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Abstract

Due to the presence of numerous branches in the pressurized water pipeline network (PWPN), leak-caused negative
pressure wave (NPW) has non-unique propagation path, so leak detection and positioning for PWPN is highly challen-
ging. This paper proposes a leak monitoring and positioning method for PWPN based on the time delay matching of
NPW propagation. Via introducing the NPW velocity equation, the PWPN is divided into short segments with equal
NPW propagation duration, and then the shortest NPW propagation path from each discrete point, namely hypothetical
leak point, to each deployed pressure transmitter, is efficiently numerically searched and then used to calculate the
NPWV arrival time and establish a contrastive time delay library (CTDL) in advance. A set of signal processing algorithm
are developed to capture the NPW arrival time and compare these measured values with the pre-established CTDL to
accurately position leak point in the PWPN. The effectiveness of this method is verified via leak localization experiments
on a field PWPN with an area of 12 X 12 km and 1478 branches. The proposed method can achieve leak positioning
with errors less than 100 m throughout the entire pipeline network when only six pressure transmitters are effective.
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Introduction time, so that remedial measures can be taken in a
timely manner to minimize the losses.

At present, the most widely used method for leak
monitoring of a single pressurized pipeline is the nega-
tive pressure wave (NPW) method.! When a leak
occurs at a certain location in the pipeline, the fluid at
the leak point is released due to the pressure difference
between the inside and outside, causing a sudden muta-
tion in the pressure value at that point and generating
NPWs that can travel for tens of kilometers.> By arran-
ging pressure sensors at both ends of the pipeline, the
moment of pressure mutation can be detected, which is
called the NPW arrival time. By calculating the time
difference between signal mutations at both ends, the

Fluid pressure pipeline networks such as water supply
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ing huge economic losses and resource waste, but also
threatening people’s life safety. For example, when a
leak occurs in the urban water supply network, the
total amount of water supply will increase, and the
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occurrence of a leak event and the location of the leak
point can be determined. NPW-based leak detection
and positioning method has developed to a very mature
stage and has been widely applied. For the leak detec-
tion of a single pipeline, Cui et al.® proposed a pipeline
leak detection method based on sequential testing;
Kalman filter is used to preprocess the original pressure
signal of the pipeline to improve the positioning accu-
racy, and the time difference method in NPW position-
ing is used to locate the leak point. In terms of signal
processing, Jiang et al.* proposed a noise reduction algo-
rithm based on variable modulus decomposition (VMD)
and Hilbert transform, and used filtering technology
and cross correlation coefficient to achieve NPW signal
denoising. Han and Zhang’ used the fast Independent
Component Analysis algorithm to separate and decou-
ple the denoised NPW signal into a source signal close
to the original signal, and then perform leak localization.
Due to the single propagation path of NPWs on a single
pipeline, the deployment of pressure transmitters is con-
venient, and the NPW method has good leak detection
and positioning effects.

However, on water and heating supply pipelines
with a network structure, there is more than one pro-
pagation path for NPWs caused by leak. For small
pipeline networks, pressure transmitters can be densely
deployed to ensure that the pressure signals of each
branch can be collected as much as possible. However,
due to the non-unique propagation path of NPWs in
the pipeline network, the traditional NPW leak detec-
tion method for a single long-distance pipeline is not
applicable to the pipeline network. In order to over-
come this difficulty, many scholars have conducted
various explorations for small pipeline networks. Lin
et al.% deployed pressure transmitters at various nodes
of the small-scale experimental pipeline network, ana-
lyzed the arrival sequence of leak signals at each node,
determined the leaking pipeline section, and located
the leak point. Ozevin and Harding’ used the principle
of acoustic emission to measure the time difference
between the leak sound signals received by sensors at
different positions in the pipeline network, and com-
bined with the theory of cross-correlation function to
determine the location of the leak point in a small and
simple pipeline network. Guo et al.® proposed a
hydraulic transient detection method, which calculates
the location of the leak point by exciting a transient
water hammer wave at the end of a branch in a small
pipeline network and measures the time of the break-
point in the water hammer wave waveform.

