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Localization of Multiple Leak Sources Using
Acoustic Emission Sensors Based on MUSIC
Algorithm and Wavelet Packet Analysis

Yong Yan", Fellow, IEEE, Yang Shen, Xiwang Cui, and Yonghui Hu, Member, IEEE

Abstract— Multiple leak sources may occur in a large pressure
vessel that contains corrosive materials or has been in use for
a long period of time. Although, a variety of leak localization
methods have been proposed in previous studies, they are capable
of locating only a single leak source. Methods for simultaneous
localization of multiple leak sources are desirable in practical
applications. To address this issue, a novel method using acoustic
emission (AE) sensors in conjunction with MUItiple SIgnal
Classification (MUSIC) algorithm and wavelet packet analysis
is proposed and experimentally assessed. High-frequency AE
sensors are assembled into a linear array to acquire signals
from multiple leak sources. Characteristics of the leak signals
are analyzed in the frequency domain. Wavelet packet analysis
is deployed to extract useful information about the signals from
the frequency band of 50-400 kHz. The MUSIC algorithm is
applied to identify the directions of the leak sources through
a space spectrum function. Leak sources are located based
on the directions identified by the AE sensor array placed at
different locations. The performance of the proposed method
is evaluated through experimental tests on a stainless steel flat
plate of 100 cmx100 cmx0.4 cm. The results demonstrate that
the method is capable of locating two leak holes. In addition,
the localization accuracy depends on the leaking pressure.
It is demonstrated that the two leak holes are located within
two small areas, respectively, which are 25.12 em? for leak
hole 1 and 1.96 cm? for leak hole 2.

Index Terms— Acoustic emission, localization, multiple leak
sources, MUSIC, wavelet packet.

I. INTRODUCTION

ARGE Pressure vessels are widely used in a range of
industrial processes such as carbon capture and stor-
age (CCS) [1], natural gas transportation [2], [3] and fuel sup-
ply systems [4]. Most of the vessels used in industry are filled
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with fluid or gas materials that are of high temperature, high
pressure, inflammable, explosive or poisonous. Once leakage
occurs, the leaked substance can lead to severe accidents which
endanger human lives and the environment [5]. Leakage is a
potential hazard from almost all large vessels in industry.
Leak localization has been studied for decades. Several
methods have been proposed, including soap screening, neg-
ative pressure wave, optical fiber sensing and infrared imag-
ing [6]. Most of the previous studies were conducted under
the condition that there was only a single leak source in the
area of interest. However, multiple leak sources in a large
vessel are common, especially if the vessel contains corrosive
substance or has been in use for a long period of time. To date
there have been very limited studies of localization of multiple
leak sources. In the field of leak localization of water distribu-
tion network, Soldevila et al. [7], [8] presented a method using
pressure sensors and Bayesian classifiers. The leak sources
with a posterior probability above a specified threshold were
selected as candidates. Zan et al. [9] used joint time frequency
analysis of pressure fluctuations for the localization of multiple
leak sources. However, hundreds of sensors were required for a
large distribution network since leak sources were assumed to
appear only on the nodes of the network. This type of system
is of high capital cost and labour-intensive during system
installation and maintenance. Zhao and Yang [10] conducted
the diagnosis and localization of multiple leak sources in a
gas pressure vessel through infrared imaging. The advantage
of this technique is that interference of leak signals from
different leak sources can be avoided. However, this method
is adversely affected by the shape of the surface area. If the
surface area is irregular, the technique will underperform.
In the field of leak localization, acoustic emission (AE)
techniques have been successfully applied to locate a single
leak source. However, when multiple leak sources exist at the
same time, the localization problem becomes more complex
because the leak signals interfere with each other. Under
such cases conventional methods such as triangulation [11],
hyperbola [12], and beamforming [13] provide inaccurate or
even erroneous results. The interference of AE waves produces
a superimposed signal at the sensor location, which may
differ completely from the individual signal. Boya et al. [14]
combined AE sensing and blind signal separation techniques to
recover the signals from multiple sources. The localization was
realized through the measurement of time difference of arrival.
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However, waveform distortion due to dispersion is inevitable
in the propagation process of acoustic waves [15]. This is
particular true for high-frequency signals, which severely
affects the localization accuracy.

