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ABSTRACT

Abstract

Water is a vital human resource, and the corresponding water distribution pipelines
are critical to modern cities’ infrastructure. Any burst in the water distribution
pipelines can cause significant economic losses, interrupt traffic, and result in
negative publicity for water utility companies. As a result, pipeline burst de-
tection technologies have been widely explored; however, the applications of
some of the previously-explored techniques, in both the time and the frequency
domains, require multiple sensors, which leads to a high cost for the sensing
system. Additionally, some of the techniques cannot be applied to real-time
data monitoring, indicating that the burst cannot be captured in real-time and,
thus, the negative effects from the burst cannot be minimized. Consequently,
this thesis aims to investigate an approach for real-time pipe burst detection and
estimation (i.e., localization and size quantification) in a pipeline using the mea-
sured data in the whole frequency range of the transient pressure signals that
are measured by one sensor alone. Earlier research has shown that a pipeline
leak can cause additional damping of the transient pressure signals. The ad-
ditional damping exists in burst problems. Additionally, according to the burst
damping equation that is developed in this thesis, the harmonic components of
the transient signal are damped differently in all the resonance responses in a
newly-developed discrete harmonic spectrogram in the frequency domain, due
to the burst. Accordingly, the damped resonance responses can be utilized to
detect and estimate the burst. This specific analysis makes pipe burst detec-
tion and estimation utilizing transient pressure signals possible in the frequency

domain.

iX



ABSTRACT

The research proposes a novel technique for pipe burst detection, localization,
and size quantification using transient pressure signals in the frequency domain.
The damping caused by both the friction and the burst exists in the transients
of the pressure head. The technique can analyze the resonance responses of the
transient pressure signals caused by the burst measured by one sensor alone,
during every fundamental period of the signal, to determine the total damp-
ing. The steady friction damping can be calculated, and a developed unsteady
friction water hammer model for burst initiation enables the unsteady friction
damping caused by the burst to be estimated. Therefore, the burst damping can
be calculated by subtracting the steady and unsteady friction damping from the
total damping, so that the burst can then be identified, localized, and quantified
utilizing the burst damping ratios. Only the damping of the first three resonance
harmonics is utilized to minimize the number of possible solutions to the burst

location.

This technique has been further developed from the perspective of real-time data
monitoring. The corresponding algorithm enables the transient pressure signals
to be analyzed window by window with a user-defined window length and win-
dow gap instead of a fixed value, fundamental period of the signal. The user-
defined window gap makes real-time data monitoring possible by letting the
window gap equal the reciprocal of the data sampling rate. Additionally, the
required data transmission and sampling rates are reduced and only require the
Nyquist frequency of the third resonance harmonic of the analyzed signal, since

only the damping of the first three resonance harmonics is required.

Further research has been conducted to ease the restriction that only the first
three resonance responses of the signal can be utilized. The research has de-
veloped an algorithm that enables any sequence of harmonics to be utilized for
real-time pipe burst detection and location estimation. The burst location estima-
tion can be fulfilled with acceptable accuracy, and the majority of the incorrect,

possible solutions to the burst location can be excluded.



ABSTRACT

In order to discuss and compare the performance of those techniques that use
the damping of fluid transients and those techniques that use the frequency re-
sponse diagram, the specific relationship between these two techniques has been
explored. The detailed and exact relationship between these two techniques has
been revealed from both a mathematical perspective and via practical utilization.
The two techniques have been discussed and compared from the perspectives of
input bandwidth, problem type, low sampling rate capability, robustness, and
real-time data monitoring capability, thereby providing an insight into the de-

tailed impact of utilizing different techniques for pipeline inspection.

The overall contribution of this research is the development of novel techniques
for pipe burst detection and estimation in real-time, utilizing any sequence of
harmonics in the whole frequency range of the transient pressure signals. To
date, the developed techniques have been verified both numerically and experi-
mentally. The techniques have the advantages of being applied to real-time data

monitoring with low sampling rates and utilizing one sensor alone.

Keywords: Burst detection and localization, hydraulic transients, harmonic anal-

ysis, frequency analysis, real-time data.
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dx = distance interval (m~1!)
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Chapter 1

Introduction

1.1 Background

Water is a crucial asset for the survival and efficiency of a society. The com-
plete urban cycle of water requires water treatment plants, pumps, and pipelines.
In the working processes of such systems, water transmission and conveyance
pipelines are essential, since these components are capable of transporting water
to clients. However, in an industrial context, unexpected leaks or bursts of wa-
ter distribution pipelines are critical, chronic issues, because such accidents can
cause serious problems, such as significant environmental damage and economic
loss (Anderson and Anderson, 2011; Billmann and Isermann, 1987; Hovey and
Farmer, 1993; Khan and Abbasi, 1999). There are a number of triggers that
may cause leaks and bursts to pipelines. During the process of construction, in-
correct management and poor craftsmanship can damage the structural integrity
of the piping system, and thus, damage the corresponding pipelines (Gould
et al.,, 2016). In addition, the pipeline may suffer structural wear for various
reasons, such as traffic load, corrosion, and external damage (Rakitin and Xu,
2015; Rezaei et al., 2015; Swietlik et al., 2012). This is a global issue that
is faced by almost every developed country. For instance, the median of 25.1
breaks, bursts, and leaks per 100 km in major water utilities, such as Sydney

Water, has been reported in Australia in the year from 2019 to 2020 (Bureau
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of Meteorology, 2021).

Different techniques have been explored for pipe wall condition assessment, leak
detection, and burst detection, so that high-risk pipelines can be identified and
repaired. Pipe condition assessment techniques, such as the closed-circuit televi-
sion (CCTV) method, have been explored widely (Bochud et al., 1994; Duran
et al.,, 2003; Jo et al., 2010). The CCTV technique can be utilized for pipe
wall condition assessment using the visual inspection process, which is the pro-
cess that analyzes the visual signals from the multiple applied cameras. How-
ever, the CCTV-based pipe wall condition assessment technique requires mul-
tiple cameras to be utilized for its application, which increases the cost of
the sensing system. Other pipe wall condition assessment techniques, such as
the electromagnetic field-based techniques (Costello et al., 2007; Donazzolo and
Yelf, 2010; Hazelden et al., 2003; Liu and Kleiner, 2013; Marlow et al., 2007;
Mergelas and Kong, 2001), and conventional leak detection techniques, such as
the acoustic-based (Fuchs and Riehle, 1991; Stephens et al., 2018, 2020; Tafuri,
2000) and the ultrasonic-based leak detection techniques (Guenther and Kroll,
2016; Lyu et al., 2021; Tao et al., 2015), can be utilized for leak detection;
however, their applications require multiple corresponding sensors to be utilized,
which leads to a high cost of the sensing system. Additionally, the electromag-
netic field-based and acoustic-based techniques are restricted in their applications
to real-time data monitoring due to the requirements of corresponding tools, in-

struments, and technicians.

The transient-based leak detection techniques, such as the inverse transient anal-
ysis (ITA) method, the impulse response function (IRF) method, the time do-
main reflectometry method, the damping of fluid transients (DOFT) method, and
the frequency response diagram (FRD) method, have been explored previously
(Brunone, 1999; Gong et al., 2013a; Lee et al., 2005a; Liggett and Chen, 1994;
Vitkovsky et al., 2003; Wang et al., 2002). Although these techniques have

been proved as successful for pipeline leak detection, drawbacks exist in them.
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For example, during the application process of DOFT technique by Wang et al.
(2002), the damping information contained in the measured leak-affected tran-
sient signal was utilized. When there is a leak, the resonance harmonics of the
measured leak-affected transient signal are damped to a greater extent than the
condition of no-leak. Additionally, the resonance harmonics are damped differ-
ently due to the leak. Accordingly, the differently damped resonance harmon-
ics of the measured signal can be utilized for leak detection, and the damping
caused by the leak can be used for leak localization and size quantification by
using the corresponding equations that are developed by Wang et al. (2002).
However, only the first three resonance harmonics were utilized in the work re-
ported by Wang et al. (Wang et al., 2002) to minimize the possible solutions
to the leak location, which restricts the application of the technique to utilizing
higher harmonics of the signal. Additionally, some of the techniques, such as
the DOFT and FRD methods, are both based on the Fourier transform theory,

but the exact relationship between them remains unrevealed.

Burst detection technologies have been explored and applied in the past years,
such as the ITA method, the time domain reflectometry method, the district
meter areas (DMA) method, and the cross-correlation function method, since
capturing the eruption of the leak, which is the burst, can minimize the nega-
tive effects from the leak (Beck et al., 2005; Lambert, 2003; Liggett and Chen,
1994; Silva et al., 1996; Yazdekhasti et al., 2017). Although these techniques
are applicable to the burst detection, they have limitations. For example, the
cross-correlation method utilizes the cross-correlation function to determine the
arrival time differences of the burst-induced transient signals that are measured
by multiple sensors, and thus, to determine the distance between the burst and
the sensor (Beck et al., 2005; Gao et al., 2017; Yoon et al., 2012). In the work
by Yazdekhasti et al. (2018; 2017), the burst location was determined by mea-
suring the burst-induced transient signals using cross-correlation function, and
the severity of the burst was analyzed using the cross-spectral density (CSD)

of the signals. Although it has been shown that the cross-correlation function
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method is applicable to burst detection, it requires a relatively high sampling

rate (i.e., 4000 Hz) for the application, based on the work by Yazdekhasti et

al. (2018; 2017). This aspect leads to a high cost of the applied sensors.

1.2 Research Questions

According to the research background mentioned in the previous section, the

following research questions drive this research.

. How can burst detection and estimation (i.e., localization and size quan-

tification) be achieved using one sensor?
. How can burst detection and estimation be implemented in real-time?

. How can the requirements of the sensor and sensing system be eased in

terms of low sampling rate?

. How can the applicability of the sensor and sensing system be broadened
in terms of the ability to utilize not only the first few resonance harmon-

ics but also any sequence of resonance harmonics?

. What are the advantages of the developed techniques, which are based on
the previous research questions, compared with other techniques using a

similar signal processing approach?

1.3 Aim and Detailed Objectives

Based on the research questions, the following aim and detailed objectives are

proposed. The overarching and primary aim of the proposed project is to inves-

4
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tigate an approach for real-time pipe burst detection and estimation in a pipeline
using the measured data in the whole available frequency range of the transient
pressure signals that are measured by one sensor. In order to fulfill the overall

aim of this research, detailed objectives have been proposed, as listed below:

1. To investigate an approach for achieving burst detection, localization, and
cross-sectional area quantification by using one sensor, and complete the
corresponding theoretical model based on the theory of DOFT on two pip-

ing systems: reservoir-pipe-reservoir (RPR) and reservoir-pipe-valve (RPV).

2. To investigate the generalization of the approach resulting from Objective
1 in terms of real-time data monitoring. To explore the capability of uti-
lizing the low data transmission and sampling rates for the corresponding

signal processing algorithm.

3. To develop an algorithm that extends the approach determined from Ob-
jectives 1 and 2, moving from utilizing the first few harmonics to utilizing

any sequence of harmonics.

4. To explore and discuss the specific relationship between the DOFT and
FRD methods of pressure transients. Discuss and compare them from the
perspectives of input bandwidth, problem type, low sampling rate capabil-
ity, robustness, and real-time data monitoring capability, to emphasize the

advantages of the techniques developed from the previous objectives.

1.4 Detailed Organization of the Thesis

This Ph.D. thesis contains seven chapters. Chapter 1 is the overall introduction
to this Ph.D. research. Chapter 2 contains the literature review and the corre-

sponding research gaps. Chapters 3-6 are the four journal papers arising from
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the research that has been undertaken, of which two have been published, and

two have been submitted for publication.

Chapter 1 is the overall introduction to this Ph.D. research, containing the back-
ground, research questions, objectives and the organization of the thesis. The
contents in this chapter provide the basic ideas and the scope of this research.
Additionally, the organization of the thesis in this chapter presents the connec-

tions between the four applied journal papers and this thesis.

Chapter 2 is the detailed literature review related to this Ph.D. research. The
selected leak and burst detection technologies are reviewed. The research gaps
are summarized. It should be noted that the proposed objectives of this Ph.D.

research in Chapter 1 fulfill in all the indicated research gaps.

Chapter 3 (Journal Paper 1) presents a novel approach for pipe burst detec-
tion, localization, and cross-sectional area quantification utilizing the transient
pressure signal measured by one sensor, based on the theory of DOFT. The
approach is capable of analyzing the burst damping contained in the first three
resonance harmonics of the measured pressure signal, and thus determining the
burst location and cross-sectional area. In addition to the numerical scenarios
of both RPR and RPV systems, two experimental cases have been implemented
with different burst and measurement locations. The chapter also presents a
developed model, the unsteady friction water hammer (UFWH) model, which
is capable of calibrating the unsteady friction of the pipeline prior to the ap-
plication of the technique in practice. The verification results show that the
approach is successful in burst detection and estimation for both RPV and
RPR systems. Additionally, the validations of the UFWH model reveal that
the unsteady friction damping is dependent on the frequency. The research
outcomes have been published in the Journal of Hydraulic Engineering (DOI:
10.1061/(ASCE)HY.1943-7900.0001810). The research outcomes address Objec-

tive 1.



CHAPTER 1. INTRODUCTION

Chapter 4 (Journal Paper 2) shows the work extending the technique in Chapter
3 from the perspective of real-time data monitoring. The corresponding algo-
rithm enables the extended technique, which is based on the theory in Chapter
3 for pipe burst detection and estimation, to be applied to real-time data mon-
itoring with low data transmission and sampling rates. The algorithm enables
the window length and gap in each analyzed time window to be predefined.
Therefore, real-time data monitoring becomes possible by setting the window
gap to be the reciprocal of the data sampling rate. The algorithm only requires
the data transmission and sampling rates to be the Nyquist frequency of the
third resonance harmonic of the measured signal. Eleven numerical studies are
presented, which include slowly developing bursts scenarios. In addition, one
experimental test is shown, which verifies the technique. The research findings
have been published in the Journal of Water Resources Planning and Management
(DOI: 10.1061/(ASCE)WR.1943-5452.0001380). The research findings shown in

this chapter address Objective 2.

Chapter 5 (Journal Paper 3 (submitted)) presents the exploration that eases the
limitation of the techniques in Chapters 3 and 4 from the perspective of utiliz-
ing any sequence of harmonics of the measured signal instead of the first few
harmonics. The proposed technique enables any sequence of harmonics of the
signal to be analyzed based on the periodicity of the square of the sinusoidal
function. The corresponding algorithm of the technique is capable of excluding
the majority of incorrect solutions to the burst location, which are generated by
utilizing those harmonics that are higher than the third resonance harmonic. The
burst detection can be fulfilled by computing the burst damping and determin-
ing the burst location range. Accordingly, the burst location can be estimated
using such a range with acceptable accuracy. Additionally, the real-time data
analysis can be completed by letting the analyzed window gap equal the recip-
rocal of the sampling rate. The effects from unsteady friction damping when
utilizing the technique in practice have been discussed. The presented numerical

and experimental scenarios verify the technique. The research outcomes have
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been submitted to the Journal of Water Resource Planning and Management for

peer review. The work in this chapter addresses Objective 3.

Chapter 6 (Journal Paper 4 (submitted)) presents an exploration and discus-
sion of the exact relationship between the DOFT methods and the FRD-based
methods mathematically. In addition, they are discussed from the perspectives
of input bandwidth, problem type, low sampling rate capability, robustness, and
real-time data monitoring capability. The advantages of the techniques developed
in Chapters 3, 4, and 5, such as the robustness, have been further explored and
emphasized. The results of the research have been submitted to the Journal
of Hydraulic Engineering for peer review. The research results shown in this

chapter address Objective 4.

Chapter 7 presents the conclusions from this Ph.D. research. It summarizes
the main research outcomes and contributions of the research, which correspond
to each research gap and objective. Additionally, it briefly discusses potential

future work deriving from this research.

To date, Research question 1 has been answered in Chapter 3 (Journal Pa-
per 1); Research questions 2 and 3 have been answered in Chapter 4 (Journal
Paper 2); Research question 4 has been answered in Chapter 5 (Journal Pa-
per 3 (submitted)); and Research question 5 has been answered in Chapter 6

(Journal Paper 4 (submitted)).
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Chapter 2

Literature Review and Research Gaps

2.1 Introduction

This section provides an overview of the selected literature related to the re-
search, which is categorized into pipe wall condition assessment, leak detection,
and burst detection technologies. A brief explanation of the theories of the re-
viewed technologies is presented. The research gaps are identified according to

the reviewed literature.

2.2 Pipe Wall Condition Assessment

The pipe wall condition assessment methods have been widely explored for
pipeline inspection. The laser scanning and CCTV techniques are based on the
utilization of laser sensors and CCTV cameras (Bochud et al.,, 1994; Duran
et al., 2003; Jo et al., 2010). These methods use CCTV cameras or laser sen-
sors that are introduced into the pipe through an access point. The pipe inner
wall condition can be assessed from the visual signal from the cameras or laser
sensors. Accordingly, the leak can be detected by observing and analyzing the

visual signal by the corresponding applied visual signal analysis tools or algo-
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rithms (Bochud et al., 1994; Duran et al., 2003; Jo et al., 2010). The moving
and scanning speeds of the cameras or laser sensors determine the resolution
and affect scanning accuracy. However, due to the roughness and color of the
pipe surface, the inspection process is difficult to complete. Additionally, these
techniques require multiple cameras or laser sensors to implement the inspection

process, which leads to the high cost of the corresponding sensing system.

Other pipe wall condition assessment methods, such as the broadband electro-
magnetic radar (BER) method, remote field eddy current (RFEC) method, and
magnetic flux leakage (MFL) method, are based on the electromagnetic field
(Hazelden et al., 2003; Liu and Kleiner, 2013; Marlow et al., 2007; Merge-
las and Kong, 2001). The BER and RFEC methods are both based on the
eddy currents that are generated by the applied packs of transmitting coil to
the pipeline. Each pack of transmitting coil generates an electrical current on
the surface of the pipe, thereby generating a magnetic field. The lines of force
of the magnetic field pass through the metal wall of the pipe and generate
a voltage across the pipe, and thus, the eddy currents are produced. Accord-
ingly, a secondary magnetic field is generated in the wall. The wall thickness
is estimated indirectly by measuring the signal attenuation and phase delay of
the generated secondary magnetic field. Accordingly, the leak can be detected
if there is any estimated change of the pipe wall thickness. Packs of strong
magnets are utilized in the MFL method during the process of strong magnetic
field generation, which happens around a small section of the pipe wall. Flux
leakage can be detected if there is a leak in the pipe wall using a magnetic
sensor. These methods have been proved capable of detecting pipe wall leaks
by observing the singularities of the measured signal. However, each pack of
transmitting coil in BER and RFEC methods, and each pack of magnets in
MFL method, can only generate a magnetic field covering a few meters of the
pipeline. This specific aspect indicates that the sensing system requires multiple
sensors to implement the inspection process, which leads to the high cost of the

corresponding sensing system (Hazelden et al., 2003; Liu and Kleiner, 2013;

10
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Marlow et al., 2007; Mergelas and Kong, 2001). Additionally, the drawback
of these electromagnetic-based methods, which is that the corresponding tools
or instruments are required to apply these methods, is reported by Costello et
al. (2007) and Donazzolo and Yelf (2010). This specific aspect indicates that
the leaks can only be detected whenever the required tools or instruments are
utilized. Accordingly, these techniques cannot be applied where the pipe is op-
erational in the area of real-time data monitoring, which therefore cannot be

utilized to minimize the negative effects from the leaks.

2.3 Leak Detection

In addition to pipe wall condition assessment methods, conventional leak de-
tection methods have been widely researched. Acoustic-based methods, which
are contained in conventional leak detection methods, have been developed over
decades, and have been successfully applied in water transmission and distri-
bution pipeline systems (Fuchs and Riehle, 1991; Tafuri, 2000). The acous-
tic signal with different frequency ranges is emitted by a leaking and pres-
surized pipeline, and the frequency ranges of such a signal are dependent on
the fluid properties, pipeline pressure, and leak characteristics (Juliano et al.,
2013). One of the developed acoustic-based methods that utilizes the theory of
cross-correlation function, places two acoustic sensors, such as the accelerome-
ters or hydrophones, at two different locations on the pipeline to measure the
leak-affected signals. It then uses the computer-based instruments to calculate
the cross-correlation function of the measured signals to determine the loca-
tion of the leak (Fuchs and Riehle, 1991; Gao et al.,, 2004). In addition, the
method has been further improved by adding weighting functions in the leak
noise correlators, and the manually carried out analysis process has been proved
as successful (Gao et al., 2017). Case studies in Adelaide about the success-

ful application of one of the acoustic-based methods, the acoustic smart water

11
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technology, have been reported in Stephens et al. (2018; 2020). The acoustic
data from the acoustic sensor network in the central business district (CBD) of
Adelaide was successfully interpreted by the acoustic data analytics team, and
thus, approximately 55% of all developing leaks have been successfully detected
before the third party economic damage or unplanned interruption of customers
(Stephens et al., 2020). Although acoustic methods have been proved as suc-
cessful in practice, such acoustic-based method by Gao et al. (2017) requires
multiple sensors to measure the leak-affected signals, which leads to a high cost
of the sensing system. Additionally, both the methods by Gao et al. (2017) and
Stephens et al. (2020) require manual processes to be implemented, for exam-
ple, the method by Gao et al. (2017) requires manual analysis process, and the
method by Stephens et al. (2020) requires acoustic data interpretation by the
corresponding technical team. This specific aspect indicates that such methods
are lack of the ability to achieve real-time data monitoring, because the leak

can only be detected whenever the required manual processes are implemented.

In addition to acoustic-based methods, ultrasonic-based methods have been widely
explored. The ultrasonic inspection process for a pipeline system is implemented
by using the generated sound waves and its corresponding reflections. The ul-
trasonic waves are generated using a beam with high frequency coherent sound
energy, and the corresponding reflections that are reflected by the inner and
outer surfaces of the pipe wall are measured (Liu and Kleiner, 2013; Rose
et al,, 2008). The time lag between the two reflections is utilized to deter-
mine the pipe wall thickness, and thus, any change in the density of the pipe
wall can be detected. Accordingly, the leak can be detected by confirming the
change of the pipe wall thickness. However, the orientation of the leak can
affect the accuracy of the detection results, and this type of methods are more
suitable for oil, gas, and air pipeline inspection than water pipeline inspection
(Guenther and Kroll, 2016; Lyu et al., 2021; Tao et al., 2015). Although the
recent work by Liu et al. (2021) showed that ultrasonic-based method can be

applied to water pipeline inspection, and to design the water pipeline inspection
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software, the drawbacks in this work exist, as shown below. In the work by
Liu et al. (2021), a whole pipe has been divided into several sections, and the
ultrasonic flowmeters were attached at both ends of each section to measure the
flow velocity. One of the utilized ultrasonic flowmeters derives ultrasonic trans-
ducers through a circuit to emit ultrasonic wave, and the other one receives
the reflection of the ultrasonic wave. The time lag between the emitted and
reflected waves can be used to compute the flow velocity, so that any change
of the flow velocity can be detected, and thus, the leak that causes the flow
velocity change can be detected. Although in the work by Liu et al. (2021),
the ultrasonic-based method has been successfully applied to water pipeline in-
spection, it requires at least two sensors for each section of the pipe, which
increases the cost of the sensing system. Additionally, only the section that
has the leak can be identified, the accurate leak localization cannot be fulfilled,

which limits the method to be applied in practice for leak localization.

In addition to the conventional technologies, there are various techniques based
on the hydraulic transient caused by the transient source in the pipeline in the
frequency domain that have been researched. The ITA techniques were firstly
proposed and explored by Ligget and Chen (1994). The proposed optimization
process has been applied, which is the process that matches the generated nu-
merical signal to the measured transient signal that is generated by an external
transient source (Covas and Ramos, 2010; Kapelan et al., 2003; Soares et al.,
2011; Stephens et al., 2008, 2013). During the optimization process, the least
squares regression between the numerical and measured transient signals is uti-
lized for deviation determination between the two signals. The leak is simulated
with varying size and at different locations of the modelled pipe, which are
usually located at each computational node of the pipe, to generate different
numerical signals to match the measured transient signal, and thus, to mini-
mize the deviation between the two signals. Accordingly, the leak location and
size that provide the least deviation are the expected solutions to leak location

and size. Further explorations have been conducted to improve the efficiency
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of the optimization process of ITA method (Zhang et al., 2018a,b). In Zhang
et al. (2018a) and Zhang et al. (2018b), the head-based method of charac-
teristics (MOC) model that has a flexible computational grid and a multi-stage
parameter-constraining ITA have been developed. However, these methods are
time-consuming, since the applications of these methods require numerous nu-
merical tests to implement the previously-mentioned optimization process. Addi-
tionally, these methods actually analyze the measured transient signal indirectly
with prior knowledge of the pipeline parameters, which is challenging due to

pipeline parameter uncertainties.

The IRF techniques that are based on the impulse response of the pressure
signal have been explored. The impulse response is the transient pressure re-
sponse when there is an impulse pressure signal injected to the pipeline, and
the reflected transient signal is affected by the friction of the pipe wall and
the leak when propagating along the pipeline. This specific aspect results in
more damping of the transient signal when, for example, there is a leak, com-
pared to the condition of no-leak (Vitkovsky et al., 2003). Therefore, comparing
the damping of the measured transient signals under the conditions of leak and
no-leak fulfills the leak detection. In the work by Liou (1998), results of the
cross-correlation between the pseudo random binary disturbance input and the
corresponding system output have been applied to extract the impulse response
of the pipeline for leak detection and localization. The real-time leak detec-
tion was demonstrated in Liou (1998) by a numerical example. However, the
accurate results of the extracted impulse response requires prior knowledge of
the leak location and leak flow rate (Liou, 1998). This specific aspect restricts
the application of the method. Experimental case studies have been carried out
by Nguyen et al. (2018) with pipeline that is operated by the pseudo random
binary sequence pattern. However, measurement errors were involved during the
measurement process of the dynamic valve opening in the conducted experimen-
tal cases, which significantly reduced the accuracy of the extracted IRF (Nguyen

et al., 2018).
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The time domain reflectometry methods have been widely researched, since they
are simple and straightforward for leak detection (Brunone, 1999; Brunone and
Ferrante, 2001). The transient wave, which is generated by external transient
source and propagates along the pipeline, is partially reflected by the leak. Ac-
cordingly, the leak can be detected when the leak-reflected wave is measured,
and thus the location of the leak can be calculated simply using the wave speed
and the arrival time of the measured leak-reflected signal. The arrival time of
the leak-reflected signal is normally estimated by using visual inspection or by
using the signal matching between measured and numerical leak-reflected sig-
nals, of which the numerical one is generated under the condition of no-leak
(Brunone et al., 2008; Lazhar et al., 2013; Lee et al., 2007). Numerical appli-
cations of such methods have been conducted by Lazhar et al. (2013), and the
experimental applications have been implemented by Ferrante et al. (2014). Al-
though these time domain reflectometry methods have been proved as successful
for both numerical and experimental applications, the accuracy of the results of
utilizing such methods is dependent on the input signal, which may restrict their
application when the input signal is contaminated. In addition, the application
of such methods requires visual inspection or signal matching process to be
implemented to determine the arrival time of the measured leak-reflected signal.
Specifically, the arrival time of the measured leak-reflected signal can only be
determined whenever the visual inspection or signal matching process is applied,

which restricts its application to real-time data monitoring.