The water and heating supply network is very large
and has an enormous number of branches, resulting in
a huge number of propagation paths for NPWs. It is
extremely difficult to locate leaks solely based on time
delay difference. The method used for leak detection

and localization of small and simple pipeline networks
has failed in large water transmission pipeline net-
works. Many scientists have tried artificial intelligence
technology to conduct research on pipeline network
leak detection and localization. Ma et al.” used the
existing pressure, flow, and other information in the
pipeline network as conditions for fuzzy decision-
making to determine the leak status of the pipeline net-
work. Jung and Lansey'® proposed a pipeline leak
detection method based on a Kalman filter, which sam-
ples and filters the flow value of the pipeline network
throughout a day, and calculates the deviation between
the measured and estimated flow values to achieve
diagnosis of pipeline leak. Hu et al.'! proposed a dis-
tributed detection method for pipeline anomalies based
on element matrix triggering, which diagnoses the oper-
ating status of the pipeline network based on informa-
tion such as valve opening and pipeline pressure. Sato
and Mita'? proposed a leak detection method using
Support Vector Machine based on principal compo-
nent analysis of the power spectrum of the leak signal,
which can correctly identify the sound of pipeline leak.
Jiao et al.'® conducted time-frequency analysis on leak
signals and proposed a BP neural network-based
method for identifying pipeline leak acoustic signals.
Priyanka and Thangavel'* used digital twin technology
to establish a leak feature extraction classifier based on
ensemble local mean decomposition using pipeline net-
work pressure data samples. Amini et al.'> established
an adaptive filter based on the principles of naive
Bayesian classification and cumulative distribution
function to identify leaks in oil and gas pipeline net-
works. Wachla et al.'® divided the pipeline network
into several regions and established a separate neural
fuzzy classifier in each region to determine whether
there was leak in the pipeline network in that region
and adjacent areas. Costanzo et al.!” divided the pipe-
line network into different regions based on the friction
coefficient, and used Bayesian classification method to
determine the leak zone based on the amplitude of
changes in the friction coefficient of each region. It can
be seen that the above methods can determine whether
there is a leak in the pipeline network, but cannot
achieve precise positioning of leaks; only a few of them
can roughly determine the region of the leak point.

The structure of the pressurized water and heating
supply pipeline network is very complex. Taking the
urban heating pipeline network as an example, in order
to meet the heating needs of multiple users, the pipeline
must include a lot of branches. In densely populated
areas, the pipeline branches will also increase accord-
ingly. In this case, if the traditional NPW detection
method is still to be used for pipeline leak detection,
pressure transmitters need to be deployed at both ends
of each branch, which is extremely expensive and not
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Figure 1. Block diagram of leak monitoring and positioning
system for pipeline network with multiple negative pressure
wave propagation paths.

feasible. However, when pressure transmitters are spar-
sely deployed, the multipath effect makes leak posi-
tioning extremely difficult.

Therefore, this paper proposes a leak detection and
positioning method for water and heating supply pipe-
line networks based on shortest path planning and
NPW propagation delay matching. First, the pipeline
network is discretized with numerous nodes and short-
est NPW path going through these nodes is searched.
Then, based on the NPW velocity equation, the propa-
gation duration of the NPW from each hypothetical
leak point in the network to each pressure transmitter
is calculated to build in advance a contrastive time
delay library (CTDL). Pressure transmitters are spar-
sely deployed at several locations in the network to
monitor the pressure in real time. Finally, when a real
leak occurs in the pipeline network, the time delay
array measured by each pressure transmitters is com-
pared with the CTDL to determine the location of the
leak point. This is an accurate rather than fuzzy
method for positioning pipeline network leak points.

Leak positioning principle

As shown in Figure 1, the principle of this method
mainly includes five parts: pipe network subdivision,
shortest path search, establishment of CTDL, NPW
identification and arrival time extraction, and time
delay matching. First, the pipe network is subdivided
into several discrete points according to the linear
interpolation equation. Second, the Breadth-First
Search (BFS) algorithm is used to calculate the shortest
path along which NPWs propagate from each

potential leak point to each pressure transmitter.
Third, based on the NPW velocity equation, the NPW
propagation duration on each shortest path is calcu-
lated to form a CTDL. The moment when the pressure
waveform at the monitoring point begins to decrease is
regarded as the NPW arrival moment. The arrival
moment can be extracted from the recorded NPW
waveforms. NPW propagation duration is defined as
the value obtained by subtracting the leak occurrence
absolute moment from this arrival moment. The leak
occurrence absolute moment does exist but cannot be
directly obtained. The above three steps can be exe-
cuted in advance at the supercomputing center.