This study aims to develop a method for simultaneous
localization of multiple leak sources through a combination
of AE sensors, MUItiple SIgnal Classification (MUSIC) algo-
rithm and wavelet packet analysis. In comparison with other
methods, the AE method has advantages of high sensitivity,
non-invasiveness, high location accuracy and good adapt-
ability [16]. Unlike conventional methods such as triangula-
tion [11], hyperbola [12], and beamforming [13] based on the
time delay of the sensors, the localization method proposed
in this paper utilizes the orthogonality between the signal and
noise subspaces. Additionally, narrow-band signals are used
instead of the original signals to minimize signal distortion
in the conventional methods due to frequency dispersion.
AE signals are generated when a pressure vessel is leaking.
The air-structure coupling between the high-speed jet of a
gaseous or liquid medium and the vessel wall near leak sources
generates stress waves [17], which spread along the vessel
wall. In this paper, an AE sensor array is used to obtain
the leak signals from multiple leak sources. Since a small,
plane area on a large pressure vessel can be regarded as
a flat-surface structure, this study focuses on the detection
of the leak sources in a flat-surface structure. It should be
noted that only four AE sensors are required when there are
two leak sources in this study, which implies a significant
reduction of cost compared to other techniques for the same
application [10]. In consideration of the broadband nature of
the AE signals, wavelet packet analysis is used as a tool to
extract useful narrowband information from the signals. Then
a space spectrum function is defined based on the MUSIC
algorithm to identify the directions of the leak sources. Leak
sources are finally located by fusing the information from the
sensor array at three different locations.

II. METHODOLOGY

Localization of a continuous leak is challenging because
there is no noticeable starting feature and obvious sharp
rising edges of the signal in the time domain. It is generally
broadband in the frequency domain and cannot be directly
utilized by the MUSIC algorithm. For this reason an effective
tool for the extraction of a narrowband in the frequency
domain is required. In the MUSIC algorithm, the independence
of signals from background noise is used to construct a space
spectrum function, on the basis of which the directions of
multiple leak sources are identified. The positions of the leak
sources are calculated when several directions are obtained.
In summary, the localization process in this study includes
several key steps, as shown in Fig. 1. Firstly, signals are
analyzed in the frequency domain. Secondly, wavelet packet
analysis is conducted to obtain the characteristic frequency
bands. Thirdly, a space spectrum function is constructed based
on the MUSIC algorithm. Fourthly, directions of the leak
sources are obtained by searching the peaks of the space spec-
trum. Finally, localization of the leak sources is determined by
multiple directions.
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Fig. 1. Key steps in the localization method.
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Fig. 2. N-level wavelet packet decomposition.

A. Wavelet Packet Analysis

The MUSIC algorithm is a method to estimate directions of
narrowband signals. However, leak signal is broadband in the
frequency domain. In this case, wavelet packet analysis is an
effective tool. Coifman et al. [18] introduced wavelet packet
to extend the application of wavelet to signal processing.
In traditional wavelet analysis, only the lower-frequency band
is used for further decomposition. It has a low frequency
resolution in the high-frequency band and a low time reso-
lution in the low-frequency band. However, wavelet packet
partitions both the high and low-frequency bands into smaller
subspaces, which improves the resolution of the signal. For
this reason, wavelet packet analysis finds more extensive
applications [19], [20]. In view of its advantages, wavelet
packet is applied in this study to extract the characteristic
frequency bands from the AE signals. The target band can be
easily obtained when a decomposition level and an appropriate
wavelet packet node are set. Here, a n-level wavelet packet
decomposition is illustrated in Fig. 2, where S indicates
the original signal and A and D represent its low- and
high-frequency bands, respectively. A pair of conjugate mirror
filters are used to divide the frequency band. As a result,
the signal is decomposed into two equal halves: low-frequency
band (approximation coefficients) and high-frequency band
(detail coefficients). Both the low- and high-frequency bands
are used for further decomposition.
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Taking a 3-level wavelet packet decomposition as an exam-
ple, the decomposition principle is described as