The DOFT techniques have been explored for pipe leak detection, localization,
and size quantification by using the signal measured by one sensor (Nixon
et al., 2006; Wang et al., 2002). The theory of DOFT-based techniques for pipe
leak detection, localization, and size quantification reveals the relationship be-
tween the information about the leak and the damping of the resonance harmon-
ics of the transient pressure signal measured by one sensor. The transient sig-
nal, which is generated by sharply closing the side discharge valve in pipelines,

or other transient generation such as shutting down or starting up the pump,
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is damped by the summation of the friction and leak damping. The damping
gradient of the transient signal under the condition of leak will be greater than
the condition of no-leak. Wang et al. (2002) explored this technique and con-
ducted relevant numerical verifications. Nixon et al. (2006) further explored this

technique regarding its validity in terms of materials and so forth.

The process of the modeling in Wang et al. (2002) was based on MOC, which
is a widely used theory for pressure wave modeling (Kjerrumgaard Jensen et al.,
2018). The formulation that contains the leak information was developed based
on the Fourier series and Fourier transform, such as fast Fourier transform
(FFT) or discrete Fourier transform (DFT). Based on the conducted numerical
studies in Wang et al. (2002), the total damping of each harmonic compo-
nent of the data can be computed by applying the Fourier analysis, and the
total damping consists of the leak damping and the friction damping. Friction
damping can be divided into steady and unsteady friction damping. Steady fric-
tion damping is consistent, and can be calculated by the corresponding equation

shown as Eq. (2.1) (Liou, 1991) in Wang et al. (2002).

R— SLQo
2aDA »

(2.1)
where f is the friction coefficient, L is the total length of the pipe, Qq is
the steady state flow rate, a is the wave speed, D is the pipe inner diameter,
and Ap is the cross-sectional area of the pipe. Unsteady friction damping can
be determined by subtracting the steady friction damping from the total friction
damping. In Wang et al. (2002), the total friction damping was determined by
analyzing the transient signal from a pretest under the no-leak condition. Leak
damping is different for each resonance harmonic component, which can be ob-
tained by subtracting the friction damping from the total damping (Wang et al.,
2002). Subsequently, the presence of the leak was confirmed by observing the

non-zero leak damping, and the location and cross-sectional area of the leak
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can be subsequently calculated by using the burst damping ratios for the first

three resonance harmonics (Wang et al., 2002).

The DOFT technique can be successfully applied to leak detection, localization,
and size quantification. The application of the technique requires the signal
measured from one sensor alone. However, the transient event is introduced by
a manual operation: closing the valve. This particular operation is interceptive
to the normal working cycle of the pipeline, as additional flow must be released
from the generator, and then has to be rapidly closed. This specifically required
operation is impossible to be applied in real-time, indicating that the leak can
only be detected whenever the technique is applied. Additionally, the pretest
that is applied to the friction damping determination is time-consuming and in-
creases the cost of the application of the technique. Moreover, this technique
is only capable of utilizing the first three resonance responses of the measured
signal, otherwise, further incorrect possible leak locations will be determined,

and cannot be excluded.

Another transient-based technique that utilizes the Fourier transform has been
explored, known as the FRD technique (Gong et al., 2013a,b; Lee et al., 20006,
2005a). Application of the theory of FRD has been researched from the per-
spective of leak detection and estimation using the signal measured from one
sensor (Gong et al., 2013a,b; Lee et al., 2006, 2005a). The general frequency
response function (FRF) is defined as the frequency response of the output,
which is normally the measured signal in the frequency domain, divided by the

input signal in the frequency domain, which is shown as Eq. (2.2).

H(w)= 2.2)

where H(w) is the frequency response function, S, (@) is the Fourier transform

of the cross-correlation function between the input signal, x, and the output sig-
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nal, y, and Syy(®) is the Fourier transform of the auto-correlation function of
the input signal (Covas et al., 2005b, 2003, 2004; Lynn, 2016; Sharma, 2013).
Periodic damping of the peak values of the resonance harmonics can be gen-
erated if there are leaks in the pipe, and thus, the leaks can be detected (Lee
et al., 2006). The damped peak values of the first three resonance responses in
FRD results can be utilized to indicate the presence of a leak. The leak local-
ization can be completed utilizing the leak location solution presented in Gong
et al. (2013a) by using the amplitudes of the first three resonance harmonics
of the measured signal. According to the process of the conducted experimental
tests in Lee et al. (2006) and Gong et al. (2016a), the experimental tests ver-
ified that leak was detected by observing the differences in the FRD between
the conditions of no-leak and leak, and the leak was successfully located by

using the corresponding leak location solution.

The FRD-based technique can fulfill the requirements for leak detection and lo-
calization. Only the signal measured from one sensor is required. However,
application of the technique requires the whole range of the data from the tran-
sient to the final steady state, indicating that the leak can only be detected
from the transient event until the final steady state, and when the technique is
applied. Therefore, the pipeline inspection process cannot be achieved in real-
time. Additionally, an accurate input signal is required for application of the
technique, which limits its application, when the input signal cannot be ob-

tained.

2.4 Burst Detection

Although the leak detection technologies are widely explored and applied, the
negative effects from the leak cannot be minimized if the eruption of the leak,

which is the burst, cannot be captured in real-time. Therefore, burst detection
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technologies have been researched by a wide range of researchers. There are
two basic features in the burst problem, which are commonly utilized by re-
searchers for the study of burst detection techniques, as presented below. A
negative pressure wave will be generated and propagates along the pipeline in
both directions when there is a burst occurred in the pipeline (Misiunas et al.,
2005). In addition, it should be highlighted that burst detection technologies
do not require the external transient source to introduce the transient event into
the pipeline. Liggett and Chen (1994) introduced the research regarding burst
detection using an event detection algorithm. The algorithm is capable of de-
tecting the sudden pressure drop due to the occurrence of the burst, and thus,
detecting the burst. The burst localization can be fulfilled by utilizing the ITA
techniques that are presented in the previous section, in which the location of
the burst is estimated by generating the burst event at different nodes of the
pipeline numerically, and then matching the generated signal to the measured
signal (Liggett and Chen, 1994). However, similar to the limitation existing in

the ITA techniques, this type of method is time-consuming.

The applications of the time domain reflectometry-based burst detection meth-
ods have been implemented. A pipeline burst detection and localization method
that is based on the time domain reflectometry theory has been presented by
Silva et al. (1996). The burst detection was achieved by the visual inspection
that focuses on capturing the sudden pressure drop due to the occurrence of the
burst. The burst localization was fulfilled by computing the arrival time of the
burst-induced pressure waves at different measurement locations using the wave
speed (Silva et al., 1996). In the work by Silva et al. (1996), experimental
applications were conducted and the corresponding results were reported. Dur-
ing the experimental processes, the burst initiation was simulated by opening a
manually controlled solenoid side-discharge valve, and four pressure transducers
were utilized for burst detection and localization. Although such technique has
been proved as successful for burst detection and localization, the application of

it requires at least two sensors, which increases its cost.
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Subsequently, Misiunas et al. (2005) explored the burst detection and localiza-
tion technique based on the time domain reflectometry framework. The applied
signal processing algorithm for burst detection is the two-sided cumulative sum
algorithm, which can be utilized to detect the sudden pressure drop due to the
burst. Additionally, the corresponding offline analysis has been applied to burst
localization. Although the technique reported in Misiunas et al. (2005) has
been verified as successful for the burst detection problem, the accuracy of the
results depends on the bandwidth of the input signal, which is related to the
burst opening speed, which may restrict its application when the burst opening
speed cannot be identified (Misiunas et al., 2005). In addition, the utilization
of the offline analysis limits the application of such a method to real-time data
monitoring, since the offline analysis process needs to be implemented for every

test after the burst detection (Misiunas et al., 2005).

Similarly, the time domain reflectometry method based on the wavelet trans-
forms has been explored in terms of both burst detection and localization (Sri-
rangarajan et al., 2013). The approach that utilizes the multi-scale wavelet anal-
yses for burst detection and differentiation the burst-induced transient pressure
signal from noise-induced transient pressure signal has been researched in depth
(Srirangarajan et al., 2013). The burst localization was conducted by using the
waves arrival time at different measurement locations and the wave speed. Al-
though the method by Srirangarajan et al. (2013) has been proved as success-
ful for burst detection and localization, the applications of them require multi-
ple sensors to be used to measured the burst-induced transient pressure signals,

which increases the cost of the applications of it.

Burst detection methods that are based on the DMA have been explored. The
water audit has been utilized commonly for leak detection in a water distribu-
tion system, of which the theory is to record the amount of the water flows
into and out of the distribution system, or parts of it (Lambert, 2003). Accord-

ingly, the leak can be detected if the recorded water flows into the distribution
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system not equal the water flows out of the distributions system. Moreover, the
whole water distribution system can be subdivided into DMAs by permanently
closing some of the valves. Accordingly, the comparison between water flows
into and out of the distributions system can be implemented for every DMA.
A method based on DMA theory has been presented by Mounce et al. (2003).
The DMA level sensors were utilized to measure the flow rate across a DMA,
and thus, the abnormal change of the flow rate due to the burst in the corre-
sponding DMA can be detected (Mounce et al., 2003). Additionally, the corre-
sponding pressure gradient analysis in a DMA was implemented by Mounce et
al. (2003), therefore, the pressure drop due to the occurrence of the burst in
the corresponding DMA can be captured. Accordingly, the DMA with the burst
can be identified. Successful tests were conducted by Mounce et al. (2003) in
a real water distribution system, where the bursts were simulated by hydrant
flushing. Similarly, Hutton et al. (2015a) developed a real-time pipe burst de-
tection method based on DMA theory. A model that is capable of forecasting
the future pipe flows from a DMA level sensor in a DMA was developed and
utilized (Hutton and Kapelan, 2015b). Applying this model online enables the
comparison between the actually observed and forecast flows to be implemented
in real-time. Accordingly, the burst can be detected in real-time if there is a
difference between these two flows, and the DMA with the burst can be identi-
fied. Although the methods by Mounce et al. (2003) and Hutton et al. (2015a)
have been successfully applied, only the DMA that has the burst can be iden-
tified, indicating that the accurate burst localization is restricted. Additionally,

multiple sensors are required to apply such methods.

Utilization of the cross-correlation function for burst detection based on the
transient signal caused by the burst has been explored (Beck et al., 2005; Bren-
nan et al., 2019; Gao et al., 2017; Yazdekhasti et al., 2018, 2017; Yoon et al.,
2012). The basic theory of the cross-correlation function for burst detection is
to observe the transient signal caused by the burst to detect the burst. The

burst localization is completed by utilizing the time lag of the measured sig-
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nals from multiple sensors, which are generated by the burst, to determine the
distance between the burst and the targeted sensor, and thus, to determine the
location of the burst. Yazdekhasti et al. (2018; 2017) attempted to use the
transient acceleration signal to confirm the presence of the burst, and then to
locate the burst by using the cross-correlation function, based on the work in
Rizwan and Paul (2015). This approach is capable of detecting the burst with
different cross-sectional areas and eliminating the negative effects of the time
delay, since the difference between the conditions of no-burst and burst can be

observed from the measured acceleration signal (Yazdekhasti et al., 2018).

By applying the cross-correlation function to the data collected from the ac-
celerometers at multiple locations along the pipeline and the known wave speed,
the location of the burst was calculated (Yazdekhasti et al., 2017). Yazdekhasti
et al. (2017) attempted to use the CSD of the measured data, which is a
transient acceleration signal, to create a novel concept, a leak detection index
(LDI), to express the severity of the burst. In addition, the difference in the
CSD between the conditions of no-burst and burst can also be helpful to con-

firm the presence of the burst. The equation for LDI is shown as Eq. (2.3).

X . f‘f)ﬁi—y(t) - f—y(t)l
EDIG ) =20 )

(2.3)

where x and y are the two different measurement locations, f¢ ,(t) is the CSD
of the data from the x—y locations of the no-burst condition, and ff_y(t) is the
CSD of the data from the x —y locations of the burst condition. The LDI is
capable of providing information about the severity of the leak, since the mag-
nitude of the LDI is increased with the growth of the cross-sectional area of the
leak. Yazdekhasti et al. (2018) conducted experimental tests in a real pipeline
system to verify the LDI model. The applied experimental configuration is a

pipeline system with two loops, several valves, T-joints, and boundaries with
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different elevations. During the process of verification in a real pipeline system,
the presence of a burst was detected by observing the sudden changes in the
measured acceleration signal caused by the burst in real-time. The outcomes of
the conducted experimental verifications indicated that although the diameter of
the pipeline can lead to greater attenuation of the transient acceleration signal,
the burst can still be detected and estimated by utilizing the transient burst-
induced signal and the LDI (Yazdekhasti et al., 2018). In addition, the verified
results indicated that multiple bursts can be detected by comparing the transient
burst-induced signals of the conditions between single and multiple bursts, since
the value of the LDI in a multiple bursts scenario is greater than the same

quantity in a single burst scenario.

The cross correlation function-based technique has been explored effectively for
burst detection and severity evaluation in real-time. However, based on the work
reported by Yazdekhasti et al. (2018), the technique is only capable of process-
ing the measured signal in the high frequency range, which leads to a relatively
high sampling rate (i.e., 4000 Hz) of the required sensor. This specific aspect
results in the high cost of the required sensing system. Additionally, the utiliza-
tion of the cross-correlation function requires multiple sensors, which increases

the cost of the sensing system itself.

2.5 Research Gaps

The following research gaps are identified from the literature review:

1. Some of the techniques, for example, the cross-correlation function-based
techniques, require multiple sensors for the pipeline inspection process,

which leads to the high cost of the sensing system.
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2. The techniques that utilize one sensor for pipeline inspection, such as the
DOFT technique, are limited to the leak rather than the burst detection
and estimation, and require an external and manually controlled transient

source.

3. Some of the techniques, such as the ITA and FRD techniques, are not
practical for application to real-time data monitoring. Additionally, some
of the techniques, such as the cross-correlation function-based burst detec-
tion techniques, can only process the signal that is sampled by the sensor

with high sampling rate.

4. The DOFT technique can only utilize specific information from the signal
(i.e., the first three resonance harmonics), which restricts the applicability
of the sensor and sensing system to some of the problems, for example,
when the first three resonance harmonics are negatively affected by exter-

nal noise.

5. The signal processing algorithms of the DOFT and FRD techniques are
based on the same theory, Fourier transform, but no research has been
implemented to reveal the exact relationship between them. Additionally,
there is no discussion about the relationships between them in some spe-

cific areas that are related to their applications in practice.

To date, Research gaps 1 and 2 have been addressed in Chapter 3 (Journal
Paper 1); Research gap 3 has been addressed in Chapter 4 (Journal Paper 2);
Research gap 4 has been addressed in Chapter 5 (Journal Paper 3 (submitted));
and Research gap 5 has been addressed in Chapter 6 (Journal Paper 4 (submit-
ted)).
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Abstract

The purpose of this paper is to present a technique for burst detection, local-
ization, and cross-sectional area quantification, based on the damping of fluid
transients. The Fourier components of the transient signal are damped differ-
ently due to the presence of the burst and the unsteady friction it causes. An
unsteady friction water hammer (UFWH) model has been developed and vali-
dated to determine the unsteady friction damping. The burst damping can then
be calculated, and this both indicates the presence of the burst, and contains
information about the burst location and the associated cross-sectional area. The
corresponding numerical studies and experimental results are presented in this
paper. By applying the technique outlined in this paper, the errors of the resul-
tant burst location from the numerical and experimental analyses are 1% — 1.5%

and 1.57% —4.05%, respectively.

3.1 Introduction

In an industrial context, unexpected bursts or large leaks in pipe systems are
critical, chronic issues. The detection of bursts in pipes is necessary for the
pipe system, which requires accurate flow rate control and safety flow trans-
formations throughout its working cycle. Pipe bursts are treated as accidents
and can cause serious problems, such as significant environmental damage and
economic loss (Anderson and Anderson, 2011; Billmann and Isermann, 1987;
Hovey and Farmer, 1993; Khan and Abbasi, 1999). There are numerous draw-
backs in previously studied pipe leak detection methods. Common non-transient-
based leak detection methods are not sufficiently effective to inspect pipelines
rapidly (Akylidz et al., 2009; Anguiano et al., 2016; Billmann and Isermann,
1987; Black, 1992; Boon et al., 2012; Bracken and Cain, 2012; Brothers, 2003;
Cai et al.,, 2016; Cheraghi et al., 2005; Dilena et al., 2011; Forrest, 1994;
Furness and Reet, 1998; Griebenow and Mears, 1989; Hunaidi, 2012; Hunaidi
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et al,, 2004; Hyun et al., 2003; Li et al., 2011; Liou and Tian, 1995; Lippitt,
1987; Martini et al., 2015, 2014; McCarthy et al., 2000; Puust et al., 2010; Ro-
mano et al., 2012; Smith and Hay, 2000; Sun et al., 2011; Tackett et al., 2011;
USEPA, 2010; Van Der Kleij and Stephenson, 2002; Waller, 1969; Wang et al.,
2002, 2001; Weil et al.,, 1994; Yazdekhasti et al., 2018; Yoon et al.,, 2011).
Most of the current transient-based methods are struggling to achieve rapid pipe
inspection because they are based on manually introduced transient events, re-
vealing that the leaks can only be detected when the techniques are applied
(Covas et al., 2005a,b, 2003, 2004; Evans et al., 2004; Gong et al., 2013a; Lee
et al., 2006, 2005a, 2008; Liggett and Chen, 1994; Maloney, 1973; Pudar and
Liggett, 1992; Rizwan and Paul, 2015; Stoianov et al., 2007; Vitkovsky et al.,
2011; Wang et al.,, 2002; Yazdekhasti et al., 2018, 2017).

Wiggert (1968) investigated the possibility of using the change in the transients
caused by the lateral flow to analyze the characteristics of the pipe for pipe
leak detection. Wang et al. (2002) studied the transient leak detection method
further, based on the damping in the amplitude of Fourier transformation caused
by the leak, which occurs in the pressure transients generated by valve closure.
The damping caused by the leak can be analyzed to determine the link be-
tween the leak location, size and the Fourier series of the measured head dis-
turbance from a steady state (Ziegel, 1987). Additionally, Nixon et al. (2006)
and Brunone et al. (2018) explored the damping-based method outlined in Wang
et al. (2002) further in terms of the validity range and different materials of
the pipe. The application of fast Fourier transform (FFT) for pipe leak detec-
tion based on the fluid transients has been studied (Gong et al., 2013a, 2016a,
2018a,b, 2016b, 2013b). The signal processing was completed by applying FFT
to the measured signal, which is the signal for the duration from the occurrence
of the transient to the steady state. The equations that were used to solve the
location of the leak were derived from the transformation matrix method. By
applying these equations to the resultant values from the FFT analysis, the lo-

cation of the leak can be solved, and the severity of the leak can then be
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estimated. The results from the implemented numerical and experimental ver-
ifications verified the technique. Duan et al. (2011), and Duan (2016; 2018)
studied leak detection methods in branched and looped pipeline systems, based
on the transient frequency response (TFR) method. The effects of the branch,
conjunction, and loop have been researched. Additionally, the sensitivity and
accuracy of the TFR method, based on the influence of the leak location and

friction effects has been studied.

Leak detection, localization, and leak cross-sectional area quantification (refer
to as quantification in the rest of the paper) were fulfilled in the previously
mentioned studies. However, based on the assumption that a pipe failure can
generate the fluid eruption (burst) when the leak initiates resulting in a mecha-
nism that the burst can generate a measurable pressure wave, there are several
aspects can be improved when focusing on detecting bursts instead of exist-
ing pipe leaks. Firstly, during the process of verification of these techniques,
the transients were generated by manually opening and then closing the valve
because they are using the reflected wave caused by the additional transient
instead of a transient caused by leak itself. The leak can only be detected,
localized, and quantified when a transient wave is generated by the valve, indi-
cating that the inspection of the pipeline cannot be achieved rapidly when, for
example, a burst occurs. Secondly, the externally introduced transients require a
separate valve closure. This means the application of such a technique requires
an operation that interrupts the normal working process of the pipeline, as ad-
ditional flow must be released from the generator, which then has to be closed
rapidly. Thirdly, the steady friction damping can be calculated, however the un-
steady damping must be determined by closing the valve of the target pipeline
under a no-leak condition when applying these techniques. This particular as-
pect indicates that whenever applying the technique, a process to determine the
friction damping (including steady and unsteady friction damping) has to be im-
plemented prior to leak detection, which is cumbersome. Real-time data-based

burst detection methods are capable of inspecting the pipeline when the burst
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occurs without using a separate valve closure to generate pressure transients.
This is because the burst is the process of first occurrence of the pipe failure,
but the existing leak is the fault that has already occurred and is pre-existing.
These methods are capable of utilizing the transient caused by the burst itself.
Parikh et al. (2008), Ebina et al. (2011), and Hutton et al. (2015a) studied
the real-time data-based burst detection methods, but these methods have diffi-
culties in locating and quantifying the burst. Although the real-time data-based
technique presented in Kang et al. (2012) has the ability to locate the burst, it

requires the additional flow meters for application.

Recent numerical and experimental studies have demonstrated a rapid and non-
intrusive burst detection, localization, and burst quantification technique, which
is capable of improving all the previously mentioned aspects. The technique is
based on the method of damping of fluid transients, but it does not require
a manually introduced transient event. An additional developed and validated
model is utilized that is capable of determining components of friction damping
numerically and accurately. Nixon et al. (2006) support the approach outlined
in this paper for burst detection, localization, and quantification using the damp-
ing of fluid transients, and they point to ways in which this approach can be

applied in more complex systems.

In the following section, transient response modeling, its analytical solution, and
the corresponding Fourier analysis of the technique are derived and presented.
The theory of burst detection, localization, and quantification is given in the
next section, followed by two numerical studies. The validation of the model
for obtaining the unsteady friction damping numerically is then presented. Fi-

nally, the results of the experimental verification are presented.
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3.2 Transient Response Modeling

Based on the application of the Dirac-Delta function to the conservation of
mass in Wang et al. (2002), and the water hammer equation, the analysis of

the total control volume of burst located between points x; and x, provides

0H QJH a* 90 d?

— 4+ ———+——+—0A(x—xp) =0 3.1

ot +Ap dx +gAp dx +gApQB (x=xz) G-
where H is the head, ¢ is the time, Q is the flow rate, Ap is the cross-sectional
area of the pipe, a is the wave speed, g is gravity acceleration, x is the dis-
tance along the pipe, Qp is the flow rate of the burst, A(x—xp) is the Dirac-

Delta function that is defined in Wang et al. (2002).

According to Wang et al. (2002) and Wylie et al. (1993), the equation of the
conservation of the momentum along the x direction for single burst scenario

gives

d
r (pA,V)6x+ % (pAV*)6x =Y F, (3.2)

where F, is the total force acting on the fluid along the x direction.

The various forces acting on the control volume along the x direction include

1. Pressure forces at the two side areas of each burst: F, = pA,, F, =

(p+%8x)A1,, where p is the pressure

2. Shear force: F;= (Ty+ T,5)TDSx, where 7, is the steady shear stress, T, is

the unsteady shear stress, and D is the inner diameter of the pipe (Pothof,
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2008)

Defining the downstream flow direction as positive, the total force component

acting on the control volume is expressed as

9
Y F, = pA, — (p-l-a—i(Sx)Ap— (T, + Tus) TDSx -

ap
= _Apa& — (T3 + Ty5) DX
where
2
T+ Tys = M (34)

in which f; is the Darcy-Weisbach friction factor (Wylie et al., 1993) and f,;
is the unsteady friction factor (Pothof, 2008; Wang et al., 2002). Substituting
Eq. (3.2) into Eq. (3.3), and applying the mathematical process in Wang et al.
(2002) provides

OH 100 Q90 (fi+fuw)Q Q0 _
ax A, ot +gA12) ox T 2DgAT ekl =0 (3.5)

The volume flow rate of the burst Op can be expressed based on the orifice

equation

Qp = C4Ap(2gAHp)" (3.6)

where AHp is the head acting on the burst location when the burst occurs,
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C; is the burst discharge coefficient, and Ap is the cross-sectional area of the
burst. Note that AHp = Hp —zp, where Hp is the piezometric head at the burst
location when it occurs, and zp is the pipe elevation at the burst location. b
is the parameter of the burst discharge-head relationship. Its value is typically

equal to 0.5.

The following dimensionless quantities are applied to the equations non-dimensionalization

as provided in Wang et al. (2002),

X *
- — T/ — T = i
H, R A 3.7
where H; is the reference pressure head, which is usually the pressure head
at the tank or the upstream reservoir, L is the length of pipe, and Qp is the

reference flow rate. According to Wang et al. (2002), substituting Egs. (3.6)
and (3.7) into Egs. (3.1) and (3.5) gives

OH* 190 i
= iy *_xk) = 3.8
at* +K ax* +M(AHB) A(.x XB) 0 ( )
IH* 90" )
RO™ =0 3.9
e + 5 +RQO (3.9
in which
L L A 2 H
R=R,+ Ry = fs QO fus QO M= Cd B a and K — Hy (3.10)
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Here, R, R;, and R, are the actual (total), steady, and unsteady friction damp-
ing respectively because of the change in the friction factor f = f;+ f,s (Bergant
et al.,, 2001; Brunone, 1999; Vardy and Hwang, 1991; Wang et al., 2002; Zielke,
1968). Additionally, Hs = % is the Joukwosky pressure head drop, resulting
from an instantaneous reduction in the velocity, in which Vp is the flow veloc-
ity of the burst. All the previously-mentioned parameters were defined by Wang

et al. (2002) and Liou (1991) as two characteristics of the pipe.

