with
Lighthill acoustic analogy theory. Through simulation analysis, we analysed the distribu-
tion of the acoustic pressure and acoustic intensity in the pipeline. The effect of different
factors, such as the pipeline size and characteristics of the acoustic source, on the propaga-
tion of a leakage acoustic wave was also investigated in this study. Finally, experiments
were performed to validate the simulation results. The following conclusions were drawn:

(1) The acoustic waves reflected by the lower surface of the pipeline and those transmit-
ted from the acoustic source are superimposed in the centre of the pipeline to form
interference fringes. The acoustic intensity is greater near the acoustic source in the
pipeline and decays quickly when moving away from the acoustic source. When
performing leakage detection along the length direction of the pipeline, a significant
decay curve of the acoustic intensity can be obtained near the acoustic source. How-
ever, the shape of the acoustic wave becomes planar at locations far away from the
acoustic source. Meanwhile, the acoustic intensity does not decay significantly at
locations far away from the acoustic source.

(2)  As the pipeline diameter increases, the decay of the acoustic pressure intensity along
the length direction of the pipeline becomes weaker, and the dispersion characteristics
become less evident. When the leakage acoustic wave generated by the long strip-
shaped leakage hole propagates in the pipeline, it is superimposed with the reflected
wave in the radial direction of the pipeline to produce a propagating standing wave.
The superimposed wave exhibits a significant ‘single flat peak’ feature in the response
amplitude along the length direction of the pipeline.

(3)  The farther the monitoring point is from the acoustic source, the greater the proportion
of the low-frequency harmonic acoustic pressure intensity is. During the detection of
the leakage acoustic wave along the length direction of the pipeline, the signal changes
from the superposition of low-frequency harmonics and high-frequency waves of the
acoustic source to high-frequency waves of a single acoustic source. In addition, the
high-frequency component in the leakage acoustic wave decays more substantially
than the low-frequency component along the length direction of the pipeline. As
shown by the simulation analysis and simulated experiments, the leakage acoustic
wave signal experiences a significant frequency shift along the length direction of the
pipeline. Therefore, comprehensive analysis of the characteristics in both the low-
and high-frequency ranges is required to detect leakage in water supply pipelines.

Author Contributions: Conceptualization, Y.L. and M.E; methodology, Y.Z.; software, F.Z.; valida-
tion, Y.L., Y.Z. and FZ,; formal analysis, M.E,; investigation, Y.L.; resources, Z.C.; data curation, W.W.;
writing—original draft preparation, Y.L. and Z.C.; writing—review and editing, Y.L.; visualization,
E.Z.; supervision, M.E,; project administration, Y.Z.; funding acquisition, Y.L. All authors have read
and agreed to the published version of the manuscript.



Sensors 2021, 21, 5450 16 of 17

Funding: This research was funded by Special funds for the central government to guide local
scientific and technological development of Anhui province (Grant No. 201907d07050007), National
Key R&D Program of China (Grant No. 2018YFC0809900) and Anhui Provincial Natural Science
Foundation for Distinguished Young Scholars (Grant No. 1908085]22).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

Hajibabaei, M.; Nazif, S.; Sereshgi, ET. Life cycle assessment of pipes and piping process in drinking water distribution networks
to reduce environmental impact. Sustain. Cities Soc. 2018, 43, 538-549. [CrossRef]

Babamiri, A.S.; Pishvaee, M.S.; Mirzamohammadi, S. The analysis of financially sustainable management strategies of urban
water distribution network under increasing block tariff structure: A system dynamics approach. Sustain. Cities Soc. 2020, 60,
102193. [CrossRef]

Shiau, J.; Chudal, B.; Mahalingasivam, K.; Keawsawasvong, S. Pipeline burst-related ground stability in blowout condition.
Transp. Geotech. 2021, 29, 100587. [CrossRef]

Hu, X.; Han, Y; Yu, B.; Geng, Z.; Fan, J. Novel leakage detection and water loss management of urban water supply network
using multiscale neural networks. J. Clean. Prod. 2021, 278, 123611. [CrossRef]

Fu, H.; Wang, S.; Ling, K. Detection of two-point leakages in a pipeline based on lab investigation and numerical simulation. J.
Pet. Sci. Eng. 2021, 204, 108747. [CrossRef]

Martin, G.; Dimopoulos, ]J. Acoustic Emission Monitoring as a Tool in Risk Based Assessments. In Proceedings of the 12th
A-PCNDT 2006—Asia-Pacific Conference on NDT, Auckland, New Zealand, 5-10 November 2006.

Sang Hyun, K. Development of multiple leakage detection method for a reservoir pipeline valve system. Water Resour. Manag.
2018, 32, 2099-2112.

Liu, J.; Wang, J; Liu, S.; Qian, X. Feature extraction and identification of leak acoustic signal in water supply pipelines using
correlation analysis and Lyapunov exponent. Vibroeng. Procedia 2018, 19, 182-187. [CrossRef]

Ariaratnam, S.T.; Chandrasekaran, M. Development of an Innovative Free-Swimming Device for Detection of Leaks in Oil and
Gas Pipelines. In Proceedings of the Construction Research Congress 2010, Banff, AB, Canada, 8-10 May 2010; American Society
of Civil Engineers (ASCE): Reston, VA, USA, 2010.