Fourth, NPWs are measured by each pressure trans-
mitter and then sent to the pressure monitoring and
data processing center; the algorithm of identifying
NPWs and extracting the arrival time is executed in real
time to monitor a real leak occurring at a certain point
in the real pipeline network. Fifth, the delay array of
the real NPW arrival time is compared with the CTDL
from each hypothetical discrete leak point to the pres-
sure transmitter location to determine the location of
the leak point. These last two steps are carried out in
real-time on the main computer of the pressure moni-
toring and data processing center.

The blue grid lines in Figure 1 represent the PWPN
with pressure transmitters deployed at several known
locations in the network. When a leak occurs at a cer-
tain location in the pipeline, NPWs propagate along
different paths in the pipeline network. The red dotted
line indicates the possible path of NPW propagation to
the pressure transmitter. The pipe network is discre-
tized in advance, and each discrete point is a potential
hypothetical leak point. The supercomputing center
calculates the shortest path from each discrete point
(hypothetical leak point) to each pressure transmitter
in advance, then obtains the shortest time of NPW
propagation, and establishes the CTDL. When the sys-
tem is working, the RTU (Remote Terminal Unit)'® is
used to connect to the pressure transmitter to monitor
and collect pressure signals. The collected pressure sig-
nal is transmitted in real-time by the RTU to the main
computer of the central station. The main computer
detects the pressure waveform in real-time, identifies
and extracts the arrival time of the NPW. Finally, the
arrival time of NPWs measured by each pressure trans-
mitter is compared with the CTDL to determine the
location of the leak point.

Algorithm design

Pipe network discretization

The longitude and latitude coordinates of the two ends
of a branch pipeline in the pipeline network are
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(x0, ¥o), (x1, ¥1), and the inner diameter of the pipe
branch between these two points is a constant value.
Assuming the diameter of a certain section of pipeline
is D and the pipe branch is divided into many discrete
points with an interval of Adp. The coordinates of the
discrete point ¢ (x,, y,) can be expressed as:

xq:yq N )C()+yq 7y0x1
Yo — N Yi—JXo
Adp (1)

= +———
Yq=X0 q)\m

. X1 — X0
Wherein, k=

and yo < y;; A is the arc length
Y1 —=Xo

along the longitude line on the Earth’s surface when

the latitude varies by one radian.

The propagation speed of NPW propagation is
related to many parameters of the pipe, as shown in
Equation (2). K is the elastic coefficient of the liquid,
with the unit of Pa; p is the liquid density, with the unit
of kg/m?; & is the wall thickness of the pipeline, with
the unit of m; D is the inner diameter of each branch
pipe section, with the unit of m; E is the elastic modu-
lus of the pipe, with the unit of Pa; C; is the constraint
coefficient of the pipeline. For water and heating sup-
ply steel pipelines, K = 2.1 X 10° Pa, p = 1.0 X 10°
kg/m®, E =20 X 10" Pa, C; = 0.81. 6 and D of
each pipe branch are provided by the water and
heating supply pipeline company.

| K/p
a=,|—— (2)
1+ %Cl

The pipe diameter is denoted as D, and the minimum
diameter in the pipe network is denoted as D,. The
pipe branch is divided into many subsections by many
discrete points. For a pipe branch with a diameter of
D, each subsection length is denoted as Adp; while for
a pipe branch with a diameter of Dy, each subsection
length is denoted as Adjy. In order to be able to search
the path corresponding to the shortest time delay via
comparing the path point, it is necessary to modify
Adp of the pipe branches with different pipe diameters
according to the speed equation of NPW, so that the
propagation duration of NPWs between any adjacent
two points in the pipeline network is equal. Suppose
that the NPW speed in a pipe with a diameter of D is
ap and the NPW speed in a pipe with a diameter of D
1S ag, then

Adp  Ady
ap  ag

(3)

According to Equation (2), there is

KC, Dy + ES
Adp=Ady - |~ 2 4
b=240 KC,D +ES )

Finally, the pipeline network is discretized into » discrete
points, whose numbers form the set U = {ili € N*, i <
n}. The pipeline network is equipped with p pressure
transmitters, whose node numbers form a set
V = {vje N¥ j<p}, and V & U. The time delay
standard library is T = {#;li,j € N*,i < n,j < p}, t;;is
the time for the NPW to propagate from the discrete
point i to the pressure transmitter at v; when a leak
occurs at the discrete point .

