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ABSTRACT In order to accurately detect the leakages in buried gas pipelines and to reduce the leakage
amount and false alarms, the propagation characteristics of acoustic waves owing to leakages in buried gas
pipelines are analyzed. Firstly, the coupling effect of soil particles and gas, including the diffusion of acoustic
waves by the soil, the scattering of acoustic waves by particles in the soil and the absorption of acoustic energy
by the soil medium, is considered to establish a propagation attenuation model for acoustic waves resulted
from leakages in buried gas pipelines. As acoustic waves are prone to the influence of noise in the process of
propagation, an improved extreme-point symmetric mode decomposition IESMD) acoustic signal denoising
algorithm is proposed, which can effectively filter out the noise in the signal. The experimental results prove
the accuracy and denoising capability of the established acoustic wave attenuation model for buried gas
pipelines, demonstrating a potential improvement of the leakage detection technology for buried pipelines.

INDEX TERMS ESMD, acoustic waves, attenuation model, leak detection, buried gas pipeline.

I. INTRODUCTION
The transmission pipelines of gas and other energy sources
are mainly buried underground, often leading to leakages due
to ageing pipes, rainwater corrosion and many other reasons
[1], [2]. A buried gas pipeline leakage could result in not
only pollution to the soil along the pipeline, but also waste of
natural gas and other energy, and may even cause accidents
and jeopardize people’s lives and health [3]. Therefore, it is of
great significance to analyze the propagation characteristics
of buried pipeline leakage signals to achieve the accuracy of
pipeline leakage detection.

Currently, in the field of pipeline leakage detection,
various types of detection techniques are emerging with
the development of technology, which could be divided
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into hardware-based and software-based detection methods
[4], [5]. Hardware-based detection methods include infrared
sensor detection, fiber optic sensor detection [6], [7] and
pipeline robot detection. Software-based detection methods
include negative pressure wave detection [8], [9], neural
network detection [10], and acoustic wave detection [11].
Hardware-based detection methods such as infrared sensor
detection have many shortcomings such as high cost of use
and maintenance problems [12]. The software-based detec-
tion method, represented by the acoustic method, has the
advantages of low cost and simple maintenance [13]. In par-
ticular, the acoustic wave detection method could achieve
real-time signal detection with outstanding performance in
the detection speed and detection accuracy, while acoustic
waves of leakages in the process of propagation is prone to the
influence of environmental and equipment noise [14]. There-
fore, how to effectively filter out the noise information in the
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acoustic wave is very important. Meng et al. improved the
ensemble empirical mode decomposition (EEMD) denoising
algorithm that could effectively filter the noise in the acous-
tic signal based on the shortcomings of the algorithm via
mutual spectrum analysis [15]. Li et al. proposed a complete
ensemble empirical mode decomposition with adaptive noise
(CEEMDAN) denoising algorithm based on independent
volume analysis optimization, of which the result showed
that the optimized algorithm could select the eigenmode
components that contain more useful information, and the
reconstructed signal had lower noise content [16].

For the studies to the propagation characteristics of leak-
ing acoustic waves, Lang et al. investigated the generation
mechanism of fluid pipeline leaks according to the method
of feature theory and analyzed the wave velocity propaga-
tion of ultrasonic waves to establish a calculation model for
the attenuation of ultrasonic signals in fluid pipelines [9].
Liu et al. modified the existing research of the acoustic
waves propagation model of oil and gas pipes so that a new
computational model was developed by analyzing the effects
of damping that caused attenuation [17]. Sun constructed a
mathematical model for leaking pipes based on the circuit as
an inspiration and treated the flow characteristics at the end of
the pipe with experimentally verified good performance [18].

In order to accurately detect leaks in buried gas pipelines
and reduce leakage and false alarms in the detection sys-
tem, this paper analyses the propagation characteristics of
leaky acoustic waves in buried gas pipelines. When a leakage
occurs in a buried gas pipeline, the soil around the pipeline
will be deformed internally, and the soil particles are coupled
with the gas around, generating an interference signal that
affects the attenuation model of the leakage acoustic wave.
Based on the environment in which the buried pipeline is
laid, this paper considers the coupling effect of soil parti-
cles and gas, and establishes an attenuation model for the
propagation of acoustic waves from buried gas pipeline leaks.
ESMD [19], [20] is an effective denoising algorithm, but its
performance would be influenced by the impulse signals and
noise during the decomposition process, resulting in multiple
changes in the extreme points of the curve in a short period
of time. To effectively filter out noise and impulse signals
and retain useful information related to the leakage, this
paper proposes an acoustic signal denoising algorithm with
improved ESMD, verified by the experiments to demonstrate
the denoising performance of the algorithm.