Expanding H* and Q* as a steady value, minus the transient pressure head loss

and transient flow rate due to the burst, provides

H =H—h*, 0" =0Q,+q" 3.11)

where h* is the dimensionless head disturbance, and ¢* is the dimensionless
flow disturbance. By applying the expression of (AHj)? in Wang et al. (2002),
substituting Eq. (3.11) into Eqs. (3.8) and (3.9), and neglecting the terms of
q*z, Egs. (3.8) and (3.9) can be expressed as

1dq* OJh* bh*
q - Ax* —x5) =0 (3.12)

Kdx* drr " (AHy,)1=P

aq* oh*
gt _ 3.13
5 K e 0 (3.13)

2Rq* +

where AHy is also defined as AHy = Hy —zp, which is the dimensionless pres-
sure head at the burst, Hy is the dimensionless piezometric head at the burst, zj
is the dimensionless elevation at the burst, and AHy, = Hp,—zp is the dimen-

sionless steady head at the burst before the occurrence of the burst. According
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to Wang et al. (2002), the governing equation is finally expressed as

%h*  93%h* oh*

507 = g2 T 2R+ KpAGT —xp)l = + 2RKpA(X" —xp)" (3.14)
where
CyAp __ 2ab
Koo Mb A, QeH)™ _CaAp  2ab (3.15)
B (AH:)1=0 — (Heoyi—b A, (2gHp)'~? :
BO () » (28Hpo

since AHp, is defined as Hﬁ“ if zp=0.

The analytical solution of Eq. (3.14) is

h*(x*, t*) = Z {e_(RJFR”B)t* [Ancos(nmt™) +anin(n77:t*)]sin(n7rx*)} (3.16)

n=1

where R,p is the damping caused by the burst for the nth harmonic, and can

be expressed as

R, = Kpsin® (nmx}) (3.17)

where A, and B, are the Fourier coefficients expressed in Wang et al. (2002).
Although the form of the solution for a burst in Eq. (3.16) is similar to the
solution for a leak in Wang et al. (2002) and Wang et al. (2005), due to water
hammer theory, the burst itself is the transient source, and the occurrence of a

burst causes a sudden pressure drop instead of an additional positive pressure
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disturbance when compared with the transients generated by valve closure, as
shown in Eq. (3.11). Moreover, when the generator valve closes, it no longer
contributes to the damping in the system, unlike the burst. By applying the
Fourier series analysis shown in the Appendix, the amplitudes of the first and

the nth harmonic in each period are

—(R+Ru)(t5+T*) _ ,—(R+Rup)t;
Bl = (Ro-i—R i Csin(nmx)\JAZ+ B2 (3.18)
nB

Er(lm):Er(ll)e—(R-l—RnB)(m—l)T* (m=1, 2, 3,... (3.19)

where #; is the dimensionless starting time of the Fourier analysis and T* is

the dimensionless period of the signal.

3.3 Approach to Burst Detection, Localization, and Quan-

tification

When considering the steady friction alone, the steps that can be applied for

burst detection are shown below, and in Figure 3.1.

1. Set up steady flow in the pipeline and keep measuring the pressure head

at one or more points along the pipe.
2. Divide the pressure trace period by period.
3. Decompose the harmonic components from the data of each period by

using the discrete Fourier transformation (Ziegel, 1987).
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Figure 3.1: Steps of burst detection, localization, and quantification
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4. Repeat step three for each period of the measured data.

5. Calculate the summation of the steady friction damping and the burst

damping by applying Eq. (3.19).

6. Calculate the burst damping for each harmonic by subtracting the steady
friction damping from the results from step five. The steady friction damp-

ing can be calculated by using the definition of Ry in Eq. (3.10).

7. Analyze the burst damping to determine the presence of the burst, then

localize and quantify the burst.

The details of the process to determine the presence of the burst, then localize

and quantify the burst, are presented next.

The presence of the burst can be determined by observing the transient signal
of the pressure trace in the time domain, ideally. For the condition of a pipe
without a burst, there are no significant pressure fluctuations along the pipeline,
and the burst can generate a transient event. However, at a practical level, there
will be external noise in the measured pressure trace, thus the analysis of the
burst damping should continue. If there is no-burst, the resultant burst damping
should be equal or close to zero. Therefore, the presence of the burst can be

confirmed by observing the non-zero and differently-valued burst damping.

The dimensionless burst location can be calculated by using the burst damping,
which is expressed in Eq. (3.17). The total damping can be calculated by using
Eq. (3.19), based on the amplitude of the nth harmonic for each period. The
friction damping R; shown in Eq. (3.10) can be calculated theoretically, using

the known parameters of the pipe system.

According to Eq. (3.17), the burst damping of each pair of harmonic compo-
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nents n=n; and n=n, are

R, B = KBsinz(mﬂxg)
" (3.20)
Ru,p = Kpsin*(nymxy)

The burst location can thus be expressed as a function, which depends on the

dimensionless burst location xp alone. By using the mathematical operation

Ry sinz(nzn'x}) (3.21)

Ruyp  sin®(n mx})

the dimensionless location of the burst can be determined by solving Eq. (3.21).

The plots of @, @, and % are shown in Figure 3.2. It can be seen that
Rip> Rop Rip

there is more than one possible solution with one value of the damping ratio,

and the number of possible solutions increases with the number of harmonic

components, therefore only the first three resonance harmonics are applied.

The relative cross-sectional area of the burst can be calculated by substituting
the determined dimensionless burst location xp into Eq. (3.17), so the relative

cross-sectional area can be expressed as

RupAp(2gHp)'
2absin*(nmx})

C Ap = n=1, 2, 3, ...) (3.22)

indicating that the actual cross-sectional area of the burst can be determined by

knowing the discharge coefficient of the burst.
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Figure 3.2: Damping ratios

3.4 Computational Verification of the Theoretical Model
with Steady Friction

Two scenarios for the computational verifications for single burst problem have
been conducted, reservoir-pipe-reservoir (RPR) and reservoir-pipe-valve (RPV)
scenarios, referring to as Cases 1 and 2, respectively. Note that the dimen-
sionless periods 7* of Cases 1 and 2 are 2 and 4 respectively. In Test 1 of
Case 1, and Case 2, the transient event is initiated by the burst, and the burst
is simulated by a suddenly-opened side discharge valve located at xj = 0.25,
and the measurement location is x* = 0.75 (750 m away from the upstream
reservoir). The total testing time is 20 s, and the occurrence time of the burst
is 0.3 s. The opening time of the valve can be neglected, since the valve is
simulated to open immediately. The wave speed of both cases is a = 1000 m/s.
The burst in both cases is assumed to be the sharp orifice, thus the value of b

is set to be 0.5. The no-burst conditions of both cases are assumed to be at a
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steady state.
The artificial setup of Case 1 is shown in Figure 3.3.
Tank 1 L=Pipe length=1000m
D=Pipe diameter=0.2m
v a=Wave speed=1000m/s
’ Tank 2
H=25m v
Flow Hy=10m
—>
l Burst | l Burst Measurementl lMeasurement
Location | Location 2
xg=250m  xz=400m x=750m  x=900m

Figure 3.3: RPR setup

There are two tests in Case 1. In both tests in Case 1, the downstream valve
is fully opened, so the head loss can be negligible, indicating that the pipe is
delivering the water, and the steady flow rate is Qp = 0.0622 m3/s. The Darcy-
Weisbach friction factor is f=0.015, and the relative cross-sectional area of the
burst is Cj—‘;‘? =0.002. The burst and the measurement locations are located at
Burst 1 and Measurement Location 1 in Test 1, as shown in Figure 3.3. Figure

3.4 presents the head trace in the time domain under the conditions of no-burst

and with a burst of the Test 1.
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Figure 3.4: RPR time trace

The summation of the steady friction damping and the burst damping is cal-
culated by applying the Fourier analysis, then fitting Eq. (3.19) for the burst
condition. The results of the calculated summation of the steady and the burst
damping rates are plotted in Figure 3.5. In order to compare the resultant
damping rate presented in Figure 3.5 with the steady friction damping rate in-
tuitively, the same process is applied under the condition of no-burst, but the
transient is generated by closing the downstream valve under the no-burst con-
dition, and the pressure trace is shown in Figure 3.6. The steady friction damp-
ing is calculated by using the definition of the steady friction damping R in
Eq. (3.10). The Fourier coefficients A, and B, are determined by using the
measured data. Accordingly, the steady friction damping rate is calculated by
substituting the calculated R, A,, and B, into Egs. (3.18), and (3.19), which is
plotted in Figure 3.7.
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Figure 3.7: Damping rates of RPR with no leak

The steady friction damping is calculated as Ry =0.0742, based on Eq. (3.10).
The burst damping of the first three harmonic components can thus be calcu-
lated by subtracting Ry from each R;+ R,p, as shown in Figure 3.5, and they
are Rig = 0.0462, Rrp = 0.0974, and Rs3g = 0.0583. In order to localize the
burst, the damping ratio is applied, as shown in Figure 3.2. The calculated
dimensionless burst locations are xp = 0.2412, xp = 0.2398, and xp = 0.2402,
corresponding to using g—fg, 2—;2, and 2—:?. The final value of the dimensionless
burst location is calculated as xj = 0.2404 or xj = 0.7596, which corresponds
to averaging these three values and subtracting them from 1 respectively. The
relative cross-sectional area of the burst can then be determined by applying
Eq. (3.22), and the value of the relative cross-sectional area is calculated as
%% = 0.002. The former value of xz and the value of Cj“;‘B are close to the

actual values of the burst, which are xj =0.25 and Cj‘—?B =0.002.

In order to assess the applicability of the technique at different burst and mea-

surement locations, another test has been included in Case 1. In Test 2, the
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burst location is changed from 250 m to 400 m from the upstream reservoir,
and the measurement location is changed from 750 m to 900 m from the up-
stream reservoir, which are indicated as Burst 2 and Measurement Location 2
in Figure 3.3. By repeating the previous steps, the determined dimensionless
burst location and relative cross-sectional area are xp = 0.4074 and Cj—‘;‘f =0.002,
which are close to the actual values. A comparison of the results from Case 1

is shown in Table 3.1.

Table 3.1: Comparison of Case 1

Test Dimensionless Dimensionless Resultant xjp
Number Burst Location x; Measurement Location
1 0.25 0.75 0.2404
2 0.4 0.9 0.4074

Although the mathematical model is derived from an RPR system, the model
can still be applied to an RPV system by adding an imaginary mirror part, and

the artificial setup of Case 2 is shown in Figure 3.8.

L=1000m L’=1000m
| | | | |
| I I I 1
=00 =05 =10
D=Pipe diameter=0.2m
Tank a=Wave speed=1000m/s Imaginary Tank
H=25m | | | H=25m
Flow Flow
— «— I I
I :::::::::L__J
¢ ¢ Flow
Burst Measurement Location
x=0.0 =05 x=1.0

Figure 3.8: RPV setup

In order to reduce the complexity of the flow by reducing the steady friction
damping in this scenario, the steady flow rate is set to be Qg =3.33 x 10~*
m3/s by a partially opened downstream valve. The Darcy-Weisbach friction fac-

tor is f =0.0302, and the relative cross-sectional area of the burst is QA—’? =
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0.002, which is the same as Case 1. The pressure traces in the time domain

under the conditions of no burst and with a burst are presented in Figure 3.9.
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Figure 3.9: RPV time trace

Repeating the procedure applied in Case 1 provides the steady friction damping
rate, shown in Figure 3.10. The results of the summation of the steady friction

and the burst damping rates are presented in Figure 3.11.
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The burst damping of the first and third harmonic components are Rjp =0.0132
and R3p = 0.0782, achieved by subtracting R; = 0.0008 from each R;+ R,p as
shown in Figure 3.11. The calculated dimensionless burst locations are xp* =
0.1227 or Xp* = 0.8773, corresponding to g—g, where xXp* is the directly calcu-
lated value of the dimensionless burst location. Due to the imaginary mirror
part of the RPV system, the direct result of the dimensionless burst location

should be doubled, as is shown below

= BB B (3.23)

Therefore,

and all the possible solutions located in the mirrored part of the pipeline should
be ignored. Thus, the final value of the dimensionless burst location is calcu-
lated as xp = 2xXp" = 0.2454. The relative cross-sectional area is calculated as
Cf‘—‘:B =0.002. The calculated value of the dimensionless location and the rela-
tive cross-sectional area of the burst are close to the actual value of the burst,

which are xj =0.25 and 22 =0.002.
P

The numerical verifications conducted show that the approach presented in this
paper can be applied successfully for burst detection, localization, and quantifi-
cation, when considering steady friction alone (Wang et al., 2002). The ap-
proach is capable of being applied at different burst and measurement locations.
By applying the sensitivity analysis in Wang et al. (2002), the location errors
of all the conducted numerical studies are approximately 1% —1.5%. However,

unsteady friction will also be involved in practice if there is a transient in-
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troduced into a pipe, as indicated in the governing equations and the solution.
The transient source of the burst scenarios presented in this paper is the burst
itself instead of the valve closure in Wang et al. (2002). Based on this partic-
ular analysis above, unsteady friction damping cannot be determined by using
the method applied in Wang et al. (2002). Therefore, it is crucial to determine
the unsteady friction to calculate the burst damping correctly for the burst con-
ditions. The details of the determination of unsteady friction damping are now

considered.

3.5 Determination of Unsteady Friction Damping

In order to determine the unsteady friction damping caused by the burst, an
unsteady friction water hammer (UFWH) model is built based on the free open-
source 1D water hammer (FOSWH) code (Kjerrumgaard Jensen et al., 2018;
Vitkovsky et al., 2006a,b). The sections of the interior nodes and boundary
conditions in the UFWH model have been modified by adding burst discharge
points. The UFWH model enables modeling of the bursts along the pipe, and

it is validated by reproducing the same results as from the FOSWH model.

To illustrate that the unsteady friction damping caused by the burst can be de-
termined and is different from that caused by the valve closure, a relevant test
was conducted. The setup applied in this test is the same as that presented in
Figure 3.8. During the process of the test, two scenarios are considered, which
are: a) closing the downstream valve under the no-burst condition, and b) ini-
tiating the burst at the dimensionless location xj = 0.005 with the downstream
valve opened normally. These are referred to as Cases 3 and 4, respectively.
By initiating the burst close to the upstream boundary, the effect of the burst
damping is reduced according to its definition presented in Eq. (3.17). However,

the magnitude of the burst damping also depends on the relative cross-sectional
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area of the burst, thus the applied relative cross-sectional area is C‘j‘—;‘B =0.0001.
The resultant burst damping from the first and the third harmonic components
are smaller than 5 x 107>, which are the harmonic components used in the test,
and close to zero. Accordingly, the calculated damping of the burst scenario
of each harmonic only contains the summation of the steady and unsteady fric-
tion damping. The downstream valve remains open for Case 4 to remove any

possible transient caused by the closed downstream valve.

By implementing Cases 3 and 4 with steady friction alone and the summation
of steady and unsteady friction, and fitting Eq. (3.19) into the signal after
the Fourier series analysis, the steady friction damping and the actual friction
damping are determined. Subtracting the steady friction damping from the actual
friction damping provides the unsteady friction damping, and the results of the

unsteady friction damping for Cases 3 and 4 are shown in Table 3.2.

Table 3.2: Comparison of unsteady friction between Cases 3 and 4

Case Rius R3us

Number
3 0.01 0.018
4 0.014 0.028

It is shown that unsteady friction damping caused by the burst is successfully
determined and different from the same quantity caused by the valve closure,
based on the results presented in Table 3.2. In addition, the unsteady friction
damping for each harmonic component is different from the other. The actual
friction damping for the burst localization and quantification can thus be deter-
mined by applying the sequences of Case 4 to any burst scenario, indicating
that the friction damping can be determined accurately by using the numerical

model.
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3.6 Experimental Verification

Two experimental tests were conducted in the Robin Hydraulics Laboratory at
the University of Adelaide, referring to Cases 5 and 6. The pipeline applied
in the experimental tests is a 37.41 m long, straight pipeline, made of copper.

The schematic diagram and the relevant parameters are shown in Figure 3.12.

® In-line valve v Pressure transducer

% Burst I;I T-junction

Pressurized Tank
—

Tank

0.18m

HB Pryy?i
Qe I O ol
Closed o B,

17.31m 0.8m 2.2m 10.9m 6.2m

Figure 3.12: Experimental setup

The pressure transducers are located at points P; and P,, and the bursts are
located at points B; and B, for Cases 5 and 6 respectively, shown in Figure
3.12. More details of the experimental rig can be found in Vitkovsky (2007)
and Wang et al. (2002). During the process of the tests, the downstream valve
of the pipe is set to be closed normally to isolate the west reservoir. In Case 5,
the solenoid valve with the relative cross-sectional area Cj‘—?B =2.12x 1073 and
dimensionless location xj = 0.9951 is opened quickly at approximately 3 s to
simulate the occurrence of the burst. The total testing time is 6 s. Additionally,
the solenoid valve is the sharp orifice, thus b = 0.5. The data is measured
by the Keller pressure transducer located at P;. The initial flow rate of the
test is Qp =0 m3/s, the wave speed is a = 1320 m/s, and the head at the
upstream reservoir is H = 30 m, which is the east reservoir in Figure 3.12.
Note that the system is set to be an RPV system, by using the normally-closed

downstream valve, thus all the even harmonic components are inapplicable, and
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the dimensionless period is 7" = 4. In addition, the burst is actually located
near the mid-point of the whole pipeline, by adding the imaginary mirror part
of the original pipeline, thus the burst damping of each odd harmonic is not
zero. Based on this particular analysis, the UFWH model to determine the
actual friction damping is applicable. In order to show that the application of
the UFWH model is practical, a comparison between the numerical and the

experimental results is shown in Figure 3.13.

4 T T T T T
Experiment
— — — UFWH Model
3.5 _
T
4]
& 3 -
&
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2 25} .
—
A
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Figure 3.13: Comparison between numerical and experimental results(Case 5)

It can be seen that the results generated by the UFWH model are close to the
experimental data, indicating that the UFWH model can be applied to determine
the actual friction damping in practice for any single pipeline system. Note
that additional transients appear at the first two periods of both the transient
signals, numerical and experimental data, are caused by the rapid reflection of
the pressure wave due to the closed downstream valve, since the location of
the solenoid valve is close to the closed downstream valve. In addition, the

differences between them may be caused by external noise and time delay.
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The total damping is calculated by applying Fourier analysis to the experimen-
tal data, and the actual friction damping is determined by using the UFWH
model with the *Vardy & Brown’ unsteady friction model (Kjerrumgaard Jensen
et al., 2018; Vardy and Brown, 2003). The burst damping can then be deter-
mined by subtracting the actual damping from the total damping. In order to
increase the accuracy of the resultant damping ratio, damping of the first, third,
and fifth harmonics is used. The calculated damping is presented in Table 3.3.
Additionally, the damping rates of the experimental data are shown in Figure

3.14.

0.014 | |
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—#—n =5, Rs + Ryn — 0132
0.012 |
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Figure 3.14: Damping rates of experimental data (Case 5)
Table 3.3: Damping of Case 5

Damping n=1 n=3 n=S5

Type
Total damping of the data 0.127 0.118 0.132
Actual friction damping ~ 0.012 0.022 0.029
Burst damping 0.115 0.096 0.103

Although the damping of the fifth harmonic is applied for the experimental
analysis, the number of possible solutions is not significantly increased. This

is because all the bursts located in the range 0.5<x* <1 belong to the imag-
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inary mirror part of the RPV system, thus all the possible solutions of xj in
this range should be ignored. In addition, only the damping ratio in the range
0<x* <0.5 should be applied, and the corresponding damping ratio analysis is

shown in Figure 3.15.
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Figure 3.15: Damping ratios for the experimental analysis (Case 5)
The damping ratios are calculated as gﬁ = (0.8343, f# =0.9998, and % =
1B 3B 1B
0.9081, corresponding to the dimensionless burst location xé=0.453, x% =0.499,
and xAg = 0.48 respectively by applying these three ratios in Figure 3.15. Av-
eraging them gives the dimensionless burst location x% = 0.4773. Applied to
the real pipeline, the burst location xAg = 0.4773 should be doubled, and so be-

comes xp = 0.9546. Thus the calculated relative cross-sectional area is Ci—‘? =
2.0055 x 1073, Both the resultant dimensionless burst location and the relative
cross-sectional area are close to the actual values of 0.9951 and 2.12 x 1073,
The corresponding errors are 4.05% and 5.4% respectively based on the sensi-
tivity analysis in Wang et al. (2002). The results of Case 5 verify both the
theoretical model for burst detection and the UFWH model. For the damp-

ing ratio magnitudes smaller than unity, there will be two possible solutions.
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The results of Case 5 also indicate another burst location in the pipeline at
xAg = 0.25. Examination of the boundary reflections from the burst allows the
correct location to be determined for these low damping ratios, which means
only the correct burst location can provide the boundary reflections that fit the

experimental data.

In order to verify the applicability of the technique outlined in this paper in
terms of different burst and measurement locations experimentally, Case 6 was
conducted. In Case 6, the burst location was changed from B; to B, with the
dimensionless location x; =0.51, and the measurement location is changed from
P; to P, while all other parameters and the location of the sensor remain the
same as for Case 5. The burst was simulated to happen at approximately 0.1 s,
the total testing time was 3 s, and the measured time trace is shown in Figure
3.16. By repeating the data analysis process in Case 5, the total damping rates
of the first, third, and fifth harmonic components are plotted in Figure 3.17,
and the friction and burst damping are shown in Table 3.4.

Table 3.4: Damping of Case 6

Damping n=1 n=3 n=5

Type
Total damping of the data 0.055 0.117 0.096
Actual friction damping ~ 0.012  0.022 0.029
Burst damping 0.043 0.095 0.067

The calculated damping ratios are %ﬁ =2.2093, g—zﬁ =0.7053, and %ﬁ = 1.5581,
which correspond to xz = 0.211, xj = 0.2434, and xj = 0.287, respectively. Re-
peating the same location and relative cross-sectional area calculation procedure
provides the determined dimensionless burst location xz = 0.4943 and relative
burst cross-sectional area Cﬁ—‘? —2.1587 x 1073, The corresponding errors are
1.57% and 1.82%, according to the sensitivity analysis in Wang et al. (2002).
The analysis of the two conducted experimental tests verifies the technique out-
lined in this paper, and assesses the applicability of the technique at different

burst and measurement locations. The resultant location errors are smaller than

the burst size errors in the conducted experimental verifications, which supports
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Figure 3.16: Experimental results (Case 6)
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the concept that the burst localization requires more accuracy than the burst size
quantification in practice. Moreover, the resultant errors are in the range of the

sensitivity analysis in Wang et al. (2002).

During the process of the experimental tests, the bursts were simulated by
opening the electronically-controlled solenoid valves. Since the applied solenoid
valves were opened quickly, the generation time of the bursts was neglected.
However, in practice, the pipeline bursts are usually generated by the material
failure or external damage of the pipeline instead of electronically-controlled
solenoid valves. This indicates that the size of the burst may continue to
increase after emerging, which means that the transient generation cannot be
treated as an instantaneous process. Therefore, the transient generation takes
place over a longer time period. Hence, the bandwidth of the injected signal
may be decreased, or equivalently, the wavelength of the injected signal may
be increased. Consequently, the generated transient waves may not be sharp,
creating an excitation of low bandwidth (Keramat et al., 2019; Keramat and
Zanganeh, 2019). In the research by Keramat et al. (2019), and Keramat and
Zanganeh (Keramat and Zanganeh, 2019), the direct analysis of reflections from
the leak when using a separate transient source, shows that the localization error
is proportional to the transient generation time. However, the technique outlined
in this paper is designed to utilize the damping behavior of the low-frequency
components of the signal. Only the first three resonance responses were uti-
lized in the conducted verification scenarios, indicating that the maximum re-
quired frequencies that should be present in the signal are g—z and Z—Z for RPR
and RPV systems respectively. Additionally, the maximum analyzed frequency
components of the signal are at 1.5 Hz and 1.25 Hz for RPR and RPV sys-
tems respectively in the numerical studies, and at 44.1 Hz in the experimental
studies. The transient generation time is less critical to the technique outlined
in this paper. The burst can still be located accurately under the conditions of

a slow transient generation process.
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3.7 Conclusion

The damping caused by both the friction and the bursts exists in the transients
of the pressure head. The steady friction damping can be calculated by using
its equation and is independent of the transient signal. However, the actual fric-
tion damping contains the unsteady friction damping and is dependent on the
transient and the type of generation of the transient. The actual and unsteady
friction damping are different for different harmonic components of the signal.
They can be obtained successfully by using the validated UFWH model. In ad-
dition, it is shown in this paper that the unsteady friction damping caused by
the burst is larger than the same quantity caused by the valve closure. By sub-
tracting the actual friction damping from the total damping resulting from the
Fourier analysis of the signal, the burst damping can be determined successfully.
The burst damping is useful for determining the presence of the burst, locating
the burst, and quantifying its cross-sectional area. The burst can be detected,
located, and quantified with the location errors of 1% — 1.5% numerically and
1.57% — 4.05% experimentally. Moreover, the proposed technique is capable of
detecting, locating, and quantifying burst at different bursts and measurement

locations.