S=AAA+ AAD + ADA

+ADD + DAA + DAD + DDA + DDD (1)

The decomposition is a balanced structure. Each subspace
of the structure is indexed by its level n and subspace p. Based
on a parent node (n, p), two new wavelet packet coefficients
are determined as follows:

xh (k) = > h(l = 2k)xf (1) @)
[

2p+1
e =D g =261 (1) 3)
1
where x stands for the wavelet packet coefficients, 4 and g are
low- and high-pass filters, respectively, which are also a pair
of conjugate mirror filters, and k and [ are the index numbers
of the signals in the time domain.

B. MUSIC Algorithm

When multiple leak sources exist at the same time, a method
which can overcome mutual interference between each other
is required in the localization process. The MUSIC algorithm
was introduced by Schmidt [21] on an antenna array and can
be used as a tool for direction identification. It has been widely
used in communication and biomedical engineering and has
achieved some successes in recent years [22], [23]. There have
also been recent studies of this method for the localization of
sound sources [24], [25]. However, limited research work has
been undertaken for leak localization.

The direction identification of multiple leak sources with a
linear sensor array is illustrated in Fig. 3. The AE sensors,
numbered from 1 to M, are linearly arranged. Leak sources
are in different directions from the sensor array.

When multiple leak sources exist, there is a time delay of
each sensor due to wave-path difference. Different leak sources

IEEE SENSORS JOURNAL, VOL. 18, NO. 23, DECEMBER 1, 2018

are in different directions of the array, which leads to different
time delays. The output of sensor i (0 < i < M+ 1) is
obtained by

K
xi(6) = s (e PHH 4 ni ()

k=1

“)

where s¢; and n; () represent the signal from leak source k
received by the reference sensor and the noise of sensor i
f and 7y; represent the frequency of the signal and the time
delay. Then the output of the sensor array can be expressed as

X (1) = A@)S(t) + N(1) )

where A(f) and S(7) are the time delay matrix formed by K
column vectors and the signals matrix of K reference sensors,
respectively, and N(¢) the noise matrix. On the basis of the
orthogonality of the time-delay matrix a(#) based on direction
scanning and the matrix Vy formed by (M — K) eigenvectors
of covariance matrix of the array signal X (¢) [26], the space
spectrum function is defined as

1 1

PO = alOVyVIa©) ~ [VEa®)]

(6)

The denominator of (6) is zero when a(f) and Vy are
orthotropic. However, it is a small value in practice because of
the noise. As a result, P(0) has one peak or more. The direc-
tions corresponding to the peaks are the directions of the leak
sources. In order to be more intuitive, the base-10 logarithm
of P(#) is used in the description of the experimental results
(Section III. C).

C. Localization

Directions of the leak sources are identified from the outputs
of the AE sensor array using the MUSIC algorithm. If there
is only one leak source, the sensor array should be used at
least twice. However, when two leak sources or more exist,
the sensor array should be used at least three times. In order to
determine the locations of two leak sources or more, the sensor
array should be placed at least at three different locations in
sequential order to obtain the corresponding directions. The
intersections of the identified directions are the locations of
the leak sources. Fig. 4 (a) shows the fact that, when the
sensor array is used only twice, localization cannot be realized.
In this case, two directions are obtained through the sensor
array at each location. Then two “fake points” and two “leak
points” are obtained based on four directions. To identify
the two fake points, the sensor array must be placed at an
additional location for leak detection, as shown in Fig. 4 (b).
When the three directions based on three different array
locations intersect at one point, a leak source is then located.
Based on this principle, localization of two or more sources is
realized.