Shortest path search

The BFS algorithm'® is used to calculate the shortest
path from each discrete point (potential leak point) in
the pipe network to each pressure transmitter, and then
the shortest time of NPW propagation can be obtained,
and the CTDL is established. The specific process is
divided into three parts.

Initialize discrete point information of  pipe
network. Adjacency matrix C, x , = {cqg |, B € U} is
established according to the connection relationship of
the n discrete points obtained from discretization of

pipe network, and,
point « and point 8 are disconnected or o =f3

.y
()

Define a set of discrete point coordinates P = {(x,,
y)|i € N*, i < n}, where (x;, y;) represents the longitude
and latitude coordinates of the discrete point i. Define
the set of discrete point access flags F, F = {fjji € U},
where f; = 0 indicates that the discrete point i has not
been accessed yet, and f; = 1 indicates that the discrete
point 7 has been accessed; all f; are initialized to 0.

Select any discrete point u € U in the pipe network
as the potential leak point, and take the discrete point
v € V, where a pressure transmitter is located as the
end point of NPW propagation. Here u, v € N*, u <
nv<p.

point « and point 8 are connected

Search for the shortest path from u to v. The steps of the
BFS algorithm are as follows:

Step 1: Define the cache array as H, initially containing
only the element u.

Step 2: Sequentially access the discrete points in U,
and when accessing point m, sets its corresponding
access flag variable f,, to 1.
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Step 3: Judge the relationship between m and the first
element of and H (denoted as H[0]) by checking the
adjacency matrix C. If these two points are connected,
add m to the end of H, and add H[0] to array b;, and
also add m to array b».

Step 4: Determine whether the endpoint v is included
in H. If not, remove the first element of H and execute
Step 2. Otherwise, exit.

The pseudocode of the above algorithm is as
follows:
H[0)«—u, k<0; i<—0
for each meU do
fiml—1
if C[m, H[0]]=1
Hlk]—m
b1[i]—H][0]
b2[i]<—m
k—k+1;i—i+1
end
if ve H
break
end
end
After the traversal is completed, new arrays b; and
b, are obtained, and the shortest path from u to v is
obtained using a step-by-step backtracking method.
The steps are as follows:

Step 5: Define the array path and the pointer variable
array point. Initially, the path only contains the ele-
ment v, and v is also assigned to the point.

Step 6: Record the position of the point in array b, as
variable s.

Step 7: Add the element b[s] to the array path and
assign the value of this element to the array point.

Step 8: Determine whether the starting point u is
included in the array path at this time. If not, execute
Step 6. Otherwise, exit and output the shortest path —
the array path.

The pseudocode of the algorithm is as follows:
b1[0,1,...,j], b2[0,1,..../]
path[0]—v, point—v; p—0
for i—j to <0 do
if b2[i]= point
Kt
end
p—p+ 1
path[pl<b1[s]
point—>bl]s]
if uepath
break
end
end

Calculate NPW propagation duration on the shortest
path. After the shortest path from u to v is found, the
sound velocity Equation (2) can be used to calculate
the shortest NPW propagation duration f; for the
NPW from discrete point u = i where leak occurs to
pressure monitoring point v = v; and #; is stored in
the CTDL T. Then change the values of u, v and repeat
the above procedures.

CTDL establishment

Due to the numerous branches of the pipeline network,
there are multiple connecting paths between a leak
point located at the discrete point i and the pressure
transmitter j located at the node v, When real leak
occurs, the NPW signal first received by the pressure
transmitter is the one with the shortest propagation
path, and the subsequent waveform will be superim-
posed and submerged in the tail wave. Assume that the
shortest path includes a total of M branch pipe sec-
tions, each branch pipe section numbered as k = 1, 2,
3,...M has a length of L® a diameter of D%, a pres-
sure wave propagation velocity of «®, and the propa-
gation duration of NPW in each branch pipe section is
7,;°, then

M M (k)
w_\~L

=) T =) (6)

k=1 k=1

Among them, if the longitude and latitude coordinates
of the two ends of the branch pipe section k are (x4, ya),
(xg, yp), then the calculation equation for L® is:

LW =R-arccos[cos(ya)cos(yp)-cos(xa —xp)+sin(ya)sin(vp)]
(7)

Wherein, R is the Earth radius.