The analytical model indicates that the damping of the fluid transient based on
the MOC is applicable for burst detection, localization, and quantification. The
steady friction damping and the burst damping are exponential for each har-
monic component. The theoretical model has been verified by both the numer-
ical studies and the experimental tests. The technique presented in this paper
has the advantage of being compared with the previously-explored MOC-based
method, since the technique presented in this paper does not require a manu-
ally generated transient. In addition, the experimentally verified UFWH model
is capable of determining both the actual and the unsteady friction damping,

indicating that the actual friction damping can be obtained numerically in prac-
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tice for any burst condition. By continuing to apply the UFWH model and
analyzing the measured data, the burst can be possibly detected, localized, and
quantified under the condition of continuous real-time monitoring. Although the
technique presented in this paper is simple to apply, and has significant advan-
tages, the generality of this technique is limited. This technique can only be
applied under burst conditions on a single pipeline, since it requires the oc-
currence of the burst as the source of the transient, indicating that it will have
difficulties in detecting very small leaks that develop slowly without an eruption.
The complexity of a pipe system, such as branches, loops, and demands will
bring difficulties to the application of this technique, because transients caused
by these factors will be difficult to distinguish from the bursts. A transient gen-
erated by practical and sudden water use in the pipeline system will be difficult
to distinguish from a burst due to it having the same pressure wave generation
mechanism. However, the burst will become a leak that exists all the time,
which is different from water use that may stop after a certain time. Moreover,
the locations of the possible water use will often be known in an established
water supply pipeline system, and can therefore be used to distinguish the burst
from normal water use, based on the determined transient location by applying

the technique outlined in this paper.
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Abstract

The purpose of the paper is to present an approach for pipe burst detection,
localization, and cross-sectional area quantification, based on the changes in the
discrete harmonic spectrogram and analysis of damping of fluid transients. The
amplitude of each resonance response of the burst-induced transient wave in
each analyzed time window in the spectrogram is damped differently because
of the presence of the burst. A pressure signal processing algorithm for pipe
burst detection and estimation has been developed by the authors to explore this
specific type of analysis, in conjunction with a predefined gap between each
window. Since the window gap can be set to be equal to the data transmission
and sampling rates in the analysis to detect and estimate the burst, it can be
applied during real-time data monitoring. Unlike other hydraulic transient-based
detection methods, the proposed algorithm only requires the Nyquist frequency
of the third resonance response as the data transmission and sampling rates,
which are significantly lower than the same quantities in commonly used data
acquisition systems. The algorithm has been verified both numerically and ex-

perimentally.

4.1 Introduction

All pipeline systems require an inspection process of their continuous work-
ing cycle (Anderson and Anderson, 2011; Berglund et al., 2020; Billmann and
Isermann, 1987; Bohorquez et al., 2020; Hovey and Farmer, 1993; Khan and
Abbasi, 1999; Stephens et al., 2020; Wang et al., 2020; Zeng et al.,, 2020).
Different techniques for pipe leak/burst detection have been proposed, such as
the transient damping method (Wang et al., 2002), frequency response diagram
analysis (Gong et al.,, 2013a; Lee et al.,, 2008; Vitkovsky et al., 2011), time
domain reflectometry methods (Cataldo et al., 2017; Misiunas et al., 2003), and

real-time data-based methods (Ebina et al., 2011; Hutton and Kapelan, 2015a;
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Parikh and Sundaresan, 2008).

Wang et al. (2002) and Nixon et al. (2006) researched a pipe leak detec-
tion technique based on the damping of fluid transients (DOFT) excited by the
active operation of a valve. In this system, the amplitudes of the harmonic
components (i.e., the resonance peaks) of the pressure wave in the frequency
domain are damped differently because of the leaks. The amplitude of each har-
monic component can be calculated by fitting the Fourier Series solution period
by period: the exponential damping can then be determined. The location and
cross-sectional area of the leak can be calculated using the determined damp-
ing. The relevant numerical and experimental verifications have been conducted
by Wang et al. (2002), where the results verified the model with acceptable er-
rors. Nixon et al. (2006) further explored this approach in terms of the validity
range. The DOFT method has been applied for pipe burst detection, localiza-
tion, and cross-sectional area quantification (referred to simply as quantification
in the rest of the paper) in Du et al. (2020). Du et al. (2020) set out the
research that extends the method in Wang et al. (2002) from proactive leak

detection to passive burst detection.

The application of the direct results of fast Fourier transform (FFT) on the
complete signal, based on the fluid transient, has been studied in detail (Gong
et al.,, 2016b; Lee et al., 2008). Lee et al. (2005a; 2008) utilized the FFT-
related technique for pipe leak detection through application of the Frequency
Response Diagram (FRD). By comparing the resonance peaks on the FRD for
a no-leak case with those of a leak case, the leak can be detected. Its location
and size can be determined based on both the magnitude and the resonance
peaks. Introducing persistent transient signals to extract the FFT with higher
reliability was explored by Gong et al. (2018a; 2018b) and Lee et al. (2006).
Duan (2018) explored the transient frequency response (TFR) technique for leak

detection considering the effects of loop and branch.
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Time domain reflectometry methods have been studied by several researchers
(Cataldo et al., 2017; Misiunas et al., 2003). Based on the research by Cataldo
et al. (2017), leaks can be successfully detected and localized by capturing
the arrival time of the leak-induced transient pressure signal. In Misiunas et
al. (2003), burst detection and localization were investigated by utilizing the
time domain reflectometry technique with relatively high data transmission and
sampling rates. The data sampling rate is the reciprocal of the time interval of
two data points collected by a sensor. The data transmission rate is the rate
that the data is transmitted over the system. It can be either equal to or less

than the data sampling rate.

Burst detection techniques based on real-time data monitoring have been re-
searched frequently (Ebina et al., 2011; Hutton and Kapelan, 2015a; Kang and
Lansey, 2012; Parikh and Sundaresan, 2008). It has been verified that these
techniques are capable of detecting the burst by capturing the transient gen-
erated by the burst. Furthermore, the detection process can be achieved once
the burst occurs, since the signal is analyzed in real-time. Parikh et al. (2008),
Ebina et al. (2011), and Hutton et al. (2015a) studied real-time data-based burst
detection methods based on large scale online systems. However, these methods
have difficulty in locating and quantifying the burst. The real-time data-based
technique presented in Kang et al. (2012) has the ability to locate a burst based

on the burst-induced transient signal captured by multiple sensors.

The following gaps exist in the reviewed literature. Firstly, the method in Du
et al. (2020), which is an extension of Wang et al. (2002), requires a re-
stricted length and gap in the analyzed time window in the analysis, which
impedes its real application. Secondly, conventional transient-based burst detec-
tion methods, such as time domain reflectometry methods, normally require rel-
atively high data transmission and sampling rates to obtain an acceptable spatial

resolution, which leads to high cost of the pressure monitoring system.
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In this paper, the mathematical derivation eases the restriction of the length and
the gap of the analyzed time window. This allows the signal to be analyzed in
real-time by letting the window gap equal the reciprocal of the data sampling
rate. Every new data point that is acquired can then be processed one time step
at a time. The proposed approach enables the use of low data transmission and
sampling rates of the pressure monitoring system for burst detection, and thus

reduces the cost of the pressure monitoring system.

In the following section, the mathematical modeling and its Fourier transform
analysis are derived and presented. The procedures for burst detection, localiza-
tion, and quantification are presented in the next section. Eleven corresponding
numerical cases are followed by an experimental verification and, finally, the

conclusion.

4.2 Mathematical Modeling

The mathematical model is built based on the general Fourier transform of the
head disturbance solution when analyzing the signal window by window. The
head disturbance solution was derived in Du et al. (2020). The mathematical
modeling contains four major steps as indicated in Figure 4.1. The Fourier
coefficients of the head solution are determined by fitting the general Fourier
series to the head solution. The resultant Fourier coefficients are applied to the
process of the Fourier transform of the head solution. The Fourier transform
is completed by substituting the resonance responses. The final mathematical
model is derived by generalizing the time range of the Fourier transform from

a fundamental period of the signal to an arbitrary number.

In mathematical derivations, the following key assumptions are applied: the pipe

wall is elastic; the unsteady friction damping on each harmonic component is
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Figure 4.1: Logic of mathematical modeling

exponential; the fluid is slightly compressible; the flow is one-dimensional; the
radial velocity is small, and the fluid velocity is much smaller than the wave

speed.

The head dimensionless disturbance h* caused by the burst, which is the mea-
sured signal from the pressure transducer divided by the reference head, was
derived in Du et al. (2020) based on the work in Wang et al. (2002), and

shown as

h*(x*, %) = Z {e_(R”LR"B)t* [Ancos(nmt™) —i—anin(mrt*)]sin(mrx*)} (n=1, 2, 3,..)
n=1

4.1)

where x* and t* in Eq. (4.1) are the non-dimensionalized distance along the

pipe and the non-dimensionalized time respectively, using the following defini-
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tions

]’l*_i I*_ ! x*_
= , = — —

i /o 4.2)

NI =

where h is the head disturbance caused by the burst, H; is the reference head,
which is the head measured at the boundary reservoir, ¢ is the time, L is the

length of the pipe, a is the wave speed, and x is the distance along the pipe.

fs ad LQO 16 d
R= Rsteady + Runsteady = t;al;A + pDzl;; [a_?w(r)] 4.3)
p p

in which R, Rgeaqy, and Ryugeqqy are the actual (total), steady, and unsteady
friction damping respectively, fyeqqy 18 the Darcy-Weisbach friction factors for
steady friction damping, Qg is the initial flow rate, D is the inner diameter of
the pipe, A, is the cross-sectional area of the pipe, u is the dynamic viscosity
of fluid, p is the density of fluid, and W(7) is the weight function, in which
7, which is time/frequency-dependent, is defined in Kjerrumgaard Jensen et al.
(2018). It can be noted that the utilized unsteady friction damping in Eq. (4.3)
is based on the Vardy and Brown transient unsteady friction model (Duan et al.,
2012; Meniconi et al., 2014; Vardy and Brown, 1995; Zielke, 1968). The un-
steady friction damping in this paper is determined by a computational process
in Du et al. (2020), and it is frequency-dependent (i.e., different at different
resonant frequencies). The term R,p in Eq. (4.1) is the damping caused by the

burst in the nth harmonic component, and can be expressed as

R,z = Kpsin® (nmx}) (4.4)

where x5 is the dimensionless location of the burst, and Kp is associated with
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the characteristics of the burst and defined as

_ CsAp 2ab

Kp
Ap (2gHpo)' "

4.5)

in which C; is the burst discharge coefficient, Ap is the cross-sectional area of
the burst, g is the gravity acceleration, and Hpg is the steady head at the burst
location before the occurrence of the burst. The value of b is typically set to

be 0.5 for a sharp orifice.

A, and B, are the Fourier coefficients, expressed as
1
Ap=2 / FOS)sin(nma)dx (n=1, 2, 3, ..) 4.6)
0

2 1 R+R,B)A
B,=— [ g(x")sin(nmx")dx" + (Rt Rup)As
nw Jo nmw

where f(x*) and g(x*) are the initial conditions that are known piecewise func-

tions, in the range (0 <x* <1), and which are shown as

— ¢(x") (4.8)

When analyzing the signal window by window with the window length 7, in-
stead of every fundamental period of the signal, the amplitude of the nth har-

monic component in each analyzed time window of the measured pressure sig-
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nal is

EM — gD g~ (R+-Rug)m=1:; (4.9)

where Er(,m) is the amplitude of the nth harmonic component in the mth window,

Er(,l) is the amplitude of the first harmonic component in the mth window, and
t* is the dimensionless window length. The details of the derivation of Eq.

a

(4.9) are shown in the Appendix.

4.3 A Discrete Harmonic Spectrogram Algorithm for

Burst Detection, Localization, and Quantification

Based on Eq. (4.9), a short-term spectrogram of the measured pressure signal is
capable of providing the amplitude of each harmonic component in each time
window. When the real-time data acquisition speed and the data transmission
rate allow the transmission of the data in the next window to be completed in
a very short time, this approach will be able to be applied in real-time. Based
on this specific limitation analysis, the window gap, d, which is the interval
between the starting points of two contiguous windows, is applied, as shown in

Figure 4.2.

Under the previously mentioned condition, when moving the window by a non-

period window gap, d, Eq. (4.9) is now expressed as a more general form

EM — gD~ (RERe) =Dt _ p(1) = (R Ryp) (1) (4.10)
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Figure 4.2: Example of analyzing signal window by window with window gap d

where d* is the dimensionless window gap, and Eq. (4.9) is a special case
when analyzing the data window by window, when d =1t,, thus d* =1;. Eq.
(4.10) indicates that as long as the interval between the starting points of two
contiguous windows is determined by the user, the summation of the friction
and the burst damping can be calculated. In addition, an arbitrary and very
small value of d allows the analyzed time window to be moved slightly to
adapt to the real-time data acquisition speed. Specifically, when the value of d
is equal to the real-time data acquisition speed (i.e., the window gap between

two data points), real-time analysis becomes possible.
The presence of the burst can be confirmed by calculating the differently-damped

amplitudes of the harmonic components from the generated discrete harmonic

spectrogram of the signal according to Eq. (4.10). The dimensionless burst
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location can be calculated based on the following equations

R, B = KBsinz(mﬂxg)
" @.11)
Ru,p = Kpsin*(nymx}y)

where R, p and R,,p are the burst damping of a pair of harmonic components
when n=n; and n=ny. By applying the quotient of R, p and R,,p, the di-
mensionless cross-sectional area of the burst can be canceled, thus the resultant

function depends on the dimensionless burst location alone, and is expressed as

Ry sin? (nymxy)
Ry sin®(nmx})

4.12)

The details of Egs. (4.11) and (4.12) are presented in Du et al. (2020). There-
fore, the dimensionless burst location can be calculated by solving Eq. (4.12).
The details of the damping ratio 22—?? are presented in Figures 4.3 and 4.4, cor-
responding to the reservoir-pipe-valve (RPV) and reservoir-pipe-reservoir (RPR)
systems respectively. Note that since the application of Eq. (4.1) to an RPV
system 1is achieved by adding an imaginary mirror part to the original RPV
system, all the possible dimensionless burst locations on the imaginary mirror
part are ignored. The relative cross-sectional area of the burst can then be
determined by substituting the resultant dimensionless burst location and burst

damping into Egs. (4.4) and (4.5), thus the relative cross-sectional area of the

burst is expressed as

RupAp(2gHg)'~?

CsAp =
4B 2absin®(nmx})

(n=1, 2, 3, ..) 4.13)
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Figure 4.3: Damping ratio for the RPV system
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The actual cross-sectional area of the burst can then be determined by know-
ing the burst discharge coefficient C; and cross-sectional area of the pipe A,,.
It should be noted that the minimum required data transmission and sampling
rates of the algorithm need to be equal to the Nyquist frequency of the mini-
mum required harmonic component based on Eq. (4.12). Three damping ratios
may be needed for high accuracy to calculate the average value of these three.
This fact indicates that the harmonic component that reflects the third resonance
response in the discrete harmonic spectrogram of the signal is the minimum re-
quired harmonic component. Specifically, the minimum required data transmis-
sion and sampling rates of the RPV and RPR systems are 10X fy and 6 X fy
respectively, where f is the fundamental frequency of the system, since all the
amplitudes of all the even harmonic components are close to zero for RPV

systems.

In summary, the algorithm in this paper is capable of detecting, locating, and
quantifying the burst by producing the discrete harmonic spectrogram of the
signal. The window can be moved with a short window gap according to the
actual real-time data acquisition speed, which reveals the applicability of the
technique in the area of real-time data monitoring. Additionally, the minimum
required data transmission and sampling rates of the algorithm only need to be
the Nyquist frequency of the third resonance response in the discrete harmonic
spectrogram of the signal. This provides an insight into how to utilize low data

transmission and sampling rates.

In this approach, the burst itself is the transient source, and the occurrence of
a burst causes a sudden pressure drop. While positive pressure disturbance is
generated manually by a fast valve closure in Wang et al. (2002), at a different

location from the leak.

The frequency analysis algorithm of the approach presented in this section has

some similarities to the short-term Fourier transform (STFT). However, since
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only the first three resonance responses in the low-frequency range are desired,
the sliding discrete Fourier transform (SDFT) is the preferred approach (Jacob-
sen and Lyons, 2003). The impact of the spectral leakage caused by the signal
discontinuity at the edges within each window 1is critical because of the peri-
odic nature of discrete Fourier transform (DFT) (Lathi, 1998; Smith, 1997). The
DFT views the right boundary of the acquired signal wrapping around and con-
necting to its left boundary within each window (Smith, 1997). Therefore, the
spectral leakage occurs when the signal discontinues at the edges within each
window (Schoukens et al., 2006; Wickramarachi, 2003). It may reduce the ac-
curacy of the DFT of the signal within each window. Therefore, the window
length #, should be determined based on the principle of ensuring the continuity
at the edges within each window of the signal. Additionally, this specific analy-
sis indicates that the window length #, can be a random length, but the integer
multiples of the fundamental period of the signal are always the most appro-
priate solutions. In order to quantify the discontinuity at the edges within each
window of the signal, a window discontinuity index (WDI) is introduced. The
WDI is defined as the difference between the left and the right end points of
any window, divided by the reference pressure/head of the system. The WDI
of the first window, the first window discontinuity index (FWDI), is selected
throughout the paper as an example. FWDI is inversely proportional to the
accuracy of the amplitude of the DFT, thus it is inversely proportional to the
accuracy of the resultant dimensionless burst location and relative cross-sectional

area.

Eight numerical verifications of the algorithm are found by testing the 7, d,
data transmission rate, sampling rate, and different configurations, and are pre-
sented in the next section. Furthermore, three additional numerical scenarios

regarding the slow transient generation process have been conducted.

76



CHAPTER 4. APPROACH FOR NEAR-REAL-TIME PIPE BURST
DETECTION, LOCALIZATION, AND QUANTIFICATION WITH LOW
DATA TRANSMISSION AND SAMPLING RATES

4.4 Numerical Verification

A series of numerical verification scenarios have been conducted, where eight
numerical verification cases were conducted to verify the algorithm outlined in
this paper, and the three additional cases are used to examine the situation
where the burst transient generation process is slow. The purpose of the last
three cases is to illustrate the validity of the algorithm under the conditions of

a slowly developing burst.

The applied pipeline system from the first to the seventh scenarios, referred
to as Cases 1-7, respectively, is the RPV system. The corresponding system
configuration is shown in Figure 4.5. The applied system of the eighth sce-
nario, referred to as Case 8, is the RPR system, and the system configuration is
shown in Figure 4.6. The downstream valve can be controlled manually. Note
that the fundamental period of the applied RPV and RPR systems are % =4 s
and %L =2 s, respectively. Three additional scenarios have been implemented to
verify the algorithm under the conditions of slowly developing burst, referred to
as Cases 9-11. The applied configuration is the RPV system as is applied in
the former cases. Steady friction is considered in all the cases. The data trans-
mission and sampling rates from Cases 1-4, and Cases 9-11 are 100 Hz, while
they are reduced to smaller values in Cases 5-8. All the critical parameters of

the conditions and results of each case are shown in Tables 4.1 and 4.2.

In Cases 1-7, the transient event is introduced by initiating a burst with the di-
mensionless location xz =0.25 and the relative cross-sectional area %% =0.002.
The initiation of the burst is achieved by opening the side discharge valve sud-
denly in each scenario. The pressure signal is measured at the dimensionless
location x* =0.75. The total test time of each scenario is 60 s, and the burst

occurred at 0.3 s. Since the side discharge valve is simulated to be opened

instantaneously, the time delay caused by opening the valve can be neglected.
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Figure 4.5: RPYV system configuration
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Figure 4.6: RPR system configuration
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The simulated bursts in all the scenarios are treated as a sharp orifice, indicat-
ing that the value of b in Egs. (4.5) and (4.13) is 0.5. The wave speed and
the inner diameter of all the scenarios are set to be a =1000 m/s and D =0.2
m. The initial flow rate is set to be Qp=0.001 m>/s by letting the downstream
valve be partially opened, and the Darcy-Weisbach friction factor is set to be

f =0.0302. The measured time trace from Cases 1-4 is shown in Figure 4.7.

T
|
—
|

27

[\
@)}
T
1

)
~
1

[\
W
T
1

0 10 20 30 40 50 60
Time (s)

Figure 4.7: Time trace from Cases 1-4

4.4.1 Sensitivity Analysis of the Window Length

Cases 1 and 2 were conducted to verify the fact that the discontinuity of the
signal at the edges within each window affects the accuracy of the algorithm
negatively, no matter whether the length of the analyzed time window, 7,, is
larger or smaller than the fundamental period of the pipeline system. The se-
lected values of 7, and d in Cases 1 and 2 are f, =2.3 s and d =4.8 s, and

t, =43 s and d =4.8 s, respectively.
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The corresponding discrete harmonic spectrograms of the first three resonance
peaks are plotted in waterfall form focusing on particular frequencies, and are
shown in Figures 4.8 and C.1 (Harris, 1992; Redd et al., 2019; Zhang et al.,
2017). From Figure 4.8, the changes of the damped amplitudes at the first
three resonance frequencies over time are also shown. Additionally, the fig-
ure also compares the signal strength across the different resonance frequencies.
Applying Eq. (4.10) to the amplitudes at the first three resonance frequencies
in the generated discrete harmonic spectrograms provides the total damping as
R+ Ryteaqy = 0.0156, R3p+Ryeqay =0.0216, and Rsp+ Ryeaay = 0.0216 for Case
1, and R;g+ Ryeaay = 0.0156, R3p+ Ryteaqy = 0.0346, and Rsp + Ryeaay = 0.0326
for Case 2. By subtracting the steady friction damping, which is calculated
as Rgeqqy = 0.0024 from Eq. (4.3), the burst damping is calculated as Rjp =
0.0132, R3p =0.0192, and Rsp =0.0192, and R;p =0.0132, R3p = 0.0322, and
Rsp =0.0302 for Cases 1 and 2 respectively. By averaging the values of %,
%g, and 2_?;’ and applying the damping ratios shown in Figure 4.3, the directly
determined dimensionless burst locations for Cases 1 and 2 are xAg = 0.17295

and xAg =0.16135 respectively. Due to the imaginary mirror part of the system

=B B _Tb (4.14)
L+L 2L 2

thus,

The determined dimensionless burst locations on the real system for Cases 1
and 2 are xp = 0.3459 and xj = 0.3227 respectively. Accordingly, the relative
cross-sectional areas for Cases 1 and 2 are Cj‘—?f’ =0.0011 and Cj‘—;‘B = 9.5006 x

10~* respectively, utilizing Eq. (4.13). Based on the error analysis in Wang
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Figure 4.8: Discrete harmonic spectrogram from Case 1

et al. (2002), the burst location errors are 9.59% for Case 1 and 7.27% for
Case 2, and the cross-sectional area errors are 45% for Case 1 and 52.5% for
Case 2. It can be seen that both the burst location and the cross-sectional area
errors are large. This unexpected result can be explained by calculating the
FWDI for both cases. They are calculated as 8.2% and 7.92% for Cases 1
and 2 respectively. The FWDI for Cases 1 and 2 are significant, indicating that
the accuracy of the resultant discrete harmonic spectrogram has been reduced

because of the spectral leakage.

In order to ensure the continuity of the signal at the edges within each window
when utilizing the algorithm, any integer multiple of the fundamental period of
the pipeline system can be assigned to f7,. As an example, Case 3.1 was con-
ducted with the condition ¢, =20 s, which is selected as 5x 7T, where T is the
fundamental period of the pipeline system, and d =4.8 s. The resultant dis-
crete harmonic spectrogram is shown in Figure C.2. Replicating the procedures

applied to Cases 1 and 2 provides the determined dimensionless burst location
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xp =0.2473, and the relative cross-sectional area C‘j\—’? =0.002. The correspond-
ing errors are 0.27% and 0% respectively. The FWDI is calculated as 2%. The
result shows that the accuracy of the algorithm is enhanced as the FWDI is de-
creased by selecting the value of 7, as the integer multiple of the fundamental
period of the system. The fundamental period of the pipeline system can be ob-
tained by equations, observing the signal, or the ringdown technique in Baibhav
et al. (2018) and Giesler et al. (2019). In the research in Baibhav et al. (2018)
and Giesler et al. (2019), the superposition of the fundamental mode plus the
first two overtones of the ringdown model provides an accurate representation
of the fundamental frequency of the system. Other better solutions than integer
multiples of the fundamental period of the system could exist, which provide a
small value of FWDI, and these solutions can be determined according to the
actual features of the data in practice. Two additional tests, which are indicated
as Case 3.2 and 3.3, have been conducted to illustrate the accuracy of the ap-

proach in Case 3 when 7, equals T and 2T, respectively. The corresponding

conditions and results are included in Tables 4.1 and 4.2, respectively.

4.4.2 Verification of Real-time Data Monitoring Capability

In terms of applying the algorithm to the area of real-time data monitoring,
the window gap between the current and the next windows should be rela-
tively small to adapt to the actual data acquisition speed. Therefore, Case 4
was conducted with a small value of window gap, and the values of 7z, and d
are 7, =20 s and d =0.01 s. The generated discrete harmonic spectrogram is
shown in Figure C.3. Replicating the same sequences in the previous scenar-
ios provides the determined dimensionless burst location xj = 0.2481, and the
relative cross-sectional area Cf\—;‘B =0.002. The burst location and relative cross-
sectional area errors are 0.19% and 0%. The results from Case 3.1 illustrate

the fact that the algorithm can be applied successfully with a small value of

d, which is equal to the data acquisition speed, since each data point is ac-
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quired every 1/100 Hz=0.01 s. This specific analysis shows that it is possible
to utilize the algorithm in the area of real-time data monitoring, as long as the

applied value of d is selected to be equal to the data acquisition speed.