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Experimental Set-Up

To evaluate the effectiveness of the proposed method for the
localization of multiple leak sources, a series of experiments
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The experimental set-up is shown in Fig. 5. Two circular

holes with diameters of 1 mm and 2 mm were drilled on the
plate at locations of (50 cm, 50 cm) and (25 cm, 75 cm),

were carried out on a 304 stainless steel plate with dimensions
of 100 cm x 100 cm x 0.4 cm. This type of structure is
generally seen in large pressurized vessels.
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respectively, with the origin defined at the bottom-left corner
of the plate, as shown in Fig. 6. Two bottles of CO, gas
were used at a constant pressure of 0.2 bar to create two
continuous leak sources. The gas pressure was controlled by
pressure-reducing valves.

As described above, the AE sensor array was placed at three
different locations, labelled as locations 1#, 2#, and 3# on the
plate, at the coordinates of (10 cm, 10 cm), (90 cm, 10 cm),
and (90 cm, 90 cm), respectively, as shown in Fig. 6. Polar
coordinates are defined for the array at each location, with the
polar at the geometric center of the array. Direction from 0° to
90° was scanned at each location. The sensor array has four
sensing elements with an equal spacing of 2 cm between a
pair of adjacent elements. The sensors were attached to the
plate using vacuum grease couplant.

The background noise such as machine vibration is usually
below 100 kHz. In addition, leak acoustic signals distrib-
ute mainly under 400 kHz [27]. In this study, AE sensors
(model type RS-2A, Softland Co. Ltd) with a bandwidth
of 50 - 400 kHz are used. The sensing element of the
AE sensor (Fig. 7) is a piezoelectric film, which transforms

IEEE SENSORS JOURNAL, VOL. 18, NO. 23, DECEMBER 1, 2018

TABLE I
TECHNICAL SPECIFICATIONS OF THE AE SENSORS

Property Value
Diameter 18.8 mm
Height 15.5 mm
Bandwidth 50 kHz - 400 kHz
Operating temperature -20°C-200 °C

Amplitude (dB)

30 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350

Frequency (kHz)

400

Fig. 8. Frequency response of the RS-2A sensor.

displacement due to incoming acoustic waves to electric
charge. The charge signal is then transformed into a voltage
signal using a preamplifier. The technical specifications of the
AE sensors are summarized in TABLE I whilst the typical
frequency response characteristics are plotted in Fig. 8. There
is no cross-talk among the sensors, because they are configured
to work in a passive mode and do not disturb the propagation
of the AE waves. The amplifiers used have a bandwidth
of 10 kHz - 1 MHz and a gain of 40 dB. A holographic AE
signal recorder (model type DA-8A, Softland Co. Ltd) was
used to acquire the AE data at a sampling rate of 3 MHz.

B. Characteristics of the AE leak signals

Due to the fact that the sensors are close to each other
(2 cm), the signals received from the sensors appear to be
similar. Taking the signal from sensor 1 (for the sensor array,
the sensors are numbered from small to large in the positive
direction of the X or Y coordinate) at 1# as an example,
the waveform of the signal and its corresponding power
spectral density (PSD) are plotted in Fig. 9.

In the time domain, the signal is continuous and fluctuates
between —40 mV and 40 mV. In the frequency domain,
the signal contains frequencies with two main regions, with
one in the high frequency band (156 kHz - 187 kHz) and
the other in the low frequency band (63 kHz - 121 kHz).
The frequency band of 156 kHz - 187 kHz is chosen as
the characteristic frequency band because its amplitude is
relatively high and this band is less adversely affected by
ambient noise compared to the low-frequency band. It should
be noted that the AE detection technique favors relatively high
frequency for stainless-pressure vessels in practical applica-
tions in consideration of the factors of attenuation and signal-
to-noise ratio [28]. In addition, the energy distribution of this
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region is more centralized around 170 kHz compared to the
lower one.