The correctness of Equation (6) is verified using
COMSOL finite element simulation software. The
model is a portion of real pressurized heating supply
pipeline network area of 4317 X 4142 m, as shown in
Figure 2. The pentagram is the simulated leak point,
and the dots are the location of 15 pressure monitoring
points. The pipe network’s branch length and location
information are provided by the water and heating
supply company and is imported into COMSOL to
establish a simulation pipe network model. The inter-
nal medium is water, and the pipe wall material is set
as structural steel.

The initial pressure of the pipeline network is set to
0.95 MPa, and at 1012 s, the pressure at the leak point
drops by 0.02 MPa to simulate the NPW of a leak.
The boundary conditions of the remaining pipeline
endpoints are set to infinite extension. The pressure
waveforms of the 15 monitoring points in the pipeline
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Figure 2. Pipeline network simulation model (horizontal scale:
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Figure 3. Simulation waveform.

network are shown in Figure 3. In the simulation, the
entire pipeline network is pressurized from 0 Pa at the
beginning until the pressure reaches a stationary value
before the leak occurs. Therefore, the pressure wave-
form of each monitoring point in Figure 3 is showing
an increasing tendency before the leak occurs.
However, in reality, for an on-site pipeline network,
this phenomenon does not exist.

By subtracting the leak occurrence time 1012 s from
pressure drop moment, each NPW propagation dura-
tion from the leak point to the 15 monitoring points
can be obtained. At the same time, the theoretical
NPW propagation durations to 15 pressure monitoring
points are calculated using Equation (6). Delay values
obtained by two methods are listed in Table 1. It can
be found that they are very close. Relative errors of 2/3
points are less than 10%. It can be concluded that
when a pipeline network leaks, the NPW signal first
received by the pressure transmitter propagates along

Table I. Comparison of NPW propagation duration obtained
by simulation and Equation (6).

Monitoring  Distance  Calculated Simulated Error
point (m) propagation  propagation  (s)
duration (s)  duration (s)

| 3026.83  2.67 25 —0.17
2 320237 275 3 0.25
3 2740.71 231 2.1 —0.21
4 289857  2.53 27 0.17
5 1750.31 1.49 1.3 —0.19
6 1300.78 1.15 | —0.15
7 553.13 049 0.3 —0.19
8 2204.04 1.83 2.1 0.27
9 262879  2.26 2.4 0.14
10 1272.00 1.06 | —0.06
I 2980.41 2.56 2.8 0.24
12 1068.82  0.95 0.9 —0.05
13 1274.42 I.11 1.2 0.09
14 1529.95 1.31 1.3 —0.01
I5 2242.79 1.92 1.6 —0.32

NPW: negative pressure wave.

the shortest path, which provides theoretical support
for the algorithm design in this paper.

Leak identification and NPW arrival time extraction

Leak identification. In field, there is noise in the pressure
data collected by the pressure transmitter, so it is neces-
sary to denoise the collected signal. Most widely used
denoising methods include empirical mode decomposi-
tion (EMD) and wavelet decomposition.’’?* The
EMD method achieves denoising by removing the
high-frequency components of the original signal, and
then reconstructing the remaining modal components.
However, removing the high-frequency components
can easily cause distortion in the reconstructed signal.>?
The wavelet method denoise the original signal through
wavelet transform decomposition and reconstruction,
which can better characterize the non-stationary fea-
tures of the signal (such as peaks and edges). Therefore,
the wavelet denoising method is adopted for leak iden-
tification in this paper.

Figure 4 shows the effect of wavelet denoising on
real pressure signals. The blue line represents the origi-
nal pressure signal, and the red line represents the
waveform after wavelet denoising. It is obtained by 8-
layer wavelet transform of the original signal with a
wavelet basis of ‘db5’. It can be seen that wavelet trans-
form can significantly reduce NPW signal noise with-
out causing waveform distortion while preserving
waveform time domain characteristics.