4.4.3 Verification of Low Data Transmission and Sampling Rates

Since only the first three resonance responses are utilized in this algorithm, it
is reasonable for the data transmission and sampling rates to be reduced to
the Nyquist frequency of the third resonance peak in the discrete harmonic
spectrogram. In order to verify this specific analysis, Cases 5 and 6 were
implemented. The data transmission rate is reduced to the Nyquist frequency
of the third resonance response in Case 5, then the data sampling rate is re-
duced to the same value in Case 6. In Case 5, the data transmission rate is
2x 5% fo=2.5 Hz, given that all the even harmonic components are negligible
for an RPV system, while all other parameters remain the same as for Case
4. The fundamental frequency of the pipeline system, fy, can be determined
by the same methods mentioned in the previous section. It should be noted
that, although the value of d, 0.01 s, is smaller than the reciprocal of the data
transmission rate 0.4 s, signal processing is still achievable, since the data sam-
pling rate is 100 Hz. The time trace transmitted from the sensor at 2.5 Hz
is shown in Figure 4.9, and the corresponding discrete harmonic spectrogram
is shown in Figure C.4. By replicating the same determination sequences, and
ignoring the resultant dimensionless burst locations on the imaginary part of the
RPV system, which is shown in Wang et al. (2002) and Du et al. (2020), the
resultant dimensionless burst location and the relative cross-sectional area are
xp = 0.2282 and Cj‘—‘? =2.03 x 1073 respectively, with the errors being 2.18%
and 2%. It can be observed that the algorithm can be utilized successfully with
acceptable accuracy under the condition of applying the Nyquist frequency of
the third resonance peak as the data transmission rate. In addition, the results

from Case 5 further verify the potential availability of the algorithm in the area
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of real-time data monitoring, since the window gap, 0.01 s, between two con-
tiguous windows, is the same as the data acquisition speed, 0.01 s, which is

the reciprocal of the sampling rate.
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Figure 4.9: Time trace from Cases 5 and 6

Case 6 was conducted to illustrate that not only the data transmission rate but
also the sampling rate can be reduced to the Nyquist frequency of the third
resonance response in the discrete harmonic spectrogram. In Case 6, the data
transmission and sampling rates are both set to be 2 x5 x fy =2.5 Hz, and
the window gap is set to be d =0.4 s, since it is impossible for it to be
smaller than the data acquisition speed, while all the other parameters remain
unchanged. The re-sampled time trace is exactly the same as that shown in
Figure 4.9, and the resultant discrete harmonic spectrogram is shown in Figure
C.5. The determined dimensionless burst location and relative cross-sectional
area are xz=0.2596 and Cj—’iﬁ =0.002 respectively. The corresponding errors are
0.96% and 0%, which indicate that the algorithm has been utilized successfully
with high accuracy. The results from Case 6 illustrate the successful application

of the algorithm, both with a low sampling rate and potential application to the
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area of real-time data monitoring.

Although Cases 5 and 6 verify the minimum required data transmission and
sampling rates of the algorithm outlined in this paper, these two rates are gen-
erally set to be both equal to each other, and larger than the Nyquist frequency
of the required frequency response in practice. Therefore, Case 7 was imple-
mented with data transmission and sampling rates of 5 x5 x fo =6.25 Hz, which
are 2.5x the Nyquist frequency of the third resonance response in the discrete
harmonic spectrograms. The window gap is set to be d = 0.16 s, which is
the same as the data acquisition speed. All other parameters remain the same
as for the previous cases. The re-sampled and transmitted time trace is shown
in Figure 4.10, and the corresponding discrete harmonic spectrogram is shown

in Figure C.6. The resultant dimensionless burst location and relative cross-

CiAp

4, = 0.002 respectively. Accordingly, the

sectional area are xp = 0.2475 and
errors are calculated as 0.25% and 0% for the burst location and relative cross-
sectional area respectively. By comparing the errors from Cases 6 and 7, it
can be seen that the accuracy of the algorithm is enhanced by increasing the
sampling rate. This specific analysis indicates that although the minimum re-
quired sampling rate of the algorithm could be the Nyquist frequency of the
third resonance response in the discrete harmonic spectrogram, higher sampling

rates can always be considered as alternatives, depending on the real system in

practice.

4.4.4 Verification of the Algorithm on an RPR System

In order to verify the algorithm on an RPR system, Case 8 was implemented
based on the configuration shown in Figure 4.6. In Case 8, the downstream
valve is fully opened, indicating that the pipe is delivering the water, and the
initial flow rate is Qp = 0.0622 m3/s. The Darcy-Weisbach friction factor is

f =0.015, the testing time is 30 s, and the data transmission and sampling
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Figure 4.10: Time trace from Case 7

rates are both 2 x 3 x fo =3 Hz. The window gap is d =0.34 s, while all the
other parameters remain the same as for Case 5. The measured time trace is
shown in Figure 4.11, and the resultant, discrete harmonic spectrogram is shown
in Figure C.7. Replicating the same process in Case 5 generates the dimension-
less burst location xp = 0.2415 and relative cross-sectional area Cj—‘iB = 0.002.
The errors are 0.85% and 0% for the burst location and relative cross-sectional
area respectively. This scenario verifies the algorithm on an RPR system with
low data transmission and sampling rates, and it also reveals the ability of the

algorithm to be applied to the area of real-time data monitoring.

4.4.5 Verification of the Algorithm for the Slow Transient Genera-

tion Process

In the research by Keramat et al. (2019), and Keramat and Zanganeh (Keramat

and Zanganeh, 2019), direct analysis of reflections from the leak when using
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Figure 4.11: Time trace from Case 8

a separate transient source shows that the localization error is proportional to
the transient generation time. However, the approach outlined in this paper is
designed to utilize the damping behavior of the low-frequency components of
the signal. Only the first three resonance responses were utilized in the con-
ducted verification scenarios, indicating that the maximum required frequencies
that should be present in the signal are g—z and Z—Z for RPR and RPV systems
respectively. Therefore, even if the cross-sectional area of the burst is increased
gradually after the eruption and the high-frequency components of the signal
are not excited, the burst can still be located and the localization error should

remain similar as long as the minimum required frequency components of the

signal can be reflected in the signal due to the burst.

In order to verify the previously mentioned analysis, Cases 9-11 have been im-
plemented based on the configuration shown in Figure 4.5. The burst is sim-
ulated by a side discharge valve. The valve opening time for Cases 9-11 is

4 s, 16 s, and 32 s, respectively, and the valve is set to start opening at 1
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s for each of these three cases. The burst is generated at x* = (.75, which is
the same as the measurement location. The applied data transmission and sam-
pling rates are 100 Hz. All other parameters and conditions remain the same
as for Cases 1-7. The valve opening processes of three cases are simulated by
one-quarter of a sinusoidal wave in a period, as shown in Figure 4.12, where
Y=0 and y=1 indicate fully closed and fully opened statuses respectively.
The steady head has been subtracted from the measured time trace of these
three cases, shown in Figure 4.13. Replicating the same data analysis processes
provides the results and errors for Cases 9-11. They are summarized in Table

4.2.

1 T /.I,»’ T T T m
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Figure 4.12: Valve opening curves from Cases 9-11

4.4.6 Discussion of Numerical Verification

In summary, all the implemented numerical verifications illustrate that the ap-
proach in this paper can be applied successfully for burst detection, localization,

and quantification by producing a discrete harmonic spectrogram. The numerical
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Figure 4.13: Time traces from Cases 9-11

Table 4.1: Conditions of numerical cases

Case  System Burst ta d  Data Transmission Sampling
Number  Type Type (s) (s) Rate (Hz) Rate (Hz)
1 RPV Rapid 23 48 100 100
2 RPV Rapid 43 48 100 100
3.1 RPV Rapid 20 4.8 100 100
32 RPV Rapid 4 48 100 100
33 RPV Rapid 8 4.8 100 100
4 RPV Rapid 20 0.01 100 100
5 RPV Rapid 20 0.01 25 100
6 RPV Rapid 20 04 25 2.5
7 RPV Rapid 20 0.16 6.25 6.25
8 RPR Rapid 20 034 3 3
9 RPV Slowly developing for4s 20 4.8 100 100
10 RPV Slowly developing for 16 s 20 4.8 100 100
11 RPV Slowly developing for 32s 20 4.8 100 100
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Table 4.2: Results of numerical cases

Case  Resultant xz Resultant 9% xg Error CA—L;‘B Error FWDI
Number (%) (%) (%)
1 0.3459 0.0011 9.59 45 8.2
2 0.3227 9.5006 x 10™*  7.27 52.5 7.92
3.1 0.2473 0.002 0.27 0 2
3.2 0.2519 0.002 0.19 0 2
33 0.2496 0.002 0.04 0 2
4 0.2481 0.002 0.19 0 2
5 0.2282 2.03x 1073 2.18 2 1.64
6 0.2596 0.002 0.96 0 1.64
7 0.2475 0.002 0.25 0 1.64
8 0.2415 0.002 0.85 0 0.4
9 0.7571 0.002 07133 0 0.006
10 0.7547 0.002 04733 0 0.005
11 0.7537 0.002 0.3667 0 0.001

verifications of the method also reveal its potential to be utilized in the area of
real-time data monitoring. In addition, the numerical results emphasize that the
minimum required data transmission and sampling rates only need to be the
Nyquist frequency of the third resonance peak in the discrete harmonic spectro-
gram, which indicates the ability to utilize low data transmission and sampling
rates in the algorithm. The last three numerical cases illustrate that the algo-
rithm in this paper can provide high accuracy under the condition of a slow
transient generation process. Generally, any integer multiple of the fundamental
period of the pipeline system can be the window length to ensure the signal
continuity at the edges within each window. The determination of the funda-
mental period of the pipeline system can be calculated by equations, observing
(2019).

the signal, or the ringdown approach in Giesler et al. Experimental

verification is presented in the next section.
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4.5 Experimental Verification

One experimental scenario was conducted in the Robin Hydraulics Laboratory
at the University of Adelaide: the Experimental Case. The pipeline applied in
the experimental test is a 37.41 m long, straight pipeline, made of copper. The
schematic diagram and the relevant parameters are shown in Figure 4.14. The
pressurized tank at the east side is the upstream boundary and the tank at the
west side is the downstream boundary.

® In-line valve ' Pressure transducer

Tank Pressurized Tank

* Burst |;| T-junction
"y
1:(2) |_n_| ¥ (] ] (g)]
Closed B Open
| ] | | |
[ [ I I |
17.31m 0.8m 2.2m 10.9m 6.2m

Figure 4.14: Experimental configuration

The pressure transducer is located at point P, and the burst is located at point
B for the Experimental Case. More details of the experimental rig can be
found in Wang et al. (2002), Vitkovsky (2007), and Du et al. (2020). The
downstream valve of the pipe is set to be closed to isolate the west tank
from the pipe system. The solenoid valve with a relative cross-sectional area
Cj‘—?‘? —=2.12x 1073 and dimensionless location xp = 0.51 is opened quickly at
approximately 0.1 s to simulate the occurrence of the burst. The total test time
was 3 s. Additionally, the solenoid valve has a sharp orifice, thus b =0.5. The
initial flow rate of the test is Qp =0 m3/s, the wave speed is a = 1320 m/s,
and the head at the upstream tank is 3.065 bar, which is the east tank in Fig-
ure 4.14. Note that the system was set to be an RPV system, using the closed

downstream valve, thus all the even harmonic components are inapplicable, and
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the fundamental period of the pipeline system is calculated as T = £ =0.11

a
s. The original data acquisition system has the data transmission and sampling
rates at 10000 Hz, and the time trace is shown in Figure 4.15. Based on
the analyses in the numerical cases, the applied data was re-sampled and re-
transmitted with 91 Hz, which is the Nyquist frequency of the third resonance
response of the system. The length of the window is set to be equal to the
fundamental period of the pipeline system, 7, =0.11 s, and the interval between
the starting points of the two contiguous windows is d =0.011 s, which is the
same as the actual real-time data acquisition speed of 0.011 s (91 Hz). The ap-

plied time trace is shown in Figure 4.16, and the generated discrete harmonic

spectrogram is shown in Figure 4.17.
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Figure 4.15: Original time trace from the experiment
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Figure 4.17: Discrete harmonic spectrogram from the experiment
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Unsteady friction damping is involved in the analysis when analyzing the real
experimental data from the laboratory. The unsteady friction damping was deter-
mined by using the Unsteady Friction Water Hammer (UFWH) model developed
by Du et al. (2020). The resultant actual friction damping in the Experimen-
tal Case is R; = 0.012, R3 =0.022, and Rs; = 0.029. Replicating the signal
analysis process in the numerical verifications provides the determined dimen-
sionless burst location xz =0.5016 and the relative cross-sectional area Cf‘—?B =
2.14x 1073, Accordingly, the corresponding errors are 0.84%, and 0.94%. Thus,
it can be seen that the algorithm can be applied successfully to a real pipeline

system with high accuracy, even with significantly reduced data transmission and

sampling rates.

The results and corresponding analysis of the implemented experimental test
verify that the algorithm outlined in this paper can be utilized for burst de-
tection, localization, and quantification in a real pipeline system with a low
sampling rate, and the algorithm could be applied to real-time data monitoring

systems.

4.6 Conclusion

The damping caused by the presence of the burst is contained in the transient
signal of the pressure head in a pipeline system. Therefore, the harmonic com-
ponents of the signal damped differently in the first three resonance responses
in the discrete harmonic spectrogram. This specific information is useful for

burst detection, localization, and quantification by applying the damping ratios.

The approach and its corresponding analytical solution indicate that the damped
harmonic components in the discrete harmonic spectrogram can be generated by

analyzing the measured signal in each time window, with a very small window
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gap. The integer multiples of the fundamental period of the pipeline system are
always appropriate solutions for consideration because of the periodic nature of
DFT. In addition, the value of the window length can be adjusted according
to the features of the data. The window gap can be flexible, with its mini-
mum value associated with the real-time data acquisition speed. Therefore, the
algorithm outlined in this paper can be applied to the area of real-time data

monitoring with only one sensor.

The minimum required data transmission and sampling rates of the algorithm
in this paper only need to be equal to the Nyquist frequency of the third res-
onance peak in the discrete harmonic spectrogram. This advantage provides an
insight into designing a corresponding pressure monitoring system with low data
transmission and sampling rates, hence reducing the cost. Specifically, the re-
quired data transmission and sampling rates of an RPV system are 10 x fo, and
of an RPR system are 6 x fy. Therefore, the algorithm provides an insight into
how to utilize low data transmission and sampling rates in practice for a data
acquisition system. Additionally, larger values of the transmission and sampling
rates can be selected according to the real system in practice, and may provide
higher accuracy. Although the minimum required sampling rate is low through
application of the algorithm, real-time data monitoring can be achieved by se-

lecting an appropriate value for the window gap.

The approach in this paper has been verified by eleven numerical studies and
one experimental study. The window length sensitivity has been explored nu-
merically by introducing WDI. Additionally, the application of the proposed ap-
proach to developing burst cases has been verified numerically. The advantages
of the algorithm in this paper provide a significant insight into real-time burst

detection techniques using a low-frequency data acquisition system.

Although the burst detection approach in this paper is easy to apply, the tran-

sients caused by the complicated geometries of the pipe network, such as sud-
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denly opened branches and sudden water usage in the network, may bring dif-
ficulties for burst identification. The determination of the fundamental period of
the pipeline system may be a problem that needs to be solved before utilizing
the approach in this paper when integer multiples of the fundamental period of
the pipeline system are considered as the window length. This may be solved
by applying equations, observing signals, or the ringdown method. Transient
damping can be also caused by the pipe wall viscoelasticity in plastic pipes,
and it can be calibrated by a preliminary test, similar to the process to obtain
the damping caused by friction. This paper focuses on metallic pipes, hence

pipe wall viscoelasticity is not discussed in detail.
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Abstract

The purpose of the paper is to extend an approach for real-time pipe burst
detection and location estimation, based on the changes in the harmonics and
analysis of the corresponding damping that is caused by the burst. The ampli-
tude of each resonance response of the transient pressure wave caused by the
burst is damped differently due to the occurrence of the burst. However, uti-
lizing higher harmonics beyond the first few fundamental frequencies has not
previously been possible as it leads to an increasing number of possible so-
lutions to the burst location, which limits the application of the method. An
algorithm for damping analysis has been developed, which overcomes this limi-
tation, and is able to exclude most of the incorrect solutions when utilizing the
information contained in higher harmonics. Additionally, the gap between data
windows can be set so that it enables the real-time data analysis by letting the
window gap equal the reciprocal of the sampling rate. Therefore, this algorithm
makes utilizing any sequence of harmonics of the signal be possible for real-
time burst detection and location estimation. The approach has been verified

both numerically and experimentally with acceptable accuracy.

5.1 Introduction

Unexpected bursts or large leaks in pipeline systems are long-lasting issues all
around the world (Anderson and Anderson, 2011; Hovey and Farmer, 1993).
Different techniques have been proposed and explored in the frequency domain
for pipeline faults detection and estimation, such as the damping of fluid tran-

sients (DOFT) (Nixon et al., 2006; Wang et al., 2002).

The basic theory and the corresponding analytical technique of the DOFT have
been explored (Nixon et al., 2006; Wang et al., 2002). Wang et al. (2002)

proposed a foundational technique to analyze the amplitude of the first three

100



CHAPTER 5. APPROACH FOR NEAR-REAL-TIME PIPE BURST
DETECTION AND LOCATION ESTIMATION UTILIZING ANY
SEQUENCE OF HARMONICS OF THE TRANSIENT PRESSURE SIGNAL

resonance responses in the frequency domain. All the harmonics of the pressure
signal are damped differently due to the presence of the leak. Therefore, the
damping of each harmonic of the transient signal contains information about
the leak. The damping can be calculated by fitting the Fourier solution to the
measured data, and thus the leak can be estimated by examining the damping
ratio of the first three resonance harmonics of the signal (Wang et al., 2002).

Nixon et al. (2006) further researched this technique regarding its validity.

Du et al. (2020) developed a technique based on DOFT theory for pipe burst
detection, localization, and cross-sectional area estimation. In this technique,
the transient source is the burst itself, instead of the manually controlled, side-
discharge valve in Wang et al. (2002). Du et al. (2021) extended this approach
from the perspective of real-time data monitoring and low sampling rate using
a user-defined number as the analyzed window length and gap instead of the
fixed window length and gap-fundamental period of the signal. The approach in
Du et al. (2021) enables DOFT theory to be applied for real-time data mon-
itoring and provides an insight into strategies for decreasing the cost of the

required sensor and sensing system.

However, the following gaps exist in the techniques for pipe burst detection and
estimation based on DOFT. Firstly, the techniques in Du et al. (2020) and Du
et al. (2021) can only utilize the first few resonance harmonics, more specifi-
cally, the first three resonance harmonics; otherwise, more potential solutions to
the dimensionless burst location will be generated. This requires the sensor and
sensing system to measure the first few fundamental resonance responses of the
signal accurately. This specific aspect brings restrictions to the sensor and sens-
ing system regarding the measuring frequency range. Consequently, it limits the
scope of the ability of corresponding sensor and sensing system to deal with
the problems from using DOFT. For example, when the signal is negatively af-
fected in the low frequency range by unexpected noise, such as the operation

of a pump, the signal in the first few fundamental frequencies will be contam-
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inated, and thus, the DOFT analysis cannot be implemented for burst detection
and estimation. Secondly, no methods to exclude incorrect solutions that are
generated by using higher order harmonics have been discussed and explored in

the reviewed literature.

In this paper, an algorithm has been developed to exclude the majority of in-
correct solutions to dimensionless burst location that are generated by utilizing
any sequence of harmonics for burst detection and location estimation. This
specific algorithm eases the restriction that the DOFT-based approach for pipe
burst detection and location estimation can only utilize the first three resonance
harmonics. Accordingly, this specific aspect broadens the scope of the capa-
bilities of sensor and sensing system of detecting and estimating the burst. For
example, the capability of utilizing any sequence of harmonics enables the anal-
ysis process to be implemented for burst detection and location estimation when
the noise affecting part of the frequency range negatively, or the signal in part

of the frequency range is missing.

In the following section, the mathematical theory of the algorithm is presented.
The procedure for pipe burst detection and location estimation utilizing any se-
quence of harmonics is presented in the next section. Four numerical scenarios
are followed by an experimental verification, the discussion about unsteady fric-

tion damping, and the conclusion.

5.2 Mathematical Modeling

The main applied assumptions are presented as follows:

1. The pipe wall is elastic.
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2. The unsteady friction damping on each harmonic component is exponen-

tial.
3. The fluid is slightly compressible.
4. The flow is one-dimensional.
5. The radial velocity is small.

6. The fluid velocity is much smaller than the wave speed.

Based on the research in Du et al. (2020) and Du et al. (2021), the head

disturbance solution for a burst problem is shown as

Z{ (R+Rus)t* 4 ncos(nm*)+B,,sin(nm*)]sin(n7rx*)} (n=1,2, 3,..)
n=1
(5.1)

where x* and ¢* are the dimensionless distance along the pipe and the dimen-

sionless time respectively, using the following definitions

(5.2)

where h is the head disturbance caused by the burst, H; is the reference head,
which is the head measured at the boundary reservoir, ¢ is the time, L is the
length of the pipe, a is the wave speed, and x is the distance along the pipe. R
is the friction damping, which contains the steady and unsteady friction damp-
ing. The detailed equation of friction damping is presented in Kjerrumgaard
Jensen et al. (2018), and the unsteady friction damping has been proved to
be dependent on the frequency (Du et al., 2020). A, and B, are the Fourier

coefficients that are shown in Wang et al. (2002).
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The vital parameter contained in the exponential formulation in Eq. (5.1) is
R,p, the burst damping, which contains the burst information. The burst damp-

ing of the nth harmonic is defined as

R,z = Kpsin® (nmx}) (5.3)

where xj is the dimensionless burst location from the upstream of the pipe,
and Kp is the burst parameter that associates with the cross-sectional area of

the burst, which is defined in Du et al. (2020).

The Fourier solution of Eq. (5.1) is shown as

EM — gD g~ (R Rop)(m—1)d" (5.4)

where E,S’") is the amplitude of the nth harmonic in the mth window, E,gl) 1S
the first harmonic in the mth fundamental period, and d* is the dimensionless
window gap between each analyzed window. Equation (5.4) is the key equation
for damping determination. Fitting Eq. (5.4) to the damped amplitudes of the
harmonics provides the total damping. The friction damping can be calibrated
using the unsteady friction water hammer (UFWH) model developed in Du et
al. (2020). Therefore, the burst damping can be determined. Utilizing the burst
damping ratio can generate a function that only contains the dimensionless burst

location. The burst damping ratio is shown as

Ry sinz(nzn'xg) 5.5)

Ruyp  sin®(nmx})

where n; and np are the order number of the applied pair of the harmonics.
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The damping ratio of the first three resonance harmonics for a reservoir-pipe-
reservoir (RPV) system is shown in Figure 5.1 as an example. Eq. (5.5) allows
the location of the burst to be determined if the damping ratio is known. It
should be noted that the application of the DOFT technique to an RPV system
is achieved by adding an imaginary mirror part to the original system, and thus
all the possible solutions to the dimensionless burst location in the imaginary

part are neglected (Wang et al., 2002).

10 T T T

Rsp/Rip
| — — — Rs;p/Rs3p
| Rsp/Bip | 7|

Amplitude of Damping Ratio

// \

~ '
~._ y 7 \\ \

0 I I L~ L= I L

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Dimensionless Burst Location,(z3;)

Figure 5.1: RPV damping ratios of harmonics 1, 3, and 5

However, utilizing the damping ratio of higher order harmonics leads to many
more possible solutions that correspond to the same damping ratio value. For
example, the damping ratio figure for the 51st, 53rd, and 55th harmonics of
the RPV system are selected as shown in Figure 5.2. It can be seen that there
are too many dimensionless burst locations corresponding to the given damping
value of 3. This brings difficulties in determining the correct dimensionless
burst location. Utilizing the periodicity of the sinusoidal function and scaling

the resolution of the solution provides a method to exclude the majority of
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incorrect solutions. Based on the periodicity of the sinusoidal function,

|sin(nmxp +km)| = |sin(nmxy)| (5.6)
therefore,
sin® (nmxy £ knt) = sin*(nmx) (5.7)
10 T T T 1
Rs3p/Rs1p
‘ ‘ ‘ Rssp/Rssp
9+ R55B/R511? T

Amplitude of Damping Ratio
o
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!

v IR
;W LRRAVAV \/\jw/\// WYY

] 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Dimensionless Burst Location,(z7})

Figure 5.2: RPV damping ratios of harmonics 51, 53, and 55

Based on Egs. (5.6) and (5.7), the low order harmonic n3, can be utilized to
replace the high order harmonic n4, for damping analysis. For example, for the
low order harmonic n3, the burst damping is R, :KBsinZ(nyrxg), and for the
high order harmonic n4, the burst damping is R,z :KBsinz(n4J'cx§). Based on
Eq. (5.7), if the value of (ns—n3)xj equals integer k, the harmonic of n3 can
be utilized to replace the harmonic of n4 for damping analysis, which is shown

as Ry,p = Kpsin®(namxy) = Kpsin®(ngmxy — krt) = Kpsin® [ng7xy — (ng — n3)mxly] =
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Kpsin®{[n4 — (ng — n3)| mx}y} = Kpsin?(n3nxy) = Ry,p. Consequently, the incorrect
solutions due to the application of high order harmonic n4, can be excluded,
since only the solutions determined by using the low order harmonic n3, will
be generated. The detailed steps of the developed algorithm based on the above

mathematical modeling are presented in the next section.

5.3 Algorithm for Burst Detection and Location Esti-

mation using Any Sequence of Harmonics

The developed algorithm, based on the mathematical modeling in the previ-
ous section, is an algorithm that determines the target solution to dimensionless
burst location, of which the precision has been truncated to the first few deci-
mal places. The algorithm enables any sequence of harmonics to be utilized for
pipe burst detection and location estimation, with most of the incorrect solutions

excluded. The steps of the algorithm are shown as

1. Determine the target harmonics for the analysis based on the requirements

in practice, for example, the harmonics with the order of 11 <n <?20.

2. Extract the total damping from any three of the harmonics determined
from Step 1, for example, the harmonics with the order of n=11, n=12,

and n =13, using the technique in Du et al. (2020).

3. Calibrate the corresponding actual (total) friction damping from the UFWH
model, and calculate the burst damping by subtracting the friction damp-
ing from the total damping. Generate three damping ratios using Eq.
(5.5). Consequently, for the selected example, the applied burst damping
is Ry1p, Ri2p, and R 3p. Accordingly, the applied example damping ratios

are Riop/Ri1g =u1, Ri3p/Ri2p =u2, and Ri3p/Ri1p = us.
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4. Round down the target solution, xp, with the precision unit of 0.1 (ie.,
the value of the solution is an integer multiple of 0.1); therefore, the
target solution is truncated, and the truncated solution is defined as xj".
For example, if xj = 0.2334, then x3* = 0.2. Accordingly, the harmon-
ics with the order of 1 <n <10 can be utilized to replace the harmon-
ics with the order of n > 10 for damping analysis. For example, for
n =11, when determining the truncated solution, x%“, the burst damping
is Riijp= KBsinz(lln'xz*) = KBsinz(ﬂxz* +107xy") = KBsinz(nxg*) =Ryp, in

which 107xy" = km, where k= 10x%3" is an integer due to the truncation.