Wavelet packet analysis is adopted to decompose the orig-
inal signals and extract the characteristic frequency bands.
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It is crucial to select an appropriate decomposition level so
that the complete peak information is acquired. In addition, the
decomposition level has to be a trade-off between the narrow
band and the signal strength. In this study, the decomposition
level is set to 4 according to the PSD and the sampling rate.
The wavelet packet coefficient and the PSD corresponding to
several wavelet packet nodes are shown in Fig. 10.

C. Leak Localization Results and Discussion

The frequency band of 156 kHz - 187 kHz is chosen as the
characteristic frequency band for purpose of leak localization.
Similarly, this process is applied to all signals received from
the AE sensors. The outputs of wavelet packet analysis are the
inputs of the MUSIC algorithm. Directional identification of
the sensor array at different locations is illustrated in Fig. 11.

For the sensor array at each location, the corresponding real
directions of the leak holes are calculated from the simple
geometrical relationship in the set-up. For the array at 1#,
the identified directions of leak holes 1 and 2 are 45.1° and
77.8°, respectively, with the corresponding real directions of
45.0° and 77.0°, as shown in Fig. 11 (a). For the array
at 2#, the identified directions of leak holes 1 and 2 are
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both 45.4°, respectively, with the corresponding actual direc-
tions of both 45.0°, as shown in Fig. 11 (b). For the array at
3#, the identified directions of leak holes 1 and 2 are 42.2°
and 13.9°, respectively, with the corresponding true directions
of 45.0° and 13.0°, as shown in Fig. 11 (c). In order to assess
the repeatability of the proposed method, experiments at each
location were repeated for 10 times. The results are showed
in Fig. 12. The standard deviation of the results for the three
locations are: 0.1° for leak 1 and 1.7° for leak 2 at location
1#; 0.4° for leaks 1 and 2 at location 2#; 2.3° for leak 1 and
1.9° for leak 2 at location 3#.

It can be seen that the identified directions fluctuate around
the real directions of the leak holes. This result indicates
the effectiveness of the proposed method. Generally, if the
identified directions are accurate, the final localization will be
reliable. However, there is an extreme case that the sensor
array and a leak hole happen to be in the same line. This case
is taken into consideration in this study, as shown in Fig. 6. The
final identified directions of leak holes 1 and 2 are calculated
by averaging the repeated experimental results. Based on the
directions identified by the sensor array at three different
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Fig. 14. AE signals corresponding to different leak pressures.

locations, the final localization result is plotted in Fig. 13.
In comparison with the actual locations of the leak holes, the
error in the localization is due to the ambient noise. It should
be noted that the localization result of Leak hole 1 is large
and narrow compared with that of leak hole 2. As mentioned
before, that is because location 1#, location 3#, and the leak
hole 1 are in the same line. In such a special case, a slight
error in the identified direction leads to a significant error in
the final localization result. Changing the location of the sensor
array will effectively solve this problem.

In order to demonstrate the accuracy of the method proposed
in this paper at different pressures, the pressure in the experi-
ments was increased from O bar to 0.2 bar with an increment
of 0.05 bar. The AE signals were recorded in each step.
Taking the signal from sensor 1 as an example, waveforms
of the signals are plotted in Fig. 14. It is evident that the
magnitudes of the recorded signals increase with the pressure.
Similarly, the experiments at each location were repeated for
10 times and the final localization results are plotted in Fig. 15.



YAN et al.: LOCALIZATION OF MULTIPLE LEAK SOURCES USING ACOUSTIC EMISSION SENSORS

100
I 1 ocalization result
80 r
(e}
~ 60
= 40t 4
20
0
0 20 40 60 80 100
X (cm)
(a)
100
I 1 ocalization result
80
I
~ 60
=)
N2
> 40
20
0
0 20 40 60 80 100
X (cm)
(©)
Fig. 15.