Il. LEAKAGE ACOUSTIC ATTENUATION MODEL FOR
OVERBURDEN CONDITIONS

When a leakage occurs in a buried gas pipeline, due to the
internal deformation of the soil and the coupling of soil parti-
cles with the gas, interference signals of different frequencies,
amplitudes and energy characteristics are generated, which
in turn affects the attenuation model of the leakage acoustic
wave [21], [22]. It is proposed to introduce dynamic atten-
uation components in the environment on the basis of the
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acoustic wave attenuation model, and to fully consider the
diffusion of acoustic waves by the soil, the scattering of
acoustic waves by particles in the soil and the absorption of
acoustic energy by the soil medium, to design an effective
model for the attenuation of leaky acoustic waves of buried
gas pipelines under overburden conditions.

The equation for the fluctuation of an acoustic wave in an
ideal medium in a pipe is as follows [23]:

?p 1% .

Py %m (1)
where p is the acoustic wave amplitude, co is the speed
of acoustic in air, ¢ is time and x is the axial distance,
respectively.

According to the energy propagation loss process, the
acoustic wave amplitude propagation at the leakage point
decays along the pipeline in an approximate exponential
form, and the mathematical model for its decay is as
follows [24]:

|Apx| = |Apol e )

where, | Apo| is the acoustic wave amplitude at the end of the
pipe, Ap, is the acoustic wave amplitude at the distance x
from the leak, and A is the acoustic attenuation coefficient.

A= ﬁ\/é 3)

rey '\ po

where, r is the diameter of the pipe, ¢, is the speed of acoustic
propagation, f is the frequency of the acoustic wave, py is the
density of the medium and 6 is the coefficient of viscosity.

The acoustic wave attenuation coefficient in the acoustic
wave attenuation model of (2) does not consider the coupling
effect of soil particles and gases, including the diffusion of
acoustic waves by the soil, the scattering of acoustic waves
by particles in the soil and the absorption of acoustic energy
by the soil medium. In this paper, according to the actual sit-
uation of the buried pipeline site, the above factors are taken
into account, and (2) is improved so that it can accurately
describe the acoustic wave attenuation of buried pipelines.
The scattering attenuation coefficient of acoustic waves in the
soil is defined as A;, the absorption attenuation coefficient
of acoustic waves in the soil is A, and other factors such
as dispersion attenuation, adjacent media interference are
simplified to A3. In turn, the effect of the soil environment
on the acoustic signal of a pipeline leak is analyzed.

Since the values of A1, A, A3 are not fixed, the exact values
need to be determined according to the site environment.
In this paper, a comprehensive analysis of the above influ-
encing factors is carried out based on the previous related
studies [25], [26], [27] to define the attenuation coefficient x
of acoustic waves in the buried environment (k = A - A; -
Az - A3) with proper verifications and adjustments according
to the conditions of experiment site. The buried pipeline
micro-leakage acoustic attenuation model is then established
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with the mathematical description as follows:
|Apx| = |Apole™™* “

The buried pipeline leakage acoustic attenuation model
established in this paper fully takes the influence of the soil
environment on the acoustic signal into account and can more
effectively describe the acoustic propagation characteristics
of pipeline leakage under overburden conditions. Fig. 1 shows
the principle of establishing the acoustic attenuation model
for pipeline leakage under overburden conditions.
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FIGURE 1. Principles for modelling acoustic wave attenuation of leakage
under overburden conditions.

Ill. DENOISING OF ACOUSTIC SIGNALS FROM BURIED
PIPELINE LEAKS
A. EXTREME-POINT SYMMETRIC MODE DECOMPOSITION
ESMD is an improvement on empirical mode decompo-
sition (EMD), which not only retains the advantages of
EMD but also demonstrates capabilities to overcome the
shortcomings of EMD (e.g., modal mixing) with good
decomposition performance. Its decomposition steps are as
follows [19], [28], [29]:
(1) Define the signal to be decomposed as X(¢), determine
the individual extreme and minima of the signal, each
of which is denoted as E; = (x;,y;),i = 1,2, -, n,
where x; and y; are the horizontal and vertical coordi-
nates of the extreme points, respectively. Connect all
the extrema and take the midpoint between adjacent
extrema defined as Z; by (5), and then find the boundary
points at both ends of the line segment and define them
as Zg and Z,,,.
Xi + X4l Vi + Vitl
Zi=(—F " ) )
(2) Interpolate the midpoints and boundary points defined
in step (1) to obtain m interpolation curves Ji, Ja, -+ -Jp,.
The mean curve J* of the curves is then calculated

by (6).