5. Extract the last digit of the order number of the determined harmonics
in Step 2. If the last digit of any order number of the applied har-
monics is 0, use 10 as the extracted order number. The extracted or-
der number should be of 1 <n < 10. Consequently, the extracted order
number of the example harmonics is 1, 2, and 3. Use the harmon-
ics with the extracted order number, n =1, n =2, and n =3, to re-
place the original harmonics, n = 11, n =12, and n = 13, from Step 2,
but with the same damping ratio values that are generated from Step 3,
uy, up, and u3. Accordingly, the applied harmonic orders from Step 2
are downgraded. Therefore, for example, the damping ratio of the 1lth
and 12th harmonics, Rjpp/Ri1p = uj, becomes Rizp/Riip :sin2(27rx§*+
107x") /sin® (mxy + 107xy") = sin?(27x") /sin® (mx}y") = Rop/R1p = u;. Con-
sequently, the example damping ratios become Rip/Ri1p = Rap/Rip = uy,

Ri3g/Ri28 = R3p/Rop = up, and Ri3p/Ri1s = R3p/Rip = us.

6. Substitute the damping ratios of the harmonics with downgraded orders,
Rzg/RlBZLtl, R3B/R23 = up, and R3B/R13=u3, into Eq. (5.5) to de-
termine the truncated solution, x3". Since one damping ratio value may
correspond to multiple dimensionless burst locations, multiple potential so-
lutions exist. Because the target solution has been truncated with the pre-
cision unit of 0.1, all the resultant solutions in the bracket with the length

of 0.1 should be considered. The first decimal places of the resultant so-
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lutions in this bracket are the possible values of the first decimal place
of the truncated solution, x3*, and thus, of the target solution, xjz. It is
worth noting that although the target solution has been truncated with the
precision unit of 0.1 in Step 4, the second decimal places of the resul-
tant solutions in this step should be taken into consideration to ensure
the accuracy of the first decimal place. For example, if the determined
solutions in this step are: xj" =0.12 using Rop/Rip = uj, x5 =0.15 us-
ing R3p/Rop = ua, x3* =0.17 using R3p/Rip = u3, and xz* = 0.29 using
R3p/Rip = u3, then only the first three determined locations should be
considered, since they are in the bracket of (0.1 0.2), while the fourth
determined solution is out of this bracket. Accordingly, the value of the
first decimal place of the truncated solution, x}", and thus, of the target

solution, xg, is 1.

7. Because only the first decimal place of the truncated solution is deter-
mined in Step 6, multiple possible truncated solutions exist. Accordingly,
a range that contains all the possible truncated solutions with the first
decimal places resulted from Step 6 will be generated. Accordingly, the
resultant range should contain the target solution. It should be noted
that the resultant range that contains the target solution with the minimal
length (referred to as correct range in the rest of the paper) should have
a dimensionless length of 0.1, since the target solution has been truncated
with the precision unit of 0.1. For example, if the actual dimensionless
burst location is x3 = 0.15, and the first decimal places of the resultant
solutions from Step 6 are 1, then the first decimal place of the truncated
solution, x3*, and thus, of the target solution, xp, is 1. Accordingly, the
truncated solution, xz*, and thus, the target solution, xp, is in the range
of [0.1 0.2], as shown in Figure 5.3. Based on Figure 5.3, the estimated
dimensionless burst location range, which is the correct range, is indicated
as [0.1 0.2]. If the correct range is not determined in this step, Step 8
can be applied to determine the correct range. For example, if the de-

termined solutions in Step 6 is in the bracket of (0.15 0.25), then the
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possible values of the first decimal place of the truncated solution, x%*,
and thus, of the target solution, xj, could be 1 or 2. Accordingly, the
truncated solution, xj", and thus, the target solution, xj, is in the range
of [0.1 0.3]. If the resultant correct range is too large to be utilized,

Step 9 can be applied to narrow the correct range.

Reservoir ® Downstream valve

<
N~

Actual burst location, x5*= 0.15

I (X)

~—— —> 0.1 [«— Estimated dimensionless burst location range

Xg"=01  x3"=02

Figure 5.3: Example dimensionless burst location range on an RPV system

8. Apply the algorithm from Steps 1 to 7 to more than three harmonics to
generate more ranges in Step 7. Specifically, select more than three har-
monics in Step 2, compute the damping ratios as in Step 3, and then
apply Steps 4 to 7 to each group of test. Consequently, a range that
contains all the possible truncated solutions with the first decimal places
that resulted from the original Step 6 will be generated for each group of
tests. Because the burst location remains unchanged, and the correspond-
ing burst damping remains the same, the correct range should always be
contained in the resulting ranges in Step 7. For example, if two tests are
conducted, and the determined ranges are [0.1 0.3] and [0.1 0.2], then
the range of [0.1 0.2] has the highest occurrence. Therefore, utilizing
more harmonics will provide the highest occurrence in the correct range.
Accordingly, the correct range can be determined as the example shown

in Figure 5.3, which is the correct range of [0.1 0.2].
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9. Steps 1 to 8 can be applied to determine the first two decimal places
of the target solution in the range of [0.1 0.2], using the harmonics
with orders that are higher than 100 (if they are available) in Step 2 and
round down the target solution with the precision unit of 0.01 (i.e., the
value of the truncated solution is an integer multiple of 0.01) in Step
4. For example, for the harmonic of n = 101, the burst damping, Rjoz,
becomes Rjg1p = Kpsin®(1017x}*) = Kpsin®(nx}* + 1007x}") = Kpsin®(nx"),
in which 1007mx3" = km, where k= 100x3" is an integer. Accordingly, a
correct range with the minimal length of 0.01 will be generated, and thus

the accuracy of the algorithm will be enhanced.

The algorithm presented above allows any sequence of harmonics to be applied
to burst detection and location estimation. The determined burst damping and
the resultant correct range from Steps 3 and 8, respectively, can be utilized
as the indicator for the burst detection, since there is no burst damping and
no such ranges can be generated under the condition of no-burst. Additionally,
the resultant range from Step 8 can be utilized for enhancing burst location

estimation, and excluding any incorrect solutions.

It is worth noting that the target solution xp can be truncated to a certain
precision of decimal places to adapt to the selected harmonics. For example,
based on Eq. (5.7) and Step 4, if the target solution is truncated to the sec-
ond decimal place with a certain precision unit of 0.02 (i.e., the value of the
truncated solution is an integer multiple of 0.02), then the Ist harmonic can be
utilized to replace the 51st harmonic for damping analysis, which is shown as:
Rsip = Kpsin?(517x}y") = Kpsin®(nxy + 507xy") = Kpsin®(nx}y’) = Ryp, in which
507xz" = km, where k= 50x3" is an integer due to the truncation. This means
that range can be narrowed as the harmonic order rises. Accordingly, this spe-
cific aspect can be utilized in Step 9. For example, truncating the target solu-
tion with the precision unit of 0.02 and utilizing Steps 5 to 8 in the example

correct range [0.1 0.2] that is shown above, enables the correct range with the
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minimal length of 0.02 to be determined. Therefore, for example, the exam-
ple correct range [0.1 0.2] can be narrowed to [0.24 0.26]. and hence, the
accuracy is enhanced. Accordingly, this specific aspect can be applied to the
condition that the harmonics with the orders that are higher than 100 cannot
be utilized or cannot be captured by the sensor due to, for example, the low
sampling rate. The algorithm can be further re-applied to determine the third
decimal place of the target solution when the target solution is truncated with
the precision unit of 0.001 (i.e., the value of the truncated solution is an in-
teger multiple of 0.001) in Step 4. Consequently, the accuracy can be further
enhanced. However, this may require a high sampling rate to allow those har-
monics, of which the order number that is higher than 1000, to be utilized.
Only the harmonics with the order number that is lower than 120 have been
applied and discussed in this paper. Four conducted numerical scenarios are
presented in the next section regarding this algorithm for burst detection and

location estimation.

5.4 Numerical Verification

Four numerical verification scenarios have been implemented, which are referred
to as Cases 1 to 4. The applied system for all the cases is the RPV system.
The results of all the conducted numerical scenarios have been summarized in

Table 5.5.
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5.4.1 Verification of the Algorithm for a Fixed Window Length

and Gap

Case 1 is the scenario that verifies the algorithm with a fixed window length
and gap, of which the value is the fundamental period of the signal. The cor-
responding pipeline configuration is shown in Figure 5.4. As shown in Figure
5.4, the transient is initiated by the burst, which is simulated by a suddenly-
opened side discharge valve. The location of the burst is at xj = 0.25, and
the measurement location at x* = 0.75, which are 250 m and 750 m from the
upstream reservoir, respectively. The relative cross-sectional area of the burst
is Cg—i‘? = 0.002. The total test recording time is 60 s, and the burst occur-
rence time is 0.3 s. The utilized side-discharge valve for burst initiation is
set to be opened instantaneously, and thus the opening time can be neglected.
Additionally, the side-discharge valve is assumed to be the sharp orifice. The
no-burst condition is assumed to be at a steady state. The steady flow rate is
Qo = 0.001 m?/s, given by the partially opened downstream valve of the pipe.
The Darcy-Weisbach friction factor is f = 0.0302, and only the steady friction
is considered. The measured time trace is shown in Figure 5.5. The fundamen-

tal period of the signal is 4L/a =4 s. The sampling rate is 100 Hz, which is

capable of measuring up to 200 harmonics of the signal.

Pipe length = 1000 m
Reservoir 1 Head =25 m ® Downstream valve Diameter = 0.2 m

Wave speed = 1000 ms-!

Friction factor = 0.0302
— —~ _

Side discharge (burst,
transient source)

I I
“
~—~ L R

- ¢ —P— |

250 m 500 m 250 m

Pressure transducer

Figure 5.4: RPV system configuration for Cases 1, 3, and 4
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Figure 5.5: Time trace from Cases 1, 3, and 4

The 11th, 13th, and 15th harmonics are selected as the examples for burst de-
tection and location estimation. Utilizing the technique in Du et al. (2021) pro-
vides the discrete harmonic spectrogram (DHS) of the corresponding harmon-
ics, which is shown in Figure 5.6. The steady friction damping is calculated
as R =0.0024, based on the equation presented in Du et al. (2021). Fitting
the Fourier solution for each harmonic shown in Eq. (5.4) provides the corre-
sponding total damping values, which are R+ R =0.0716, R+ Ry35 = 0.0866,
and R+ R;sp = 0.0356. Subtracting the steady friction damping from the to-
tal damping provides the burst damping values of each harmonic, which are
Ri1p =0.0692, Ri3p =0.0842, and R;sp = 0.0332. The corresponding utilized
values of the damping ratios are Rj3/Rj; = 1.2168, Rjsp/Ri3p = 0.3943, and
Risp/Ri1p = 0.4798. Based on Step 4 of the algorithm in the previous sec-
tion, rounding down the target solution to dimensionless burst location with the
precision unit of 0.1 enables the harmonics with downgraded orders to be ap-
plied to the same damping ratio values. Specifically, based on Step 5, the ap-

plied damping ratios for the determination of the possible truncated solutions
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become R3p/Rip = 1.2168, Rsg/R3p = 0.3943, and Rsp/Rip = 0.4798. Substitut-
ing the damping ratios of the harmonics with downgraded orders into Eq. (5.5)
provides the resultant solutions. The resultant solutions are: xpz" = 0.2418 us-
ing R3p/Rip=1.2168; xj3* =0.2338 and xj" =0.1568 using R;sp/Ri3p = 0.3943;
x5 =0.2303 and x3* =0.1763 using R;sp/Ri1p = 0.4798.

0.25

0.2

0.15

01

Amplitude of Spectrogram

40
Time(s) 50 11

Number of Harmonic Components

Figure 5.6: Discrete harmonic spectrogram from Case 1

According to Step 6 of the algorithm, although the target solution has been
truncated with the precision unit of 0.1, the second decimal places of the re-
sultant solutions is taken into consideration to ensure the accuracy of the first
decimal place. Additionally, all the resultant solutions in the bracket with the
length of 0.1 should be taken into consideration. Therefore, it can be noticed
that the resultant solutions are located in the bracket of (0.15 0.25). There-
fore, the values of the first decimal place of the target solution could be 1 or
2, indicating that the range of the target solution is [0.1 0.3], based on Step

7 of the algorithm.
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Due to the symmetry of the imaginary mirror part of the RPV system

Xyt =B _ B _ B (5.8)

T L+l 2L 2

and thus,

xp = 2xp" (5.9)

where xp" is the directly determined dimensionless burst location, the mirror
part of the pipeline system has been neglected. Therefore, the final range of
the dimensionless burst location is [0.2 0.6], based on Eq. (5.9), which cor-
responds to a location from 200 m to 600 m from the upstream boundary
of the pipeline. The incorrect solutions that correspond to Ry3/R;; = 1.2168,
Risp/Ri3p = 0.3943, and Rysg/Rijp =0.4798, such as x* =0.94, have been ex-
cluded. To date, Steps 1 to 7 of the algorithm in the previous section have

been successfully applied.

The applied pipeline system for the conducted numerical verifications is the
RPV system; therefore, the minimal length of the correct range is 0.2 instead
of 0.1, based on Eq. (5.9). However, based on the resultant range of [0.2 0.6]
of the pipeline from Case 1, the length of the resultant range is 0.4, which
is greater than the length of the correct range. Therefore, the accuracy en-
hancement strategies in Steps 8 and 9 shown in the previous section have been
applied to identify the correct range and narrow the correct range, respectively,
which are utilizing more harmonics and truncating the precision of the target

solution with the precision unit of 0.01 in the range of [0.2 0.6].

Utilizing different harmonics and damping ratios may provide different dimen-
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sionless burst location ranges, as the examples shown in Step 8 in previous
section. However, the correct range should always be one/part of the resultant
ranges/range, since the burst location remains unchanged, and thus the burst
damping for each harmonic remains the same. Accordingly, the correct range
should be one/part of the resultant ranges/range when utilizing the three damp-
ing ratios of each group of test in Step 8. Therefore, utilizing more harmonics
and damping ratios will provide the highest occurrence in the correct range. In
order to verify this aspect of the algorithm, Case 1 has been re-conducted uti-
lizing the 11th, 13th, 15th, 17th, and 19th harmonics. Six groups of tests have
been conducted, and the applied damping ratios are shown in Table 5.1. As
mentioned in Step 6 in previous section, since one damping ratio value may
correspond to multiple dimensionless burst locations, and all the resultant so-
lutions in the bracket with the length of 0.1 should be considered, multiple
resultant ranges of the dimensionless burst location may be generated for each
test. The resultant ranges of the dimensionless burst location of the conducted

tests are summarized in Table 5.2.

Table 5.1: Applied damping ratios for re-conducted Case 1 utilizing more har-
monics

Test Damping ratio 1 Damping ratio 2 Damping ratio 3

Number

1 13/11 15/13 15/11
2 13/11 17/13 17/11
3 13/11 19/13 19/11
4 15/13 17/15 17/13
5 15/13 19/15 19/13
6 17/15 19/17 19/15

Table 5.2: Resultant dimensionless burst location ranges for re-conducted Case 1
utilizing more harmonics

Test Resultant x3 ranges
Number

0.2 0.6]

0.2 0.6], [0.4 0.6]

0.2 0.6], [0.4 0.6]

0.2 0.4],[0.6 1], [0.8 1]
0.2 0.4],[0.2 0.6]

0.2 0.4],[0.6 1].[0.8 1]

AN N AW =
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The corresponding distribution is generated and shown as a histogram in Figure
5.7. The range that has the highest occurrence is indicated in Figure 5.7, which
is the correct range, [0.2 0.4], corresponding to 200 m to 400 m from the up-
stream boundary of the pipeline. The resultant correct range can be further
narrowed with higher accuracy when determining not only the first but also the
second decimal place of the truncated solution to the dimensionless burst loca-
tion. For example, rounding down the target solution with the precision unit of
0.01 in Step 4 enables the 1st, 3rd, and 5th harmonics to be applied to the
analysis for the 101st, 103rd, and 105th harmonics, as implemented in Case 1.
Applying Steps 3 to 7 of the algorithm in the paper in the range of [0.2 0.4]
provides the resultant range of [0.24 0.26], which contains the correct solution,
0.25. The result is summarized in Table 5.5. The maximum burst localization
error is 0.01%. The determined burst damping and the location range confirm
the presence of the burst, and the burst location is estimated by using the al-

gorithm in the previous section.

7 .

o))

&)

W A

Solution Range Number
N

0 0.2 0.4 0.6 0.8 1
Dimensionless Burst Location,(x%)

Figure 5.7: Resultant dimensionless burst location range distribution from re-
conducted Case 1
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5.4.2 Verification of a Different Burst Location

In order to verify that the algorithm can be applied to a different burst location
scenario, Case 2 has been conducted. In this case, the burst location is moved
from x3 =0.25 to x3 =0.68, as shown in Figure 5.8, while all other parame-
ters remain the same as in Case 1. The time trace and the example DHS are
shown in Figures 5.9 and 5.10 respectively. Replicating the same analysis pro-
cess as in Case 1, the applied burst damping is determined as Rjjp = 0.0656,
Ri3p = 0.0753, Risp = 0.0021, Ry73 = 0.0622, Ri9p = 0.0824, Rj01p = 0.0282,
Rio3p = 0.086, Rips5p = 0.0362. Utilizing the algorithm in this paper, the deter-
mined range using from the 11th to 19th harmonics for the first decimal place
determination is [0.6 1], which is indicated in Figure 5.8 as range with one
decimal place. The determined range using the 101st, 103rd, and 105th harmon-
ics for the first and the second decimal places determination is [0.68 0.72],
which is indicated in Figure 5.8 as range with two decimal places. The range
of [0.68 0.72] corresponds to from 680 m to 720 m of the pipeline. The
corresponding result is shown in Table 5.5, and verifies the algorithm for a
different burst location.

Pipe length = 1000 m
Reservoir 1 Head = 25 m Downstream valve Diameter = 0.2 m

Wave speed = 1000 ms-!
Friction factor = 0.0302

( ) Slope =0
Pressure transducer
Range with one decimal place —» T —
Range with two decimal places —p---q¢— ( E
\__/
680 m 70 m 250 m

Side discharge (burst,
transient source)

Figure 5.8: RPV system configuration for Case 2
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Figure 5.10: Discrete harmonic spectrogram from Case 2
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5.4.3 Verification of Real-time Data Analysis Capability

Case 3 has been implemented to demonstrate that the algorithm can be applied
to the signal analysis process with a user-defined window length and gap for
real-time data analysis, as shown in Du et al. (2021). It is worth noting that
the real-time data analysis becomes possible when analyzing the signal window
by window, so the window can be moved slightly to adapt to actual data ac-
quisition speed, which is the reciprocal of the sampling rate. This indicates that
every new data point that is acquired can be analyzed one time step at a time
when the window gap equals the reciprocal of the sampling rate. Accordingly,
in Case 3, the analyzed window length and gap are set to be 20 s and 0.01
s, respectively, of which the window gap is the reciprocal of the sampling rate,
as an example. All other parameters remain the same as in Case 1, includ-
ing the burst and measurement locations. The applied time trace is shown in
Figure 5.5. The example DHS is shown in Figure 5.11. Applying the same
signal analysis process provides the range of the dimensionless location to be
from [0.24 0.26], which corresponds to 240 m to 260 m of the pipeline. The
result of Case 3 is summarized in Table 5.5, and verifies that the algorithm is
applicable to the signal analysis with a user-defined window length and gap for

real-time burst detection and location estimation.

5.4.4 Verification of Any Sequence of Harmonics Utilization Ca-

pability

Case 4 has been conducted to verify the applicability of applying the algorithm
to any sequence of harmonics. In Case 4, the S51st, 53rd, 55th, 57th, 59th,
101st, 103rd, and 105th harmonics are selected as the examples, while all other
parameters remain the same as in Case 3. The DHS of the 5lst, 53rd, and

55th harmonics is shown in Figure 5.12, as an example. Replicating the signal
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Figure 5.11: Discrete harmonic spectrogram from Case 3

analysis process in Case 3, the determined range of the dimensionless burst
location is from [0.24 0.26], which corresponds to 240 m to 260 m of the
pipeline. Both burst detection and location estimation are achieved using any
sequence of harmonics, based on the result from Case 4, which is shown in

Table 5.5.

According to accuracy enhancement aspect of the algorithm in the paper, the
target solution to dimensionless burst location, xj, can be truncated with differ-
ent precision units to adapt to the selected harmonics, and can be utilized in
Step 9 for accuracy enhancement. In order to verify this aspect, three additional
tests have been conducted. In Test 1, the target solution xj is truncated with
the precision unit of 0.1, and the utilized harmonics are the 11th, 13th, 15th,
17th, and 19th harmonics. In Test 2, the target solution xj is truncated with
the precision unit of 0.05, and the utilized harmonics are the 21st, 23rd, 25th,
27th, and 29th harmonics. In Test 3, the target solution xj is truncated with

the precision unit of 0.02, and the utilized harmonics are the 51st, 53rd, 55th,
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Figure 5.12: Discrete harmonic spectrogram from Case 4

57th, and 59th harmonics. The conditions of the three tests are summarized in
Table 5.3. Applying Steps 1 to 8 of the algorithm to Test 1 provides the resul-
tant range of [0.2 0.4]. Based on Step 9 of the algorithm, applying the same
steps in the range of [0.2 0.4] to Tests 2 and 3 provides the resultant ranges
of [0.2 0.3] for Test 2, and [0.2 0.26] for Test 3. The results of the three
tests along with the lengths of the resultant ranges are summarized in Table 5.4
for comparison. Based on the results shown in Table 5.4, it can be seen that as
the resolution of the applied precision unit is increased, with the increased or-
der number of the corresponding applied harmonics, the resultant dimensionless
burst location range is narrowed from Tests 1 to 3, which verifies the accuracy
enhancement aspect of the algorithm in the previous section. Additionally, the
additional tests verify the capability of the algorithm of utilizing any sequence

of harmonics.
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Table 5.3: Conditions of additional tests of Case 4

Test Precision unit  Applied harmonics

Number order number

1 0.1 11,13,15,17,19
2 0.05 21, 23,25,27,29
3 0.02 51,53, 55,57, 59

Table 5.4: Results of additional tests of Case 4

Test Resultant x; range Length of resultant range

Number

1 [0.2 0.4] 0.2

2 [0.2 0.3] 0.1

3 [0.2 0.26] 0.06

5.4.5 Discussion of Numerical Verification

The results from the conducted numerical cases verify the approach in the pa-
per. The algorithm can be successfully utilized for pipe burst detection and
location estimation utilizing the information contained in any sequence of har-
monics with a user-defined window length and gap. Accordingly, the successful
application with a user-defined window length and gap verifies the approach to
be utilized for real-time data monitoring, based on the results from Cases 3 and
4. The utilization of more than three harmonics and the harmonics, of which
the orders are higher than 100, can effectively enhance the accuracy of the
result. The resultant burst damping and the range of the dimensionless burst lo-
cation are the indicator of the occurrence of the burst, which can be utilized to
achieve burst detection. The resultant range of the dimensionless burst location
can be applied to estimate the burst location. Most of the incorrect solutions
are excluded, based on the corresponding analysis processes and results. An

experimental verification of the algorithm is presented in the next section.
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Table 5.5: Final results of numerical cases with enhanced accuracy

Case  Real-time xj Applied harmonics Resultant x3 range
Number order number
1 No 0.25 11,13,15,17,19, 101, 103, 105 [0.24 0.26]
2 No 0.68 11,13,15,17,19,101, 103,105 [0.68 0.72]
3 Yes 0.25 11,13, 15,17, 19, 101, 103, 105 [0.24 0.26]
4 Yes 0.25 51,53,55,57,59,101, 103, 105 [0.24 0.26]

5.5 Experimental Verification

One experimental scenario has been conducted in the Robin Hydraulics Labora-
tory at the University of Adelaide, which is referred to as Case 5. The applied
experimental pipeline is a 37.41 m long, straight pipeline, which is made of

copper. A schematic diagram of the pipeline is shown in Figure 5.13.

-lj Pressure transducer .
® [n-line valve ' Pressurized Tank

Tank
* Burst |;| T-junction
"y

) (] :BED 1 (g):j
Closed Open

| | | |

[ [T I I |

17.31m 0.8m 2.2m 10.9m 6.2m

Figure 5.13: Experimental pipeline configuration for Case 5

The system type is RPV, since the downstream inline valve is fully closed to
isolate the downstream tank. The burst is initiated at Point B, which corre-
sponds to the dimensionless location xj = 0.51, and the pressure transducer is
located at Point P. More details of the experimental pipeline can be found in
Du et al. (2020) and Du et al. (2021). A solenoid side-discharge valve was
applied to initiate the burst, and the valve was opened at approximately 0.1 s,

with negligible opening time. The head at the upstream tank is 3.065 x 107 Pa
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(3.065 bar). The wave speed is 1320 m/s, and thus the fundamental period of
this pipeline system is 0.113 s. The measured time trace is shown in Figure
5.14 with the sampling rate as 1 x 10* Hz. The window length and gap for the
analysis have been selected as 0.113 s and 1 X 1074 s, respectively, of which
the window gap was set to be the reciprocal of the sampling rate for real-time
data analysis. The utilized harmonics for the analysis are the 11th, 13th, 15th,
17th, 19th, 101st, 103rd, and 105th harmonics. The DHS of the 11th, 13th,
and 15th harmonics are shown in Figure 5.15 as the example. Utilizing the
algorithm that is applied to the numerical scenarios provides the total damping.
The actual (total) friction damping is calibrated as Rj; = 0.0463, R;3 = 0.0503,
Ri5 =0.0542, Ry7 =0.0577, Ri9 = 0.0611, Rjo; = 0.1485, Rjo3 = 0.1555, and
Rips = 0.1608 utilizing the UFWH model. Replicating the same analysis pro-
cess and accuracy enhancement strategies as in the numerical verifications de-
termines the range of the dimensionless burst location from [0.5 0.53], which
corresponds to from 18.705 m to 19.8273 m from the upstream of the pipeline.
The burst is detected based on the determined burst location range. The cor-
rect solution to the dimensionless burst location is contained in the resultant
range, with a maximum error of 2%, and thus, the burst location estimation is
achieved. The result from Case 5 verifies the approach in the paper on a real
pipeline for real-time burst detection and location estimation with acceptable ac-

curacy.