When the leak pressure is 0.05 bar, the method provides
erroneous or inaccurate results. When the pressure is greater
than or equal to 0.1 bar, the method is capable of locating
the positions of the two leak holes. The experimental results
indicate that the localization accuracy depends on the leak
pressure. Especially, when the leak pressure is as high as
0.2 bar, the leak holes can be located within two small areas
of 25.12 cm? for leak 1 and 1.96 cm® for leak 2. Due
to the limitations of the current experimental set-up, it was
impossible to vary the distance between the two leak holes.
However, through computer simulation with the leak pressure
at 0.2 bar, it is found that, when the spacing between the
two leak holes is less than 1.2 cm, the localization method is
unable to distinguish them, i.e. the two leak sources would
be regarded as a single one in terms of leak localization.
This indicates, to some extent, the resolution of the proposed
method for localizing multiple leaks.

The experimental conditions such as the size of the stainless
steel plate and the number of the leak holes are fixed in
this study. However, concurrent localization of three leak
sources or more is realizable in principle. Because the method
proposed is based on the orthogonality between the signal and
noise subspaces, it is possible to locate any number of leak
sources, as long as the number of sensors in the array is greater
than that of leak sources. Additionally, the method can also be
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applied to storage units with curved geometries. In this case,
the directions of the leak sources can be determined in the
same way.

IV. CONCLUSIONS

In this paper, experimental investigations have been carried
out with a combination of a linear AE sensor array, MUSIC
algorithm and wavelet packet analysis for the localization of
multiple leak sources on large pressure vessels. Experimental
work was undertaken on a laboratory—scale test rig with the
dimensions of 100 cm x 100 cm x0.4 cm. The analysis of the
acoustic leak signals in the frequency domain has indicated
that the signals are within two main frequency bands: the
lower frequency band from 63 kHz to 121 kHz and the higher
frequency band from 156 kHz to 187 kHz. Wavelet packet
analysis has been used to obtain the characteristic frequency
band of 156 kHz to 187 kHz. Directions of the two leak holes
are identified using the MUSIC algorithm. Positions of the two
leak holes at the leaking pressure of 0.2 bar are finally obtained
within two areas of 25.12 ¢cm? for leak 1 and 1.96 cm? for
leak 2. It is observed that the localization accuracy increases
with the leak pressure. In summary, acoustic emission (AE)
sensors in conjunction with the MUSIC algorithm and wavelet
packet analysis have a good potential to locate multiple leak
sources.



9820

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

REFERENCES

E. Diitschke, K. Wohlfarth, S. Holler, P. Viebahn, D. Schumann, and
K. Pietzner, “Differences in the public perception of CCS in Germany
depending on CO; source, transport option and storage location,” Int.
J. Greenhouse Gas Control, vol. 53, pp. 149-159, Oct. 2016.

J. L. Osorio-Tejada, E. Llera-Sastresa, and S. Scarpellini, “Liquefied
natural gas: Could it be a reliable option for road freight transport in
the EU?” Renew. Sustain. Energy Rev., vol. 71, pp. 785-795, May 2017.
M. T. Humayun et al., “Ubiquitous low-cost functionalized multi-walled
carbon nanotube sensors for distributed methane leak detection,” IEEE
Sensors J., vol. 16, no. 24, pp. 8692-8699, Dec. 2016.

W. C. Leighty, “Alaska’s renewables-source ammonia fuel energy stor-
age pilot plant: Toward community energy independence,” in Proc. IEEE
PES Gen. Meeting, Vancouver, BC, Canada, Jul. 2013, pp. 1-5.

R. Kanes, A. Basha, L. N. Véchot, and M. Castier, “Simulation of
venting and leaks from pressure vessels,” J. Loss Prevention Process
Ind., vol. 40, pp. 563-577, Mar. 2016.

P. S. Murvay and I. Silea, “A survey on gas leak detection and
localization techniques,” J. Loss Prevention Process Ind., vol. 25, no. 6,
pp. 966-973, 2012.