Through statistical analysis of the historical pressure
data of the pipeline network, it is found that the
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Figure 4. Wavelet denoising effect on real pressure signals.

variance of the leak signal is greater than 10~> MPa,
and the maximum peak-valley difference is greater
than 0.013 MPa. Therefore, the thresholds of the two
indicators are set to 107> and 0.013 MPa respectively.
After denoising the signal, by calculating the variance,
the NPWs with variances greater than 10> MPa are
selected for the first time as the potential leak signals.
Afterwards, the maximum peak valley difference is cal-
culated of the initially screened waveform. If the maxi-
mum peak-valley difference of the measured NPW is
greater than 0.013 MPa, it is considered that there is a
leak.

NPW arrival time extraction. Haar wavelet can better
reflect the mutation characteristics of the original sig-
nal. Figure 5 shows the original waveform containing
NPW of the measured pipeline pressure and the corre-
sponding composite signal using the first- and second-
layer components of the Haar wavelet transform. It
can be observed that the wavelet components of the
large pressure drop section are more significant (as
shown in the box highlighting area). Therefore, we
consider to accurately locate the NPW arrival time of
the identified NPW section by extracting the position
of the modulus maximum of the first high-frequency
component of the Haar wavelet transform.

Figure 6 is an example of using Haar wavelet to
extract NPW arrival time. The blue line in the diagram
represents the original pressure signal, and the red line
represents the denoised signal after 8-layer wavelet
transform. It is found that the modulus maximum
point located by the first component of Haar wavelet is
located at the point where the leak signal has the maxi-
mum descent slope, as shown by the purple point in the
figure, and this moment is denoted as f,. The peak time
of the wavelet transform waveform is denoted as ¢, as
shown by the green dot in the figure, Therefore, by
averaging the corresponding times of these two points
using «, B weighting coefficients selected based on the
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Figure 5. Haar wavelet decomposition and reconstruction of
real negative pressure wave signal.
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Figure 6. Diagram of extracting negative pressure wave arrival
time via Haar wavelet transformation.

descending slope of the NPW, a more accurate NPW
arrival time 7, can be obtained:

te=a-t,+B-4 (8)

The slope at the maximum value of the waveform
modulus is defined as k¢, and this paper selects the
value of «, B based on kg A larger |ky| means that the
descent edge is steep and ¢, is closer to the NPW arri-
val time, so «a needs to be increased. Table 2 is the
determination table of «, 8. According to the historical
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data of pipeline leak, the ky measured is larger than
—3.0 X 107? MPa/s. Therefore, the numerical interval 39.06 1

in the first column of Table 2 is set to 5 X 10™* MPa/
s. After recording a leak waveform, k of several sensor
waveform modulus are calculated, and then the aver-
age value of these values is also calculated and used to
determine the values of @, 8 according to Table 2.

Time delay matching

According to the method in the section ‘Leak identifi-
cation and NPW arrival time extraction’, the NPW
arrival time value corresponding to several pressure
transmitters are extracted to form a time series 7; (1 <
j =< p, p is the total number of pressure transmitters).
The earliest time in the series is defined as 7.,;,, which
is subtracted from 7; to obtain a new sequence #;:

G=Tj— Tmin, |SjSp 9)

Since the leak occurrence absolute moment is
unknown, it is necessary to translate ¢ for the sequence
t; as a whole to approach the real NPW propagation
duratlon Via subtracting ¢ and ¢, from ¢; of the
CTDL, the matching error E; is calculated as Equation
(10). And the n; points with the smallest E; will be
selected as the positioning results.

p

5=l

Jj=

- (& +t) (10)

The following introduces how to select the optimal
translation value ¢. Considering that the propagation
time of NPW is within 20 s, the values of ¢ is taken
from —10 s to 10 s in sequence, with a step of 0.1 s.
Whenever the value of ¢ changes, a leak location is per-
formed and the coordinates of 7, positioning results are
obtained. When the time translation value is ¢, assum-
ing the positioning results are (x1, y1), (X2, ¥2), ..., (X,1,
Vu1). The sum of Euclidean distances between any two
coordinates, denoted as d,, can be calculated as

Isisn

\/(xl _xj) +()/z yj)z (11)

i= 1176]

117.14 117.16 117.18 117.2 117.22 117.24 117.26 117.28
Longitude/°E

Figure 7. Experimental pipeline network’s map (horizontal
scale: 1:191,585; vertical scale: 1:244,154).

By sweeping ¢, several different d, values are obtained.
We use the ¢ corresponding to the minimum d, as the
optimal translation time and 7n; positioning coordinates
under this time translation time are output.