Zaman, D.; Tiwari, M.K,; Gupta, A.K,; Sen, D. A review of leakage detection strategies for pressurised pipeline in steady-state.
Eng. Fail. Anal. 2020, 109, 104264. [CrossRef]

Liu, C; Li, Y,; Meng, L.; Wang, W.; Zhang, F. Study on leak-acoustics generation mechanism for natural gas pipelines. J. Loss Prev.
Process. Ind. 2014, 32, 174-181. [CrossRef]

Kostowski, W.; Skorek, J. Real gas flow simulation in damaged distribution pipelines. Energy 2012, 45, 481-488. [CrossRef]
Baokun, H.; Xiyang, L.; Bing, L.; Huaigian, B.; Xiangguang, J. Study on acoustic source characteristics of gas pipeline leakage.
Noise Vib. Worldw. 2019, 50, 67-77. [CrossRef]

Yuan, F; Zeng, Y.; Luo, R.; Khoo, B.C. Numerical and experimental study on the generation and propagation of negative wave in
high-pressure gas pipeline leakage. J. Loss Prev. Process. Ind. 2020, 65, 104129. [CrossRef]

Xu, Q.; Zhang, L.; Liang, W. Acoustic detection technology for gas pipeline leakage. Process. Saf. Environ. Prot. 2013, 91, 253-261.
[CrossRef]

El Masri, M.S.; El Gamal, H.A.; Attia, E.M. Mathematical modeling of leak detection in pipelines conveying fluids. Int. ]. Eng. Res.
Technol. 2015, 4, 149-159.

Yan, J.; Liu, J.; Zhang, J. Analysis of the acoustic propagation characteristics for leakage detection in buried pipeline. J. Vib. Shock
2012, 31, 127-131.

Yang, L.; Zhang, L.; Gao, S. Characteristics of leakage acoustic signal in water supply pipeline. . Shenyang Univ. Technol. 2011, 33,
183-187.

Giustolisi, O.; Savic, D.; Kapelan, Z. Pressure-driven demand and leakage simulation for water distribution networks. J. Hydraul.
Eng. 2008, 134, 626—635. [CrossRef]

Lu, W.; Wen, Y. Leakage acoustic signal in water supply pipeline and its propagation characteristics. Acoust. Technol. 2007, 26,
871-876.

Abhulimen, K.; Susu, A. Modelling complex pipeline network leak detection systems. Process. Saf. Environ. Prot. 2007, 85, 579-598.
[CrossRef]

Dayou, M. Fundamental of Modern Acoustics [M]; Science Press: Beijing, China, 2004; pp. 80-85.

Lighthill, M.J. On sound generated aerodynamically, I. General theory. Proc. R. Soc. Lond. Ser. A Math. Phys. Sci. 1952, 211,
564-587.

Zhang, F; Li, Y.,; Zhou, Y.; Liu, M.; Huang, L.; Cao, C. Pipeline for Simulating Leak Noise Signals and Noise Signal Online
Collection Device Thereof. CN Patent 1,081,955,25B, 25 October 2019.


http://doi.org/10.1016/j.scs.2018.09.014
http://doi.org/10.1016/j.scs.2020.102193
http://doi.org/10.1016/j.trgeo.2021.100587
http://doi.org/10.1016/j.jclepro.2020.123611
http://doi.org/10.1016/j.petrol.2021.108747
http://doi.org/10.21595/vp.2018.20113
http://doi.org/10.1016/j.engfailanal.2019.104264
http://doi.org/10.1016/j.jlp.2014.08.010
http://doi.org/10.1016/j.energy.2012.02.076
http://doi.org/10.1177/0957456519834536
http://doi.org/10.1016/j.jlp.2020.104129
http://doi.org/10.1016/j.psep.2012.05.012
http://doi.org/10.1061/(ASCE)0733-9429(2008)134:5(626)
http://doi.org/10.1205/psep06069

Sensors 2021, 21, 5450 17 of 17

25. Zhou, Y;; Zhang, F; Li, Y,; Liu, M.; Hu, R.; Cao, C.; Huang, L. Pipeline State Detector. CN Patent 2,079,754,87U, 16 October 2018.

26. Zhou, Y,; Li, Y;; Zhang, F; Cao, C.; Liu, M.; Huang, L. Moving Object Position Mark Ware in Fluid Pipeline. CN Patent
2,079,765,87U, 16 October 2018.

27. Mohanty, S.; Gupta, K.K.; Raju, K.S. Hurst based vibro-acoustic feature extraction of bearing using EMD and VMD. Measurement
2018, 117, 200-220. [CrossRef]


http://doi.org/10.1016/j.measurement.2017.12.012

	Introduction 
	Theoretical Analysis 
	Model Construction 
	Simulation Analysis 
	Distribution of Acoustic Pressure in the Pipeline and Characteristics of Acoustic Decay 
	Effect of Distribution of Monitoring Points 
	Effect of Acoustic Source Frequency 
	Effect of Pipeline Dimension 
	Effect of Acoustic Source Geometry 

	Experimental Study 
	Experimental Setup 
	Analysis of Experimental Results 

	Conclusions 
	References