In practice, unsteady friction damping is involved when utilizing the approach in
the paper, as implemented in Case 5. Although the actual (total) friction damp-
ing, which is the summation of steady and unsteady friction damping, can be
calibrated computationally, the unsteady friction damping may lead to the con-
fusion about the burst detection. This is because there may be a difference be-
tween the theoretical and actual values of the unsteady friction damping due to
various reasons, such as external noise. Additionally, in practice, unsteady fric-
tion damping is dependent on the frequency (Kjerrumgaard Jensen et al., 2018).

Based on these two specific analyses, when there is a transient event introduced
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Figure 5.14: Time trace from Case 5
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Figure 5.15: Discrete harmonic spectrogram from Case 5
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under the burst-free condition due to, for example, sudden valve closure, the
resultant damping, after subtracting the calibrated actual (total) friction damping
from the total damping, may be non-zero and frequency-dependent. Accordingly,
such the non-zero and frequency-dependent damping may be treated as the burst
damping, which may result in the fake burst presence. Therefore, the redundant
burst detection and location estimation processes may be applied. In order to
avoid such a condition that may happen in practice, a method is proposed with

an example in the next section.

5.6 Discussion of Unsteady Friction Damping

The previously-mentioned problem that the unsteady friction in practice may
cause redundant burst detection and location estimation processes can be solved
by following two steps. Firstly, extract the total damping for more harmon-
ics, and then subtract the corresponding calibrated actual (total) friction damping
from the total damping. There is no burst damping contained if the resultant
damping from the first step is zero. Accordingly, there is no presence of the
burst. However, if the resultant damping is non-zero, the second step should
be applied. Secondly, compare the trends of the resultant damping and the the-
oretical unsteady friction damping versus frequency. Accordingly, the resultant
damping from the first step can be identified that if it is the burst damping
or the unsteady friction damping. This is because the trend versus frequency
of unsteady friction damping is rising, but the trend versus frequency of burst

damping is oscillating. The details are now presented.

According to the Vardy & Brown unsteady friction equation in Kjerrumgaard
Jensen et al. (2018), the weighting function is the only parameter that is de-
pendent on the frequency. The trend versus frequency of the weighting function

is rising. According to Eq. (5.3), the trend versus frequency of burst damp-
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ing is oscillating when n increases due to the periodicity of the square of the
sinusoidal function. An example of a comparison between these two functions
is plotted in Figure 5.16 with the fundamental frequency of 10 Hz and dimen-
sionless burst location as 0.25 of the applied pipeline system shown in Figure
5.4. Tt is worth noting that their amplitudes are normalized by their maximum

values.
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Figure 5.16: Comparison between the weighting function of unsteady friction
damping and the burst damping

From Figure 5.16, it can be seen that the trends versus frequency of unsteady
friction damping and burst damping are very different. Therefore, computing
the damping of more harmonics and comparing the trends versus frequency can
be utilized to solve the previously-mentioned problem. For example, for the
11th, 13th, and 15th harmonics in Case 5, the calibrated actual (total) damping
increases with increasing harmonic orders, while the burst damping decreases as
Ri13=3.879% 1072, Rj33=5.78 x 1073, and R;sz =3.02 x 1073 with increasing
harmonic orders. Hence, oscillating damping can be utilized as an alternative

indicator for the confirmation of burst damping, and thus, for burst detection.
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5.7 Conclusion

The damping caused by the presence of the burst is contained in the transient
pressure signal caused by the sudden burst. Therefore, all the harmonic compo-
nents of the signal are damped differently due to the burst. The utilization of
the burst information contained in the harmonics of the measured signal can be

applied to burst detection and location estimation.

The approach in this paper illustrates that any sequence of damped harmonics
of the signal can be utilized to calculate the burst damping. The damping ratios
of any sequence of damped harmonic can be utilized to determine the range of
the dimensionless burst location. Both the calculated burst damping and the
resultant dimensionless burst location range can be applied as the indicator for
burst detection. The resultant range of the dimensionless burst location can be

used to estimate the location of the burst with acceptable accuracy.

The approach in this paper has been verified both numerically and experimen-
tally. The effects from different burst location, analyzed window lengths and
gaps, and different sequences of harmonics have been explored. The utilization
of user-defined window lengths and gaps makes the real-time signal processing
possible by letting the window gap be the reciprocal of the sampling rate. Both
the numerical and experimental studies provide sufficient results for verification.
The difference between unsteady friction damping and burst damping has been
discussed with an example, which provides a solution to the transients generated

by a non-burst source and offers an alternative indicator for burst detection.

The approach in this paper extends the application of DOFT techniques for
real-time burst detection and location estimation from the low frequency range
to the high frequency range. In addition, the exploration of the algorithm in

this paper provides an insight into excluding incorrect solutions when utilizing
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DOFT techniques to analyze a signal in the high frequency range. The ap-
proach broadens the scope of the capability of sensor and sensing system of
detecting and estimating burst using DOFT in practice, since no specific har-
monic is required. This paper focuses on metallic pipes, hence the pipe wall

viscoelasticity is not discussed in detail.

131



CHAPTER 6. LINKING THE DAMPING OF FLUID TRANSIENTS AND
FREQUENCY RESPONSE DIAGRAM METHODS FOR PIPE LEAK AND
BURST DETECTION AND LOCALIZATION

Chapter 6

Linking the Damping of Fluid
Transients and Frequency Response
Diagram Methods for Pipe Leak and
Burst Detection and Localization

(Journal Paper 4)

Xjao-xuan Du, Martin F. Lambert, Lei Chen, and Eric Hu

Submitted to Journal of Hydraulic Engineering

132



CHAPTER 6. LINKING THE DAMPING OF FLUID TRANSIENTS AND
FREQUENCY RESPONSE DIAGRAM METHODS FOR PIPE LEAK AND

BURST DETECTION AND LOCALIZATION

Statement of Authorship

Title of Paper

Linking the Damping of Fluid Transients and Frequency Response Diagram
Methods for Pipe Leak and Burst Detection and Localization

Publication Status

F Published r Accepted for Publication

I Unpublished and Unsubmitted work written in
v’ Submitted for Publication I e

Publication Details

Du, X.-x., Lambert, M. F., Chen, L., and Jing Hu, E. (Under review). Linking
the Damping of Fluid Transients and Frequency Response Diagram Methods
for Pipe Leak and Burst Detection and Localization. Journal of Hydraulic
Engineering.

Principal Author

Name of Principal Author (Candidate)

Xiaoxuan Du

GContribution to the Paper

IConception and design of project
|Analysis and interpretation of research data
Drafting the paper

Qverall percentage (%)

75%

Certification: This paper reports on original research | conducted during the period of my Higher Degree by
Research candidature and is not subject to any obligations or contractual agreements with a
third party that would constrain its inclusion in this thesis. | am the primary author of this paper.

Signature | Date ‘14/0”2022

Co-Author Contributions

By signing the Statement of Authorship,
i the candidate’s stated contribution to the publication is accurate (as detailed above);

ii permission is granted for the candidate in include the publication in the thesis; and

the sum of all co-author contributions is equal to 100% less the candidate’s stated contribution.

each author certifies that:

Name of Co-Author

Martin F. Lambert

Caontribution to the Paper

Conception and design of project
|Analysis and interpretation of research data
Critically revising the paper

Signature

|Date ‘ /?///2022
77

Name of Co-Author

Lei Chen

Contribution to the Paper

Revising the paper critically
Conception and design of project

Signature

Please cut and paste additional co-author panels here as required.

133



CHAPTER 6. LINKING THE DAMPING OF FLUID TRANSIENTS AND
FREQUENCY RESPONSE DIAGRAM METHODS FOR PIPE LEAK AND
BURST DETECTION AND LOCALIZATION

Name of Go-Author Eric Jing Hu

Contribution to the Paper Revising the paper critically
Conception and design of project

Signature |Date | 18/1/2022

134



CHAPTER 6. LINKING THE DAMPING OF FLUID TRANSIENTS AND
FREQUENCY RESPONSE DIAGRAM METHODS FOR PIPE LEAK AND
BURST DETECTION AND LOCALIZATION

Abstract

The purpose of the paper is to illustrate the relationship between methods that
utilize the damping of fluid transients and the approaches based on the fre-
quency response diagram, and to discuss the two methods for both leak and
burst detection. Although both the methods are based on the Fourier transform
of the signal, they have different signal processing approaches. This paper re-
veals the mathematical relationship between the two methods for both the leak
and the burst problems. The mathematical relationship between the two meth-
ods has been verified both numerically and experimentally. Additionally, the two
methods have been compared from the perspectives of input signal bandwidth,
problem type, low sampling rate capability, robustness, and real-time data mon-
itoring capability. The applicability of the two methods in these aspects has

been discussed.

6.1 Introduction

Transient pressure-based pipeline leak detection methods have been explored by
diverse researchers, based on meeting the inspection process requirement dur-
ing the working cycle of the system (Covas et al., 2005a; Hovey and Farmer,
1993; Lee et al., 2006; Liggett and Chen, 1994; Mclnnis and Karney, 1995;
Pudar and Liggett, 1992; Wang et al., 2002; Ziegel, 1987). Frequency domain-
based methods can be applied successfully in practice with high accuracy (Ebina
et al., 2011; Gong et al., 2013a; Hutton and Kapelan, 2015a; Kang and Lansey,
2012; Lee et al.,, 2005a, 2008; Parikh and Sundaresan, 2008; Vitkovsky et al.,
2011; Wang et al., 2002).

Leak detection methods based on the damping of fluid transients (DOFT) have
been researched by Wang et al. (2005; 2002) and Nixon et al. (2006). These

methods utilize the damping in the transient signal caused by the leak in the
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pipeline. By computing the damped harmonic components in the results of
Fourier transform, fast Fourier transform (FFT) or discrete Fourier transform
(DFT), and utilizing the different damping of various harmonic components, the
leak can be confirmed and located (Wang et al., 2005, 2002). Furthermore, the
validity range of the DOFT method has been explored in terms of different
materials (Nixon et al., 2006). Du et al. (2020) improved the technique and
applied it to the burst problem. Additionally, Du et al. (2021) further improved
the technique from the perspective of real-time burst detection, localization, and

cross-sectional area quantification with low data sampling and transmission rates.

The application of frequency-based methods to the area of pipeline leak detec-
tion has been explored (Gong et al., 2013a, 2016a, 2018a,b, 2016b; Lee et al.,
2006, 2005a,b, 2008). The frequency response diagram (FRD) methods in Gong
et al. (2013a; 2016a; 2018a; 2018b; 2016b) and Lee et al. (2006; 2005a;
2005b) apply the theory of frequency response function (FRF) on the basis of
the energy cross-spectral density of the measured (i.e., output) and input signals,
which is the FFT of the cross-correlation function. The leak can be detected by
computing the damped FRD, and can then be located, for example, by substi-
tuting the peak values of the first three resonance responses from the resultant

FRD to the solution of the leak location (Gong et al., 2013a).

The signal processing approaches of the DOFT and FRD methods are based
on the theory of the Fourier transform, and have been verified both numeri-
cally and experimentally. However, the specific steps of the signal processing
approaches in these methods are different. In the DOFT methods, the FFT/DFT
of the output signal is utilized. The resultant amplitudes of the FFT/DFT of
each harmonic component were compared window by window to determine the
damping by fitting the exponential equation form (Wang et al., 2002). In the
DOFT method, only the measured signal was utilized, while in the FRD method,
both the input and measured signals were applied, and the resultant FRD was

computed from the output signal, which is completely damped after the input
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signal is applied.

In the FRD methods, the FRD was generated by using the general form of
FRF, which utilizes both the input and the output signals. The output signal is
the measured signal from the occurrence of the transient until the steady state
is achieved. The input signal is the source of the transient. In Lee et al. (2006;
2005a; 2005b), the input signal was modified from a step function into an im-
pulse function by adding a reversed, shifted input signal. During the process of
generating FRD, the FFT of the cross-correlation and auto-correlation functions
were computed for the whole time period from the transient until the steady
state (Gong et al., 2013a, 2016a, 2018a,b, 2016b; Lee et al., 2006, 2005a,b,
2008).

The following gaps exist in the reviewed methods in the literature. Firstly, no
exploration has been conducted in terms of the mathematical relationship be-
tween these two Fourier transform-based techniques. Secondly, the applicability
of the FRD method has not been explored in the areas of burst detection, low
sampling rate, robustness, and real-time data monitoring. Thirdly, no research
or corresponding discussion have been conducted between the two methods in
terms of input signal bandwidth, problem type, low sampling rate capability,
robustness, and real-time data monitoring capability. This paper presents the
detailed mathematical modeling that reveals the exact relationship between the
DOFT and FRD methods from the perspectives of both the leak and the burst
problems. This relationship has been verified both numerically and experimen-
tally. In addition, an exploration of the two methods has been undertaken in

terms of the previously mentioned aspects.

In the following section, the mathematical relationship between the DOFT and
FRD methods is presented, followed by ten numerical verifications. Then, two
experimental verifications are presented, followed by the conclusion and discus-

sion.
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6.2 Relationship between Transient Damping and Fre-

quency Response Function

The general solution of the dimensionless measured head disturbance, h*, in

Wang et al. (2002) for leak problem is expressed as

R (x*, ) = Z{e—<R+RnL>f*[Ancos(nm*)+anin(nm*)]sin(nm*)} (n=1, 2, 3,..)
n=1
(6.1)

where x* and ¢* in Eq. (6.1) are the non-dimensionalized distance along the

pipe and the time respectively, using the following definitions

(6.2)

=
S5
~
Q\.
NI =

where h is the head disturbance caused by the leak, H; is the reference head,
which is the head measured at the tank, ¢ is the time, L is the length of the
pipe, a is the wave speed, and x is the distance along the pipe. R is the
friction damping, R,y is the leak damping, and A, and B, are the Fourier co-
efficients expressed in Wang et al. (2002). By fitting the typical Fourier series
form to Eq. (6.1), the amplitudes of the first and the nth harmonic component

in each period are

—(R+Ru)(t5+T*) _ ,—(R+RuL)t;
(1) e e . * 2 2
Ev/) = — A-+B 6.3
s ( T sin(nmx*)\/ A+ B (6.3)
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E(m) _ E]gl)e—(R'i'RnL)(m_l)T* (m =1, 2, 37) (6.4)

n

respectively, where f; is the dimensionless starting time of the analysis, 7" is
the dimensionless fundamental period of the pipeline system, and m and n rep-

resent the number of the period and the harmonic component respectively.

The utilized FRF in Gong et al. (2013a; 2016a; 2018a; 2018b; 2016b) and Lee
et al. (2006; 2005a; 2005b) is expressed as

Rin&out

H(w)=
( ) Rin&in

(6.5)

where H(®) is the FRF, Rj;&0u: is the Fourier transform of the cross-correlation
function between input and output signals, and R;,g;, is the auto-correlation
function of the input signal. In fact, R;,&. 1s the cross spectral density of the
input and output signals, and Rj,&i, is the auto spectral density of the input
signal. However, Lee et al. (2006; 2005a; 2005b) modified the input signal
into a finite energy form, and established the output signal as the finite en-
ergy signal, thus Rj,&ows and Rj,&in are the cross and auto spectral densities in
energy instead of power. According to the relationship between the correlation
functions and convolution, and applying the general Fourier transform procedure,

Eq. (6.5) becomes (Bracewell, 1965; Papoulis, 1962; Wiener, 1988)

H(w) = (—) (6.6)

where X and Y are the Fourier transform results of the input and output signals

respectively, and Y* is the conjugate of Y.
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According to the derivation procedure of the Fourier transform, when @ = nay,
where @g is the fundamental angular frequency of the system, the resonance

responses, X*(w) and Y*(w) become

X" (nay) =X (nay)

Y*(nap) =Y (nay)

6.7)

since the imaginary number is canceled (Bell, 2012). It can be seen that when
considering the resonance responses, Y* in Eq. (6.6) is actually dimensional
Eq. (6.4) when there is only one window of the whole signal, and the length
of the window is equal to the time period from the application of input signal
to the complete decay of output signal. The details of the derivation of the
Fourier transform of Eq (6.4) in each period are presented in the Appendix.
Therefore, the FRF in the FRD method is actually the Fourier series solution
in the DOFT method scaled by the Fourier transform result of the input signal,
with the window length of the time period from the application of input signal

to the complete decay of output signal.

According to the time shift and linearity theorems of Fourier transform, adding
the time shift formulation to the Fourier transform of the signal period by pe-
riod is equivalent to the Fourier transform of the whole signal in the time pe-
riod from the application of input signal to the complete decay of output signal.
Therefore, the resonance responses in the Fourier transform of the signal in the
dimensionless frequency domain in the time period from the application of in-
put signal to the complete decay of output signal, Y(n®;), where w; is the
dimensionless fundamental angular frequency of the system, can be expressed

by Eq. (6.4), and shown as

Y(l’l(l)g) _ Z Er(ll)e—(R—i—RnL)(m—I)T*e—inwg(m—l)T* 6.8)
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or

N
flf() Z E(l) —(R+RuL)(m—1)T* —i27rnf8<(m—1)T* (69)

where N is the total number of periods contained in the time period from the
application of input signal to the complete decay of output signal, and fj is

the dimensionless fundamental frequency of the system.

Based on the previous analysis and when considering the resonance responses in
the dimensionless frequency domain, the mathematical relationship between the
Fourier series solution in the DOFT method and the FRF in the FRD method

18 shown as

X(H(DE;) Zln\;zl Er(ll)e—(R—i—RnL)(m—I)T*e—inwg(m—l)T*

H(na;) =

[X (naxy)]”
:X(na)(’)") In\;zlEr(ll)e—(R—kRnL—i-inwg)(m—I)T* 6.10)
[X (nexy)]?
Zm \E D) o= (R+Ry+ineg) (m—1)T*
X(nwy)

or

Z 1En e —(R+Ry +i27nfy)(m—1)T*
m=

X(nfy)

H(nfy) = 6.11)

The dimensionless fundamental frequency and the dimensionless fundamental pe-

and e~ 2mnfo(m=1T" i Egs. (6.9) and (6.8), re-

. . s * _ *
riod in the terms e @ (m=1)T

spectively, can be canceled, since the signal was analyzed for every fundamental

period in Wang et al. (2002), and m and n in Egs. (6.9) and (6.8) are inte-
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gers, thus the terms e~ "@M=1T" and =27nfc(m=1T" are equal to unity in Egs.

(6.9) and (6.8). Therefore, Eqgs. (6.10) and (6.11) are simplified as

. %:lEr(ll)e—(R—i—RnL)(m—l)T*

6.12)

or

%_lEr(ll)e—(R—kRnL)(m—l)T*

(6.13)
X(nfy)

H(nfy) =

Therefore, the mathematical relationship between the DOFT and FRD methods
for the leak problem is revealed by Egs. (6.12) and (6.13). According to the
research into burst detection using the DOFT theory presented in Du et al.
(2020), Egs. (6.12) and (6.13) can be simplified into the following forms for

the burst conditions

N Ex) e RRu)n )T

X(nayg)

H(nax) = (6.14)

or

¥V B e (RRum) m=1)T°

H(nfy) = ) (6.15)

where E,gl) has the same form as Eq. (6.3) but with R,p instead of R,z, and
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R,p is the burst damping which is defined in Du et al. (2020), and shown as

R,z = Kpsin® (nmx}) (6.16)

in which Kp is a self-defined burst parameter that contains the cross-sectional
area of the burst, which is presented in Du et al. (2020), and xj is the dimen-
sionless burst location along the pipeline. According to the summation of the

geometric sequence, Eqgs. (6.14) and (6.15) can be simplified as

Er(,l) (1 — e_(R"'RnB)mT* )

6.17
X(na){)‘()(l — e_(R“‘RnB)T*) ( )

H(nwy) =

or

Er(zl)(l _ e—(R—l—R,lB)mT*)
X(nfék)(l — e_(R+Rl1B)T*)

H(nfy) = (6.18)

According to the leak localization solution for a reservoir-pipe-valve (RPV) sys-
tem in Gong et al. (2013a), and substituting Eqgs. (6.14) and (6.15), the burst

localization solution can be expressed as

.1 i_vlz”’B ) (6.19)
T
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where Pp is a self-defined parameter, and shown as

(5f0)(1—e (R+Rsp)T* ) _X(f )(1—e (R+R5)T*

b _E5(1)(1 —(R+R5B)mT*) Efl)(l o—(R+Rip)mT*
o X(3/3) (1 e FRw)T")

E?El)(l —(R+R3B)mT*) }

)|
),
)|
)|

i Eél) (1— (R+R3B)mT*) El(l)(l —(R+Rg)mT* Es(l)(l —(R+RSB)mT*)
| X(3fg)(1— e RHRsITT) X (fi)(1— e~ RERTT) | X(5£5)(1— e~ RHRsw)T")
(6.20)

Thus, the mathematical relationship between the DOFT and FRD methods for
the burst problem is revealed by Egs. (6.14) to (6.20). Ten numerical verifica-
tions have been conducted and presented in the next section. They are designed
to verify the mathematical relationship, and compare and discuss the methods of
the DOFT and FRD from the perspectives of input signal bandwidth, problem

type, low sampling rate capability, robustness, and real-time analysis capability.

6.3 Numerical Verification

Ten numerical scenarios have been conducted, which are referred to as Cases 1
to 10, respectively. Case 1 is to verify the mathematical relationship between
the DOFT and FRD methods. Cases 2 and 3 are designed to verify the rela-
tionship between two methods with different input signal bandwidths. Cases 4
and 5 are implemented to verify the relationship for both leak and burst prob-
lem. Cases 6 and 7 are conducted to compare and discuss the two methods in
terms of the low sampling rate capability. Case 8, which contains three tests, is
designed for robustness comparison between the two methods. Cases 9 and 10
are conducted to compare the two methods regarding the real-time data mon-
itoring capability. Since only the first three resonance responses (i.e., the Ist,

3rd, 5th harmonics for the RPV system) of the measured signal were explored
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and discussed in the previous research, only the results of the first three res-
onance response responses are included in this section (Du et al., 2020; Gong

et al., 2013a; Wang et al., 2002).

6.3.1 Verification for the Mathematical Relationship

In order to verify the mathematical relationship between the FRD and DOFT
of the signal shown in Eq. (6.13), Cases 1 to 3 have been conducted, of
which Case 1 is for numerical verification of the mathematical relationship, and
Cases 2 and 3 are for mathematical relationship verification with different in-
put bandwidths. In Case 1, the applied data is from Lee (2005), in which the
transient is generated by a manually-controlled valve. The pipeline system for
Case 1 is shown in Figure 6.1 along with all the necessary parameters, where
C, is the maximum cross-sectional area of the inline valve, which is located at
the downstream boundary of the system. The parameter orifice opening coeffi-
cient, 7, is applied to describe the actual cross-sectional area, as defined in Lee
(2005). This is expressed as C4Ay/(C4A,)rer for the inline and side discharge
valves, where C, is the orifice coefficient of the valves, Ay and A, are the
cross-sectional areas of the valves and the pipe respectively, and REF indicates

the reference quantity.

® Perturbing inline valve Pipe length = 2000 m
Reservoir | Head = 50 m Cy=0.002 m*%s’t Diameter = 0.3 m Reservoir 2 Head = 20 m
Wave speed = 1200 ms!
N Roughness height = 5¥10° m N
\_/ Slope =0 v

2y

2000 m

Figure 6.1: Pipeline configuration from Cases 1-3
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In Case 1, At, the change of the cross-sectional area of the applied inline
valve between the status of fully closed and aimed opening, is set to be 0.012.
The system is under the condition of no-leak, and the transient is generated by
the downstream inline valve. During the process of Case 1, the inline valve
was initially fully closed. Then it was opened for a very short time, and fully
closed again. In Case 1, the input is the valve perturbation 7, and the output
is the head time trace measured at the downstream boundary. The input and

the output signals are shown in Figures 6.2 and 6.3.

0.012 . . . .

0.01

0.008

= 0.006

0.004

0.002

0 1 1 1
0 0.1 0.2 0.3 0.4 0.5

Time (s)

Figure 6.2: Input signal from Case 1
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Figure 6.3: Output signal from Case 1

Applying the signal processing algorithm in Wang et al. (2002), Lee et al.
(2006), and Du et al. (2020) provides the results shown in Figure 6.4, in
which FRD is the result of FRF presented as Eq. (6.5), and DOFT repre-
sents the right side in Eq. (6.13), which is generated by letting the solution
in Wang et al. (2002) divided by the frequency responses of the input signal.
It is worth noting that the frequency responses of the output signal have been
normalized by the frequency responses of the input signal, based on Egs. (6.5)
and (6.13). Based on the results shown in Figure 6.4, it can be shown that
the amplitude of the presented quantities is closely matched for the first three

resonance response peaks.
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Figure 6.4: DOFT and FRD results from Case 1

6.3.2 Verification for Different Input Signal Bandwidths

Cases 2 and 3 have been implemented to verify the mathematical correlation
under the conditions of different input signal bandwidths. The pipeline system
for Cases 2 and 3 is the same as the configuration in Cases 1, except that the
downstream inline valve is replaced by a side discharge valve. During Cases
2 and 3, the same operation of the inline valve as in Cases 1 was applied to
the side discharge valve to generate the transient. The side discharge valve was
operated with different opening and closing speeds to generate different input
signal bandwidths, and the input signals of these two cases are shown in Fig-
ure D.1, in which InputSignall and InputSignal2 represent the input signal of
Cases 2 and 3 respectively. The corresponding output signals of these two cases
are shown in Figure D.2, in which OutputSignall and OutputSignal2 represent
the output signals of Cases 2 and 3 respectively. In the two cases, the applied
data are from Lee (2005). The corresponding results are shown in Figures E.5

and D.3. It is worth noting that the magnitude of the input signal is CzAy
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instead of 7.
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Figure 6.5: DOFT and FRD results from Case 2

Based on the results shown in Figures E.5 and D.3, the mathematical correla-
tion between the DOFT and FRD techniques is verified through different input

signal bandwidths.