ittt T
B m

J*

(6)

(3) Use X(t)-J* as the input to the system, repeat
steps (1)-(2) until [J*| < ¢ (¢ is the allowed error
threshold) or the number of screenings has reached S,
then stop the loop execution. At this point, the first
modal component IMF1 can be obtained.
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(4) Use X(¢)-IMF1 as a new input source signal and repeat
steps (1)-(3) until all IMFs are obtained from the
decomposition. Stop the loop when the number of
extreme points does not satisfy the requirement. The
function obtained at this point is called the optimal
AGM curve Q(1).

(5) Set the value interval of the maximum number of
screening times S to [Smin, Smax], take the value of
S in this interval, and then repeat the above process.
At the same time, calculate the standard deviation A of
X(1)-Q(t) and the standard deviation A of the signal
X (t). At this time, we can get the trend of the variance
ratio A /Ay and the number of screening times S. The
number of screening times S obtained when the vari-
ance ratio is smallest is the optimal number of screening
times Sp.

(6) Make S = Sp and repeat steps (1)-(4) to obtain the final
IMF and residual components rx(?) as shown in (7).

k
X (1) =D IMF; + ri(t) @)

i=1

B. IMPROVED ESMD

In the ESMD decomposition algorithm, the first step is to
locate all the extreme points of the source signal, which are
then connected to select the midpoint between two adjacent
extreme points, and by connecting each midpoint the mean
curve could be obtained. The signal is often affected by noise,
impulse signals and other factors, and the extreme points
of the curve may change several times in a short period of
time. Therefore, the distribution and selection of the extreme
value points of the curve can have a great impact on the
performance of the decomposition algorithm. To address the
above problems, the ESMD algorithm is improved in this
paper as following steps:

(1) For the signal X(¢), we let eg(t) = X(¢), fi(t) = ei(t),

I=1,i=1.
(2) Determine all the extreme and minimal value points of
fi—1(t) and write (o, X!),n = 1,2,..., N, where o/

and X/ are the values of the horizontal and vertical coor-
dinates of each extreme point, respectively, at which
point defines the new extreme value point:

1 l l
— Xn—l + aXn + Xn+1
240

, n=23-+,N—1
®)

where 0 is weighting factor. In this paper, the values of
o are taken in the range of 1.5 to 2.3 with one decimal
place and substituted into (5) to screen the value with
the best results.

(3) The new extreme point can be obtained by end-point
extension as (a,}, Q!), where o} and @/, are the values
of the horizontal and vertical coordinates of each new
extreme point, respectively, and then two adjacent new

Ql

VOLUME 11, 2023



S. Liu et al.: Analysis of the Propagation Characteristics of Acoustic Waves

IEEE Access

extreme points are connected to obtain the midpoint Z/
of the two new extreme points by (9). Define the bound-
ary points at the ends of the line segment as Z; and Z,,.

x4+x Y4y
Z/ — 1 i+1 , i i+1 9
i = 3 7 ) 9
(4) Interpolate the midpoints and boundary points defined
in step (3) to obtain m interpolation curves J 1/ ] 2’, . 'J,;'
The mean curve J' of the curves is then calculated
by (10).

!/

U+ T

m

(10)

(5) Using X(r) — J' as inputs to the system, repeat
steps (3)-(4) until |J ’| < ¢ or the number of screenings
reaches §’, then stop the loop execution. At this point,
the first modal component IMF1 could be obtained.

(6) Using X(#)-IMF1 as a new input source signal, repeat
steps (1)-(5) to obtain all IMFs. Stop the loop when the
number of extreme points does not satisfy the require-
ment. The function obtained at this point is called the
optimal AGM curve Q'(¢).