Experiment

Verification experiment of leak localization is carried
out on a PWPN in the city of Tianjin. The pipeline net-
work map is shown in Figure 7. The size of the pipeline
network area is 12.453 X 12.696 km. The network
includes 1478 pipeline branches and has a total length
of 465341.3 m. The pipe diameter ranges from 33.7 to
1820 mm. A total of 31 pressure transmitters, num-
bered 1-31, have been deployed in the area. Among
them, the straight-line distance between adjacent pres-
sure transmitters varies from 300 to 5500 m. The inter-
val with equal NPW propagation duration between
discrete points in the entire pipeline network when cal-
culating the CTDL is 10-20 m, and the network is sub-
divided by 45,999 discrete points. The on-site photos of
the water leak test experiment of the PWPN are shown
in Figure 8. Leak test at two locations is carried out.
The coordinates of the leak testing points are point A
(117.225°E, 39.113°N) and point B (117.228°E,
39.116°N), respectively. In this experiment, an outlet is
welded to the pipeline network and a valve is installed.
By opening the valve to drain water, the pipeline leak-
age is simulated, and the leakage rate is 5.89 L/s. The
collected pressure signal is transmitted in real-time by
the RTU to the main computer of the central station.
In this experiment, the sampling rate of pipeline pres-
sure is 20 Hz and there are a total of 72,000 sampling
points per hour.
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Figure 8. Experiment field of pipeline network leak positioning
test. (a) Pipe photo in a station and (b) leak photo.

Results and discussions

Firstly, we analyze the leak pressure waveform and
positioning results of leak point A testing. There are six
pressure transmitters that successfully identified pipe-
line leak, namely pressure transmitters 1, 2, 4, 7, 29,
and 31. The waveform of the leak section is shown in
Figure 9. The other transmitters are unable to identify
effective NPW signals due to being too far from the
leak point. Haar wavelet transform is performed on the
leak waveform to extract the modulus maximum of the
first high-frequency component. The average value of
ko is calculated as —1.1 X 1072 MPa/s. According to
Table 2, the weighting coefficient in Equation (8) is set
as a = 0.5, B = 0.5. The NPW arrival time of each
waveform is calculated and shown as the red dots in
Figure 9, which are 9:53:23.55, 9:53:23.65, 9:53:21.95,
9:53:20.35, 9:53:22.05, and 9:53:20.35, respectively.
From Figure 9, it can be seen that there is an error
between the arrival time of the NPW extracted from
the waveforms and the leak-caused pressure drop
moments of Pressure Transmitter 1 and Pressure
Transmitter 31. This is because the extraction of the
NPW arrival time is done automatically by the com-
puter, and the same algorithmic parameters are used
for all the pressure transmitter’s waveforms, namely «
and B in Equation (8). Sometimes the error of the
moment identified by such an automated program is
greater than the error identified by a manual search
method. However, the identification speed of the for-
mer is fast and real time, while the identification speed
of the latter is very slow, so the latter is not competent
for the real-time leak monitoring needs of the field.
The matching program is run to calculate the delay
deviation E; of each discrete point using Equation (10).
For the leak testing at point A, 25 points with the smal-
lest deviation E; are selected as the positioning results
for each time translation ¢, and the positioning results
under different time translation values are shown in
Figure 10. It can be seen that there are differences in
positioning error with different translation values. The
case where the error of the positioning points is the
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Figure 9. Pressure waveform caused by leak at point A; the
red dot denotes the extracted leak moment.

smallest is selected as the final positioning result, and
the detailed map of the positioning points are shown in
Figure 11; the time translation value 7 is —1.724 s. The
25 dots in the map are the discrete points with the smal-
lest delay matching error, and the red pentagram is the
actual leak point. It can be seen that the detected points
are located near the leak point, and the positioning is
successful, with an average positioning error of 41.2 m.