A. Soldevila, R. M. Fernandez-Canti, J. Blesa, S. Tornil-Sin, and
V. Puig, “Leak localization in water distribution networks using Bayesian
classifiers,” J. Process Contr., vol. 55, pp. 1-9, Jul. 2017.

A. Soldevila, J. Blesa, S. Tornil-Sin, E. Duviella, R. M. Fernandez-Canti,
and V. Puig, “Leak localization in water distribution networks using a
mixed model-based/data-driven approach,” Control Eng. Pract., vol. 55,
pp. 162-173, Oct. 2016.

T. T. T. Zan, H. B. Lim, K.-J. Wong, A. J. Whittle, and B.-S. Lee,
“Event detection and localization in urban water distribution network,”
IEEE Sensors J., vol. 14, no. 12, pp. 41344142, Dec. 2014.

L. Zhao and H. Yang, “Small-target leak detection for a closed vessel via
infrared image sequences,” Infrared Phys. Techn., vol. 81, pp. 109-116,
Mar. 2016.

A. Tobias, “Acoustic-emission source location in two dimensions by an
array of three sensors,” Non-Destructive Test., vol. 9, no. 1, pp. 9-12,
Feb. 1976.

X. Cui, Y. Yan, M. Guo, X. Han, and Y. Hu, “Localization of CO;
leakage from a circular hole on a flat-surface structure using a circular
acoustic emission sensor array,” Sensors, vol. 16, no. 11, p. 1951,
Nov. 2016.

Y. Yan, X. Cui, M. Guo, and X. Han, “Localization of a continuous
CO; leak from an isotropic flat-surface structure using acoustic emission
detection and near-field beamforming techniques,” Meas. Sci. Technol.,
vol. 27, no. 11, p. 115105, Oct. 2016.

C. Boya, M. Ruiz-Llata, J. Posada, and J. A. Garcia-Souto, “Identi-
fication of multiple partial discharge sources using acoustic emission
technique and blind source separation,” IEEE Trans. Dielectrics Elect.
Insul., vol. 22, no. 3, pp. 1663-1673, Jun. 2015.

C.-W. Liu, Y.-X. Li, Y.-K. Yan, J.-T. Fu, and Y.-Q. Zhang, “A new
leak location method based on leakage acoustic waves for oil and
gas pipelines,” J. Loss Prevention Process Ind., vol. 35, pp. 236-246,
May 2015.

A. Mostafapour and S. Davoudi, “Analysis of leakage in high pressure
pipe using acoustic emission method,” Appl. Acoust., vol. 74, no. 3,
pp. 335-342, Mar. 2013.

J. Sun, Q. Xiao, J. Wen, and Y. Zhang, “Natural gas leak location
with K-L divergence-based adaptive selection of ensemble local mean
decomposition components and high-order ambiguity function,” J. Sound
Vib., vol. 347, pp. 232-245, Jul. 2015.

R. R. Coifman, Y. Meyer, and V. Wickerhauser, “Wavelet analysis and
signal processing,” Wavelets Appl., vol. 9, no. 3, pp. 153-178, 1992.
E. G. Plaza and P. J. N. Lopez, “Analysis of cutting force signals
by wavelet packet transform for surface roughness monitoring in CNC
turning,” Mech. Syst. Signal Process., vol. 98, pp. 634-651, Jan. 2018.
D. Lei, L. Yang, W. Xu, P. Zhang, and Z. Huang, “Experimental study
on alarming of concrete micro-crack initiation based on wavelet packet
analysis,” Construct. Building Mater., vol. 149, pp. 716-723, Sep. 2017.
R. Schmidt, “Multiple emitter location and signal parameter estimation,”
IEEE Trans. Antennas Propag., vol. AP-343, no. 3, pp. 276-280,
Mar. 1986.

H. Hayashi and T. Ohtsuki, “DOA estimation in MIMO radar using
temporal spatial virtual array with MUSIC algorithm,” in Proc. ICSPCS,
Cairns, QLD, Australia, Dec. 2015, pp. 1-6.