(7) Set the value interval of the maximum number of
screening times S’ to [S; . . S; .., take the value of
S’ in this interval, and then repeat the above process.
At the same time, calculate the standard deviation n
of X(1) — Q'(¢) and the standard deviation n’ of the
signal X (t). At this time, the trend of the variance ratio
n/n’ and the number of screening times S’ could be
calculated. The number of screening times S’ obtained
is the optimal number of screening times S{ when the
variance ratio is smallest. Repeat step (1)-(6) to obtain
the final IMF and residual components Ry (¢) as shown
in (11).

k
X(t) = Z IMF; + Ri(t) an

i=1

IV. EXPERIMENT AND DISCUSSION

For verification and validation of the theory in this paper,
an experimental analysis was carried out on a buried gas
pipeline of a gas company and the experimental site is shown
in Fig. 2. The length of the buried pipe used in the experiment
was 3000 m with a pipe diameter of 200 mm and the pipe
was 1.2 m underground. Leakage ball valves were installed
at 500 m, 1300 m, 2000 m and 2700 m of the buried pipeline,
with pressures of 2.2 MPa and 0.8 MPa at the beginning
and end respectively. The leakage ball valves were avail-
able in 6 mm, 8 mm and 10 mm to simulate the leakage
under different conditions. The acoustic sensor adopted in
the experiments was a high sensitivity ICP 106B acoustic
sensor. The data collector was an 8-channel synchronous
data collector, which was controlled by a program written
in LabVIEW software and the sampling frequency was set
to 1000 Hz. The experimental schematic is shown in Fig. 3.
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FIGURE 2. Site photo of buried gas pipeline leakage experiment for
theory verification and validation.

Acoustic sensors Acoustic sensors

FIGURE 3. Schematic of buried gas pipeline leakage experiment for
theory verification and validation.

Amplitude/kPa

Time/s

FIGURE 4. Acoustic signal curve collected by the acoustic sensors from
buried gas pipeline leakage experiments.

A. ANALYSIS OF DENOISING PERFORMANCE

The acoustic signal collected by the acoustic sensor at the
first end of the pipeline was used as an example to denoise
the signal. The signal curve collected by the acoustic sensor
at the first end of the pipeline when the 6 mm ball valve
at 1300 m in the buried pipeline was opened is shown in
Fig. 4. As can be seen from Fig. 4, the acoustic signal curve
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FIGURE 5. Each IMF component and its spectrum decomposed by IESMD
decomposition algorithm.

collected by the acoustic sensor contains a large amount of
noise and other disturbing information without processing,
resulting in the fluctuating and disorganized signal curve
which prevent the leakage in the buried pipeline from being
accurately located. The IESMD decomposition algorithm
was used to decompose the acquired acoustic signal curve,
and the decomposed IMF components and their spectra were
obtained as shown in Fig. 5. It should be noted that the best
result was obtained when the value of d was taken as 2 after
a number of experimental tests, which revealed an interesting
future research topic to the determination of optimal value of
d by an efficient method.

The IESMD decomposition yielded 12 IMF components
and one residual component. The IMF components were
reconstructed to obtain the acoustic signal profile after
denoising. Under the same conditions, the EMD and ESMD
decomposition algorithms were used to denoise the acquired
signal profiles. A comparison of the EMD, ESMD and
IESMD profiles is shown in Fig. 6.

Although the performance of each denoising method can
be clearly distinguished from the signal curves in Fig. 6, there
are certain criteria for judging the performance of denoising.
To compare the denoising performance of different denoising
algorithms, this paper uses Root Mean Square Error (RMSE)
and Signal-to-Noise Ratio (SNR) to compare and evaluate the
performance of each denoising algorithm. In order to evaluate
the performance of the denoising methods proposed in this
paper, EMD, ESMD, ESMD-WSST [30] and MF-ESMD [31]
are introduced to compare with the denoising method in
this paper and to evaluate the performance of the proposed
method. The comparison results are shown in Table 1.

Table 1 shows that the RMSE values for the EMD,
ESMD, ESMD-WSST, and MF-ESMD methods are 0.0822,
0.0694, 0.0341, and 0.0305, and the SNR values are 21.760,
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FIGURE 6. Performance comparisons of acoustic signal profiles
generated by different denoising methods.

TABLE 1. Performance comparisons of different denoising methods.

EMD ESMD ESMD- MF- IESMD
WSST ESMD
RMSE 0.0822 0.0694 0.0341 0.0305 0.0263
SNR 21.760 24.022 25.409 24.929 25.791

24.022, 25.409, and 24.929, respectively, while the values of
RMSE and SNR of the denoising algorithm for IESMD are
0.0263 and 25.791, respectively. As shown in the compari-
son, the RMSE of IESMD is significantly lower than other
methods and the SNR is significantly higher than the values
of other methods. For a signal, a smaller value of MSE and
a larger value of SNR indicate a better quality of the signal.
Therefore, the proposed denoising algorithm is significantly
better than the other algorithms and could effectively filter
out noise and other disturbing information from the signal.