For leak point B testing, the pressure transmitters 1,
2,4,7,29, and 31 can correctly identified the leak, and
the waveform of the leak-caused NPW is shown in
Figure 12. The NPW arrival time extraction program
and Equation (8) are used to calculate the leak occur-
rence time using each waveform. The average value of
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Figure 10. Positioning results with different time translation
values (leak point A). (a) t = —8.6207 s, (b) t = —5.8621 s,
()t=—1.7241s,(d) t = 0.3448 s, (¢) t = 1.0345 s, and
(f)t=24138s.

ko is calculated as —4.2 X 10~* MPa/s. According to
Table 2, the weighting coefficient in Equation (8) is set
as a = 0, B = 1. The arrival times of the NPWs are
calculated and shown as the red dots in Figure 12, which
are 10:31:41.45, 10:31:43.57, 10:31:40.225, 10:31:41.35,
10:31:36.875, and 10:31:37.075, respectively.

The matching program is executed to calculate the
delay deviation E; of each discrete point according to
Equation (10). Similarly, for the leak testing at point
B, 25 points with the smallest deviation E; are selected
as the positioning results, and the positioning results
under different time translation values are shown in
Figure 13. The final localization results are shown in
detail in Figure 14, where the time translation value ¢ is
—3.103 s. The 25 dots in the figure are the discrete
points with the smallest delay matching error, and the
red pentagram is the real leak point. It can be seen that
the predicted points are located near the real leak point
B; the positioning is successful with an average posi-
tioning error of 86.7 m.

Conclusion

Owing to the presence of multiple branches in the
PWPN, leak detection and positioning based on NPW
propagation in the pipeline network is highly challen-
ging. This paper proposes a leak positioning method
for PWPN based on the time delay matching of NPW
propagation, and the feasibility of the proposed
method is verified through actual pipeline network leak
experiments. Main conclusions are as follows:

(1) Via introducing the NPW velocity equation, the
water pipeline network is divided into short seg-
ments with equal NPW propagation duration,
thereby transforming the shortest path search into
the least number of discrete point search, and
ensuring the accuracy and efficiency of establish-
ing the CTDL.

(2) Finite element simulation is used to model the
NPW propagation in a real large PWPN. The pro-
pagation duration of the leak-caused NPW from
the leak point to each monitoring point on the
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Figure | 1. Leak positioning results of leak point A. (a) Leak positioning errors in map and (b) leak positioning error values.
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Figure 12. Pressure waveform caused by leak at point B; the
red dot denotes the extracted leak moment.

pipeline network is calculated to verify the correct-
ness and accuracy of the established CTDL.

(3) A complete set of detailed procedures of pipeline
network leak localization have been designed,
including pipe network discretization, shortest
path search, CTDL establishment, leak identifica-
tion, NPW arrival time extraction, and time delay
matching. By monitoring pressure variations at
only several points in the large pipeline network
and implementing the designed signal processing

® Location points

Leak point

39.12 39.12

\ ® Location points
% Leak point |
N

g z
2 2

£39.115 £39.115
3 g
- =

39.11

39.11 N ‘ -
117.225 117.23 117.235 117.225 117.23 117.235
Longitude/°E Longitude/°E
(a) (b)
39.125¢ S i rrae— 39.14F
1 ® Location points
% Leak point 39.135

® Location points
Y Leak point

5 39.12 % 39.13
S S
El 2 39.125
E] =
391157, 23912
39.115
117225 11723 117.235 11722 11723 117.24
Longitude/°E Longitude/°E
(c) (d)
® Location points 39.14 ® Location points
39.14¢ Leak point Leak point
2 39.135 | 39135
3 | 3 3913
g 9.3 -
F39.125 §39.125
30.121 39.12
39.115 - 39.115 P I
11723 11724 11725 11723 11724 117.25

Longitude/°E Longitude/°E

(© ®

Figure 13. Positioning results with different time translation
values (leak point B). (a) t = —5.8612 s, (b) t = —3.1034 s,
(c)t=—24138s,(d) t = 0.34483 s, (e) t = 2.4138 s, and
(f)t=3.1034 s.

algorithm, leak-caused NPW arrival time is cap-
tured and used to match the pre-established
CTDL, and then leak localization can be achieved.

(4) Leak localization experiments have been con-
ducted on a field pipeline network with an area of
12 X 12 km, 1478 branches, a total length of
465341.3 m, and six effective pressure monitoring
transmitters. Localization of leaks for the entire
pipeline network can be achieved with positioning
errors of 41.2 and 86.7 m for two leak tests, indi-
cating that the proposed method is correct and
effective.

This method adopts an accurate non-fuzzy position-

ing principle and avoids installing numerous pressure
transmitters on all branches of large PWPN.
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