A. Dell’ Aversano, A. Natale, A. Buonanno, and R. Solimene, “Through
the wall breathing detection by means of a Doppler radar and music algo-
rithm,” IEEE Sensors Lett., vol. 1, no. 3, May 2017, Art. no. 3500904.

[24]

[25]

[26]

[27]

[28]

IEEE SENSORS JOURNAL, VOL. 18, NO. 23, DECEMBER 1, 2018

C. Rascon and I. Meza, “Localization of sound sources in robotics:
A review,” Robot. Auton. Syst., vol. 96, pp. 184-210, Oct. 2017.

S. Argentieri, P. Dangs, and P. Soueres, “A survey on sound source
localization in robotics: From binaural to array processing methods,”
Comput. Speech Lang., vol. 34, no. 1, pp. 87-112, Nov. 2015.

Z. Ye and C. Liu, “On the resiliency of MUSIC direction finding against
antenna sensor coupling,” IEEE Trans. Antennas Propag., vol. 56, no. 2,
pp- 371-380, Feb. 2008.

X. Bian, Y. Zhang, Y. Li, X. Gong, and S. Jin, “A new method of
using sensor arrays for gas leakage location based on correlation of the
time-space domain of continuous ultrasound,” Sensors, vol. 15, no. 4,
pp. 8266-8283, Apr. 2015.

G. Shen, “Instrument system of acoustic emission measurement,” in
Acoustic Emission Technology and Application, 1st ed. Beijing, China:
Science Press, 2015, pp. 27-30.

Yong Yan (M’04-SM’04-F’11) received the B.Eng.
and M.Sc. degrees in instrumentation and con-
trol engineering from Tsinghua University, Beijing,
China, in 1985 and 1988, respectively, and the Ph.D.
degree in flow measurement and instrumentation
from the University of Teesside, Middlesbrough,
U.K., in 1992.

He was an Assistant Lecturer with Tsinghua Uni-
versity in 1988. He joined the University of Teesside
in 1989, as a Research Assistant. After a short period
of post-doctoral research, he was a Lecturer with the

University of Teesside from 1993 to 1996, and then as a Senior Lecturer,
a Reader, and a Professor with the University of Greenwich, Chatham, U.K.,
from 1996 to 2004. He is currently a Professor of Electronic Instrumentation
and the Director of Research with the School of Engineering and Digital Arts,
University of Kent, Canterbury, U.K. He is also a Visiting Professor with
North China Electric Power University, Beijing, China. His main research
interests include multiphase flow metering, combustion process monitoring,
and intelligent instrumentation.

Yang Shen received the B.Eng. degree in mea-
surement and control technology and instrumenta-
tion from North China Electric Power University,
Beijing, China, in 2016.

He is currently pursuing the M.Sc. degree in
measurement technology and instrumentation with
North China Electric Power University. His current
research interests include leak detection, acoustic
sensing, and digital signal processing.

Xiwang Cui received the B.Eng. degree in automa-
tion from the University of Jinan, Shandong, China,
in 2010, and the Ph.D. degree in control theory
and control engineering from North China Electric
Power University, Beijing, China, in 2017.

He is currently a Post-Doctoral Research Fellow
with the Key Laboratory of Noise and Vibration
Research, Institute of Acoustics, Chinese Academy
of Sciences, Beijing. His current research interests
include acoustic sensing, leak detection, and digital
signal processing.

Yonghui Hu (M’11) received the B.Eng. degree in
automation from the Beijing Institute of Technology,
Beijing, China, in 2004, and the Ph.D. degree in
dynamics and control from Peking University, Bei-
jing, in 20009.

He was a Post-Doctoral Research Fellow with
Beihang University, Beijing, from 2010 to 2012.
He is currently an Associate Professor with the
School of Control and Computer Engineering, North
China Electric Power University, Beijing. His current
research interests include measurement of multi-

phase flow and condition monitoring of mechanical systems.