B. PERFORMANCE ANALYSIS OF THE ATTENUATION
CALCULATION MODEL

The 6 mm, 8 mm and 10 mm ball valves were operated
at 500 m, 1300 m, 2000 m and 2700 m of the buried gas
pipeline respectively to simulate leakage at different locations
in the pipeline with different leakage orifice sizes. The signals
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FIGURE 7. Leakage signal curve when 6 mm ball valve was opened at
500 m of pipeline.

collected by the first end acoustic sensors were then denoised
using the IESMD method (9 = 2). Fig. 7 to Fig. 9 show the
signal curves taken at 500 m of the pipeline under different
conditions of leakage. The blue curve in the figure is the
signal curve after denoising at the first station of the pipeline,
and the yellow curve is the signal curve after denoising at the
end station of the pipeline. As can be seen from these fig-
ures, the noise has been basically filtered out by the IESMD
algorithm denoising process so that the inflection point of the
signal can be determined very accurately from the smoothed
signal curve. At this point, the measured values of acoustic
wave amplitude at the first and last stations of the pipeline
could be derived from the figure, which is then substituted
into (4) to obtain the calculated value of the acoustic wave
amplitude at the first station of the pipeline. According to
Fig. 7 - Fig. 9, when 6mm, 8mm and 10mm leakage occurs
at 500 m, the measured acoustic wave amplitudes at the first
station of the pipeline are 0.473 kPa, 1.196 kPaand 3.113 kPa,
and at the last station, the measured acoustic wave amplitudes
are 0.365 kPa, 0.861 kPa and 1.726 kPa, respectively. The
measured acoustic amplitudes of the first and last station
under other operating conditions could also be obtained by
this method. The value of acoustic attenuation coefficient A
is set to 0.11 based on the field environment. As shown in
Table 2, the calculated value of the amplitude of the acoustic
wave at the first station is compared with the measured value
in the field to demonstrate the accuracy performance of the
established model in this paper. In Table 2, |Apg| and |Apy|
are the amplitudes of the acoustic signals measured at the last
and first station, which could be obtained by denoising the
acoustic signal collected at the site. The calculated value of
| Apy| is calculated according to (4).

Table 2 shows the calculated value of the acoustic wave
amplitude obtained from the acoustic wave amplitude calcu-
lation model established in this paper is almost equal to the
amplitude obtained from the actual measurement in the field
for various sizes and locations of the pipeline leakages with
negligible errors. The results demonstrate that the acoustic
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FIGURE 8. Leakage signal curve when 8 mm ball valve was opened at
500 m of pipeline.
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FIGURE 9. Leakage signal curve when 10 mm ball valve was opened at
500 m of pipeline.

TABLE 2. Comparison between measured and calculated values of
leakage sound wave attenuation.

Location Leak hole ‘ Apo‘ ‘ Apx‘ Calculated value
ofthe leak  diameter kPa /kPa of ‘Ap,\“ /kPa
500 m 6 mm 0.365 0.473 0.468

8 mm 0.861 1.196 1.199

10 mm 1.726 3.113 3.120
1300 m 6 mm 0.253 0.179 0.183

8 mm 1.231 1.068 1.074

10 mm 3.069 2.882 2.796
2000 m 6 mm 0.219 0.155 0.157

8 mm 1.081 0.964 0.959

10 mm 2.966 2.636 2.631
2700 m 6 mm 0.177 0.136 0.133

8 mm 1.011 0.838 0.843

10 mm 2.659 2218 2.211

wave amplitude calculation model established in this paper
can accurately calculate the amplitude of acoustic waves for
the buried pipeline leakages with arbitrary sizes and loca-
tions, indicating the application of this method to effectively
improve the detectability of buried pipeline leakages.
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V. CONCLUSION

This paper proposed a new method to detect leakages at
the buried gas pipelines in a timely and accurate manner.
The diffusion of acoustic waves by the soil, the scattering
of acoustic waves by particles in the soil and the absorption
of acoustic energy by the soil medium are first analyzed
to obtain the acoustic wave propagation characteristics of
the buried gas pipelines leakages. A calculation model for
acoustic wave propagation attenuation of buried pipelines is
then established. In addition, the present work optimizes the
ESMD denoising method to improve existing shortcomings
to further reduce the disturbances of the acoustic signal,
resulting in a relatively low noise level in the acoustic signal.
Finally, field experiments were carried out to illustrate the
performance of the model established in this paper with good
accuracy and denoising capability, demonstrating a potential
improvement of the leakage detection technology for buried
pipelines.
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