6.3.3 Verification and Comparison for Leak and Burst Problems

To verify the explored mathematical relationship in the paper, and to compare
the DOFT and FRD methods in terms of the problem type, Cases 4 and 5

have been conducted. Case 4 is the leak case and Case 5 is the burst case.

The pipeline system for Case 4 is the RPV system, and is shown in Figure
6.6, along with all the necessary parameters. The leak is simulated by a side
discharge valve, which is located at 100 m from the upstream boundary, which

has the relative cross-sectional area as CzAr/A, =0.02, where Ay is the cross-
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sectional area of the leak. During the process of Case 4, the transient is intro-
duced by opening and then closing the downstream valve rapidly, with relative
cross sectional area of CjAy /Ap =0.001. In addition, parameter 7 is re-defined
as the relative cross-sectional area of the downstream valve in Case 4. The op-
eration process of the downstream valve is linear, and the corresponding input
signal is shown in Figure 6.7. The measured time trace is shown in Figure 6.8,
with the sampling rate of 100 Hz. The corresponding fundamental period is 2
s, which is determined using the ringdown code (Baibhav et al., 2018; Giesler
et al., 2019). Replicating the same analysis process as in previous cases, the
resultant frequency responses of the first three resonance frequencies using the
DOFT and FRD techniques are shown in Figure 6.9. The adequate match ver-
ifies the correlation between the two methods. It should be noticed that the
resonance responses are significantly damped due to the damping caused by the
leak, when compared with the previous cases. By observing the damped ampli-
tude of different harmonics in the frequency domain, the leak can be detected.
The estimated leak location is at 99.45 m and 119.8 m utilizing the DOFT and
FRD techniques respectively (Du et al., 2020; Gong et al., 2013a; Wang et al.,
2002). The corresponding localization errors are 0.11% and 3.96% respectively

(Wang et al., 2002).

Pipe length = 500 m
Reservoir 1 Head = 25 m ® Downstream valve Diameter = 0.2 m
(transient source) Wave speed = 1000 ms!
Friction factor = 0.0302
( ) Slope =0
Side discharge (leak)

Pressure transducer

! !
<

100 m 250 m 150 m

Figure 6.6: Pipeline configuration from Case 4
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Figure 6.7: Input signal from Case 4
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Figure 6.8: Output signal from Case 4
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Figure 6.9: DOFT and FRD results from Case 4

The applied pipeline system in Case 5 is an RPV system, which is shown in
Figure D.4, in which the burst is simulated by a side discharge at 100 m from
the upstream boundary, with the relative cross-sectional area of C;Ap/A, =0.5,
where Ap is the cross-sectional area of the burst, while all other parameters
remain the same as in Case 4. During the process of Case 5, the initial flow
rate is set to be Qy=0.001 m’/s by letting the downstream valve be partially
opened, and the burst is set to be generated rapidly at around 0.4 s, which
is the transient source. Additionally, parameter 7 is re-defined as the relative
cross-sectional area of the burst in Case 5. The corresponding input and out-
put signals are shown in Figures D.5 and D.6. Since the input signal for a
burst case is actually an infinite step function, the signal correction algorithm
in Lee (2005) has been utilized to convert the input signal from an infinite
step function to a finite impulse function, and the output signal from the infi-
nite step function-based signal to the finite impulse function-based signal. The
modified input and output signals are presented in Figures 6.10 and 6.11. The

corresponding resultant frequency responses of the signal are shown in Figure
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6.12. The results indicate that a mathematical correlation exists in the burst
cases. The damped amplitude can be applied to confirm the occurrence of the
burst. Utilizing the localization technique in Du et al. (2020) and Gong et al.
(2013a) provides the estimated burst location at 108.2 m and 117.4 m, respec-

tively, where the localization error is 1.64% and 3.48%, respectively.

Although the mathematical relationship between the DOFT and FRD techniques
has been verified, and the faults localization has been fulfilled by utilizing both
the methods, it is impossible to utilize FRD method for burst problems in prac-
tice. This is because the application of the FRD technique requires the fre-
quency response of the input signal, but the input signal in the burst problem
is generated from the burst itself, which is the unknown element that needs to

be detected and estimated.
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Figure 6.10: Modified input signal from Case 5
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Figure 6.12: DOFT and FRD results from Case 5

154



CHAPTER 6. LINKING THE DAMPING OF FLUID TRANSIENTS AND
FREQUENCY RESPONSE DIAGRAM METHODS FOR PIPE LEAK AND
BURST DETECTION AND LOCALIZATION

6.3.4 Verification and Comparison for Low Sampling Rate Capa-

bility

In order to verify and compare the DOFT and FRD techniques from the per-
spective of low sampling rate capability, Cases 6 and 7 have been implemented.
The applied pipeline system and the relevant parameters are the same as in
Cases 4 and 35, respectively, except that the sampling rate has been decreased
from 100 Hz to 5 Hz, which is the Nyquist frequency of the 5th harmonic of
the signal, since only the first three resonance responses are required for both
the application of the DOFT and the FRD methods. The re-sampled output sig-
nals for Cases 6 and 7 are shown in Figures D.7 and D.8. Replicating the
same analysis process in the previous cases provides the frequency responses of
the first three resonance responses of the signals from Cases 6 and 7 using the
DOFT and FRD methods, as shown in Figures 6.13 and D.9. The leak and

burst localization results remain the same.
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Figure 6.13: DOFT and FRD results from Case 6

Based on the results shown in Figures 6.13 and D.9, the mathematical rela-
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tionship between the two methods has been verified. Additionally, the results
illustrate that both the methods are capable of utilizing a low sampling rate

(i.e., the Nyquist frequency of the 3rd resonance response).

6.3.5 Verification and Comparison for Robustness

The verification of the correlation and the comparison between the two meth-
ods in terms of the robustness has been completed by implementing Case 8.
In Case 8, the applied pipeline system and the corresponding input and output
signals are the same as in Case 4, which are shown in Figures 6.6, 6.7, and
6.8, which are for the leak problem. Case 8 contains three tests, which corre-
spond to three different signal-noise-ratios (SNR). The applied SNRs for Tests
1, 2, and 3 are 30 dB, 20 dB, and 10 dB, respectively, since the general SNR
of a measured signal is around 10 dB to 30 dB (Kellman and McVeigh, 2005;
Zhang et al., 2008; Zhang, 2011). The time trace for Test 1 is shown in Figure
6.14. By utilizing the technique in Du et al. (2021), which extends the work
by Wang et al. (2002), the discrete harmonic spectrogram (DHS) of the signal
from Test 1 is presented in Figure 6.15, which contains the information of the
leak damping that can be used for leak estimation. Replicating the same anal-
ysis processing the FRD method in the previous cases provides the FRD result
shown in Figure 6.16. Similarly, the time trace, DHS and FRD results from
Test 2, with the SNR of 20 dB, are presented in Figures D.10, D.11 and D.12.
Additionally, the time trace, DHS and FRD results from Test 3, with SNR of
10 dB, are shown in Figures D.13, D.14 and D.15. From the results shown in
Figures D.12 and D.15, it can be noticed that the resolutions of the second and
third resonance responses of the signal decrease significantly when the SNR de-
creases, which leads to difficulties in the leak estimation. For example, in Tests
2 and 3, the second and third resonance responses of the signal generated by
utilizing the FRD method can barely be distinguished from the noise, based on

Figures D.12 and D.15. The peak values of the first three resonance responses
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in Figures 6.16, D.12, and D.15 are summarized in Table E.1, by reading the
values at particular frequencies of the first, third, and fifth harmonics. It should
be noted that the peak values of the first three resonance responses from the
FRD result in Case 4 have also been added to Table E.1, in order to provide
the reference values under the condition of no-noise for comparison. The errors
shown in Table E.1 are the relative errors that are generated by comparing the
values from Case 8 with the values from Case 4. From Table E.1, it can be
noticed that although the values of the first harmonic are similar in the tests,
since the main energy is contained in the first resonance response, the values
of the third and fifth harmonics are quite different from each other due to the

negative effect from the noise.

26.5 . . . . .

26 | .

23 1 1 1 1 1
0 20 40 60 80 100 120

Time (s)

Figure 6.14: Output signal from Test 1 of Case 8
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Figure 6.15: Discrete harmonic spectrogram from Test 1 of Case 8
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Figure 6.16: FRD result from Test 1 of Case 8
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The total damping can be observed from Figures 6.15, D.11, and D.14, al-
though there are some fluctuations in the resultant DHSs. The values of total
damping for the first three resonance responses shown in Figures 6.15, D.11,
and D.14 are summarized in Table E.2. Similar to Table E.1, the reference val-
ues of the damping of the first three resonance responses and the corresponding
relative errors for each test in Case 8 have been summarized in Table E.2. Al-
though there is noise, the values of the total damping in Table E.2 are close

to each other.

Although the FRD results have been negatively affected by the noise, the leak
localization can still be implemented using FRD by reading the values of the
FRD results at the frequencies of the first three resonance harmonics, based
on the technique in Gong et al. (2013a). Similarly, the leak localization can
be conducted using the DOFT techniques in Wang et al. (2002) and Du et
al. (2020). The leak localization results of utilizing both the two methods are
summarized in Table E.3. Based on the results presented in Table E.3, the
accuracy of the leak localization results using the DOFT method is higher than
the accuracy using the FRD method. This is because the application of the
DOFT method focuses on the attenuation of the frequency responses of the
signal at particular frequencies versus time. The damping can still be observed
with the noise, since the frequency response of the noise is also damped due
the leak on the pipeline. However, the application of the FRD method only
focuses the peak values of the first three resonance harmonics at the end of
the measurement, and thus the negative effects from noise cannot be eased.
Additionally, the DOFT method utilizes more information about the signal with
more analysis steps than the FRD method, since the DOFT method analyzes the
signal window by window, but the FRD method analyzes the signal at the end
of the measurement. Consequently, the DOFT method is more robust for the
analysis of noisy signals than the FRD method, based on the results presented

in Tables E.1, E.2, and E.3.
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Table 6.1: Comparison of peak values of the first three resonance responses in the
FRD results from Case 8

Test SNR 1st harmonic 3rd harmonic Sth harmonic
Number (dB) Value  Error (%) Value Error (%) Value Error (%)
Reference nonoise 65689.1 4498.41 3929.18
1 30 66137 0.68 4759.38 5.8 449544 14.41
2 20 67041.7 2.06 3127.83 3047 4150.53 5.63
3 10 62139.1 54 3170.02 29.53 8200.01 108.7

Table 6.2: Comparison of values of total damping of the first three resonance
responses in the DOFT results from Case 8

Test SNR 1st harmonic 3rd harmonic 5th harmonic
Number (dB) Value  Error (%) Value Error (%) Value  Error (%)
Reference nonoise 0.0254 0.0957 0.246
1 30 0.0254 0 0.0944 1.36 0.24 2.44
2 20 0.0261 2.76 0.089 7 0.2186 11.14
3 10 0.0263 3.54 0.1102 15.15 0.2201 10.53
Table 6.3: Leak localization results from Case 8
Test SNR Leak location DOFT result DOFT error FRD result FRD error
Number (dB) (m) (m) (%) (m) (%)
1 30 100 101.35 0.27 122.5 4.5
2 20 100 108.6 1.72 135.3 7.06
3 10 100 112.3 2.46 151.2 10.24
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6.3.6 Comparison and Discussion for Real-time Data Monitoring

Capability

According to the work in Du et al. (2021), utilizing the Fourier transform-
based techniques for real-time data monitoring can be implemented by analyz-
ing the signal window by window with the window gap to be the real-time
data acquisition speed, which is the reciprocal of the sampling rate. Accord-
ingly, the analyzed window can be moved slightly to adapt to the real-time
data acquisition speed, and thus every new data point that is acquired can then
be processed one time step at a time. However, utilizing the FRD method in
a window instead of the whole range of data is impossible for application to
real-time data monitoring. Firstly, the required signal length for leak localiza-
tion solution in Gong et al. (2013a) limits its applicability to real-time data
monitoring, since the required signal length is from the occurrence of the tran-
sient to steady state. Accordingly, the leak cannot be localized when analyzing
the signal in a window rather than using the whole range of data via the FRD
method, since there is no corresponding solution to the leak location. Secondly,
the required input signal limits the potential of the real-time data monitoring
capability of the FRD method, based on Eq. (6.5). This is because only when
the input signal is non-zero can the result of using the FRD method be gen-
erated. Accordingly, for example, if the input signal is the impulse signal, and
the lower limit of the selected window is after the impulse, the input signal in
the selected window will be all zero values, and thus the FRD result cannot be
generated. A numerical scenario, Case 9, has been performed to verify the sec-
ond point of view of the previously-mentioned analyses, since it iS unnecessary
to implement a verification scenario for the first one under the condition that

there is no solution to the leak location to be applied.

In Case 9, the applied input signal is the same as in Case 4, which is the leak

case, as shown in Figure 6.7. The selected window length is the fundamental
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period of the signal, which is 2 s. The lower limit of the window is 0.7 s, and
the upper limit of the window is 2.7 s. The corresponding FFT result of the in-
put signal in the selected window is shown in Figure 6.17. As shown in Figure
6.17, the FFT result of the input signal in the selected window is inapplicable
to the FRD method, since it only contains zero values. Accordingly, the FRD
method cannot be utilized. Therefore, analyzing the signal window by window
using the FRD method is restricted by the input signal. Based on the fact that
there is no solution to the leak location when utilizing the FRD method in a
window instead of the whole range of data, and the limitation from the input
signal, it is impossible to utilize the FRD method for real-time data monitoring,
because real-time data monitoring requires the signal to be analyzed window by

window for every sampling time step (Du et al., 2021).
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Figure 6.17: FFT result of the input signal from Case 9

Conversely, the DOFT method can be applied to real-time data monitoring based
on the previous research, as long as the window gap between the current and
the next windows equals the reciprocal of the sampling rate (Du et al., 2021).

A numerical scenario, Case 10, has been implemented to verify the DOFT
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method for real-time data monitoring of the leak problem. In Case 10, the
window length is set to be the fundamental period of the signal, 4 s, and the
window gap is set to be the reciprocal of the sampling rate, which is 0.05 s.
The applied input and output signals are the same as in Case 4, as shown in
Figures 6.7 and 6.8. Utilizing the technique in Du et al. (2021) provides the
resultant DHS as presented in Figure 6.18, and the leak localization result of
99.45 m, with the localization error of 0.11%. It is worth noting that the re-
sultant DHS shown in Figure 6.18 is only analyzed in the time period from 0
s to 20 s, since the application of DOFT does not require the signal to be an-
alyzed in the time period from the application of input signal to the complete
decay of output signal, which is 120 s in this case. Based on the results from
Cases 9 and 10, the DOFT method can be applied to real-time data monitoring,

while the FRD method has no capability to be applied to the area of real-time.

1.5 —

0.5 -

Amplitude of Spectrogram

Time(s)

Number of Harmonic Components

Figure 6.18: Discrete harmonic spectrogram from Case 10
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6.4 Experimental Verification for the Mathematical Re-

lationship

Two experimental scenarios have been conducted to verify the mathematical re-
lationship between the DOFT and FRD methods in this paper, which are re-
ferred to as Experimental Cases 1 and 2. Both cases were conducted in the
Robin Hydraulics Laboratory at the University of Adelaide. In Experimental
Case 1, the applied data is from Lee (2005), and the corresponding experimen-
tal pipeline system is shown in Figure 6.19. As shown in Figure 6.19, the
downstream valve is fully closed, and the transient is generated by closing the
side discharge located at 0.16 m from the downstream boundary, which is ini-
tially fully opened. The output signal is measured at the same location as the
transient source. The corresponding measured signal is shown in Figure 6.20.
Replicating the same procedures in Case 1 provides the resultant DOFT and
FRD results shown in Figure 6.21. It can be seen that the results using the

two methods are matched adequately.

® Perturbing inline valve Pipe length =37.525 m

Reservoir 1 Head=39.7m (fully closed) Diameter = 0.0221 m Reservoir 2 Head =20 m
Wave speed = 1328 ms!
N Roughness height = 1.5%10° mm N
N~ Slope = 1V:18.5H N~

Pressure transducer + side
discharge (transient source)

)

37.285m 0.16 m

Figure 6.19: Pipeline configuration from Experimental Case 1

Experimental Case 2 was conducted under the condition of a burst. The corre-
sponding experimental pipeline system is shown in Figure D.16. The pressure
transducer is located at point P, and the burst is located at point B. More de-
tails of the experimental pipeline system can be found in Vitkovsky (2007),
Wang et al. (2002), and Du et al. (2020). The downstream valve of the pipe
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Figure 6.21: DOFT and FRD results from Experimental Case 1
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is set to be fully closed to isolate the west tank from the pipe system. The
burst is located at 19.3 m from the upstream boundary, and is simulated by
a solenoid side discharge valve. The initial flow rate of the test is Qp =0
m3/s, the wave speed is a = 1320 m/s, and the head at the upstream tank is
3.065 bar, which is the east tank. The measured time trace is shown in Fig-
ure D.17, and the resultant first three resonance responses using the DOFT and
FRD methods are shown in Figure D.18. The frequency responses in Figure
D.18 are matched with acceptable errors, which verifies the mathematical rela-
tionship between the DOFT and FRD methods in the paper. By utilizing the
burst localization procedure in Du et al. (2020), the estimated burst location is

18.98 m, where the localization error is 0.84%.

6.5 Conclusion and Discussion

The previously researched leak detection techniques based on the DOFT and
FRD methods are both Fourier transform-based techniques. However, they utilize
different signal processing algorithms. The mathematical derivation presented in
this paper revealed the mathematical relationship between these two techniques
from the perspectives of both leak and burst detection. The mathematical solu-
tions of these two techniques are connected by utilizing the Fourier transform
theorems and the basic nature of the resonance responses of the signal in fre-

quency domain.

The mathematical relationship between the DOFT and FRD methods has been
verified both numerically and experimentally by applying the leak and burst sce-
narios. Although the DOFT and the FRD techniques utilize different algorithms,
the numerical and experimental results both provide an adequate match between
them. The discussions between the two methods from the perspectives of input

signal bandwidth, problem type, low sampling rate capability, robustness, and
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real-time data monitoring capability have been implemented. Although both the
techniques match each other with different input signal bandwidths, and are ca-
pable of utilizing low sampling rate (i.e., the Nyquist frequency of the 3rd res-
onance response), the differences between the two methods in other discussed
areas exist. It has been shown that the DOFT method can be utilized for both
the leak and burst problems. However, the FRD method cannot be applied to
the burst problem, since its application requires the Fourier transform of the
input signal, which is the unknown element in the burst problem. The DOFT
method is more robust than the FRD method with three conducted tests using
different SNRs, since the noise is also damped in addition to the signal itself
due to the leak, and the DOFT method is able to be utilized to analyze the
damping of the signal. The DOFT method can be applied to real-time data
monitoring, while this capability of the FRD method is limited by the difficulty
in determining the input signal and the lack of the solution to leak location
in a time period that is shorter than the time period from occurrence of the

transient event to the steady state.
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Chapter 7

Conclusions

7.1 Research Outcomes

This Ph.D. research focuses on the development of novel pipe burst detection
and estimation techniques and their associated signal processing algorithms. The

main outcomes of the research are summarized as follows:

1. A novel technique for pipe burst detection, localization, and cross-sectional
area quantification utilizing transient pressure signal measured by one sen-
sor has been developed. The technique enables the transient pressure sig-
nal caused by the presence of the burst to be analyzed in the low fre-
quency range during every fundamental period. The total damping can be
determined by processing the damped harmonics of the transient pressure
signal. Subtracting the friction damping, which is calibrated computation-
ally by the developed unsteady friction water hammer (UFWH) model,
from the total damping provides the burst damping. Therefore, the burst
location and relative cross-sectional area can be calculated by applying the

burst damping ratios.

2. A further developed technique for real-time pipe burst detection, local-

ization, and cross-sectional area quantification using the transient pressure
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signal has been proposed based on the previous research outcomes. The
technique is capable of analyzing the signal window by window with the
predefined window lengths and gaps, which makes real-time data monitor-
ing possible when letting the window gap be the reciprocal of the data
sampling rate. The required data transmission and sampling rates for the
application of the technique are low (i.e., Nyquist frequency of the third

resonance harmonic of the measured signal).

. Extended research for real-time pipe burst detection and location estima-
tion utilizing any sequence of harmonics of the transient pressure signal
has been conducted based on the previous research outcomes. The cor-
responding approach can analyze any sequence of harmonics within the
whole available frequency range. The majority of incorrect possible solu-
tions to the burst location can be excluded by using the approach. The
burst can be successfully detected by the computed burst damping, and
the burst location can be successfully estimated by the determined burst
location range in real-time. The effects from the unsteady friction damp-
ing on the burst detection and location estimation resulting from the ap-

proach have been explored.

. The relationship between the damping of fluid transients (DOFT) and fre-
quency response diagram (FRD) techniques has been revealed mathemati-
cally. The comparison and discussion between the two methods from the
perspectives of input bandwidth, problem type, low sampling rate capabil-
ity, robustness, and real-time data monitoring capability have been imple-
mented. The advantages of the developed techniques in this Ph.D. research

have been emphasized.
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7.2 Research Contributions

The overall contribution of the research is the developed novel techniques for
pipe burst detection and estimation in real-time. The advantages of the tech-
niques provide alternatives to the sensor and sensing system design depending
on the task requirement in practice. The detailed contributions are shown as

follows:

1. The pipe burst detection and estimation technique utilizes the presence of
the burst as the transient source instead a manually controlled valve. This
indicates that the application of this technique does not require an addi-
tional valve closure process to generate a transient, which interrupts the
normal working process of the pipeline system. The technique extends
the application area of the DOFT theory from the leak problem to the
burst problem. In addition, the application of the technique only requires
one sensor, which reduces the cost of the sensing system. The developed
UFWH model is capable of calibrating the unsteady friction damping for
the burst problem, which can be implemented numerically. This specific
aspect indicates that no unsteady friction damping determination process

that interrupts to the pipeline working process is required.

2. The real-time pipe burst detection and estimation approach makes real-time
data monitoring possible for the burst problem, which provides an insight
into minimizing the negative effects from the burst for pipeline inspection
process. The low required data transmission and sampling rates of the
application of the technique provide a significant insight into reducing the
cost of the sensing system. The technique enables the DOFT theory to be

applied in the area of real-time data monitoring.

3. The real-time pipe burst detection and location estimation technique using

any sequence of harmonics of the transient pressure signal enables all the
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available harmonics of the signal to be analyzed. The technique eases the
requirements of the corresponding sensor and sensing system, indicating
that the applied sensor and sensing system can be designed depending on
the exact requirements in terms of the aimed frequency range in practice.
The technique eases the restriction of the DOFT theory, where only the

first three resonance harmonics can be utilized for the damping analysis.

4. The revealed mathematical relationship between the methods of DOFT and
FRD provides access to the research on the connection between DOFT
and FRD theories. Additionally, the exploration and discussion between
the two methods in the discussed areas provide an insight into utilizing
different techniques for pipeline leak and burst detection problems in prac-
tice. Moreover, the advantages of the developed techniques in this Ph.D.

research have been further explored and emphasized.

7.3 Future Work

The future work from this Ph.D. research includes the following aspects:

1. Only the single burst problem has been researched in this Ph.D. research.

Accordingly, the multiple bursts problem should be included in future work.

2. This Ph.D. research only explored the pipe burst detection and estimation
techniques on a single pipeline. Therefore, future work should focus on

increasing the complexity of the pipeline system.

3. Since the burst has been treated as a transient source during the process
of this Ph.D. research, identification of a burst from other transient gener-
ations, such as sudden water use and/or a suddenly opened branch, should

be researched in the future.
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4. Only a metal pipeline has been discussed in this Ph.D. research. There-
fore, the validity of other materials, such as plastic pipes, should be ex-

plored in the future.
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APPENDIX A. INTRODUCTION OF THE APPENDIX

Appendix A

Introduction of the Appendix

The Appendix contains related data not necessary to the immediate understand-
ing of the discussion in the thesis. The contained equations and figures are

indicated in the main body of the thesis where necessary.
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Appendix B

Appendix of Paper 1

B.1 Derivation of the Analytical Solution and Fourier
Series Analysis

Applying the general Fourier series form period by period to Eq. (3.16) gives

R (x*, "+ (m—1)T") = C(()m) + Z [C,Sm)cos(mrt*) +D,(1m)sin(n7rt*)] (B.1)

n=1

The corresponding Fourier coefficients are defined as

(m) 1 ZS—’_T* * (% * * *
c :_*/ R (¢, 1+ (m— 1)T")dt (B.2)
T r(’)f
(m) 2 [6+T* * [k * * * *
c" = F/ R (x*, t* 4+ (m—1)T")cos(nmt™)dt (B.3)
0)
(m) 2 o+ ® (k% *\ ot * *
D" = F/ h*(x*, "4 (m—1)T")sin(nmt™)dt (B.4)

X
By substituting the solution of A*(x*, r*+ (m—1)T*) into Egs. (B.2), (B.3),
and (B.4), and according to Abramowitz et al. (1) and Wang et al. (152), the

Fourier coefficients are calculated as
=0 (B.5)
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e_(R+RlzB) (t6+T*) —e (R+RnB)ta

(HZ)
( —

sin(nmx*)Ape” (R+RB)(m—1)T*

e_(R+RzzB) (1‘6 +T*) —e (R+RnB)t6

(R+Rup)T*

R+Ryup)(m—1)T*

p{"™ = — sin(nmx*)Bye ™

Therefore, the amplitude of the nth harmonic and the first period is

—(R+Ru)(t5+T*) _ ,—(R+Rup)t;
1 e 0 e 0
EW = _ RiRp)T sin(nmx*)\/A2+ B2

Accordingly, the amplitude of the nth harmonic and the mth period is

E(m) — Er(ll)e—(R'FRnB)(m_l)T* (m = 17 27 3,)

n

(B.6)

(B.7)

(B.8)

(B.9)
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Appendix C

Appendix of Paper 2

C.1 Derivation of the Analytical Solution and Fourier
Transform Analysis

By fitting the typical Fourier series form to Eq. (4.1), the amplitudes of the
first and the nth harmonic component in each fundamental period of the pipeline

system are

1) e RER)GAT) o (RRum)i
E, =— (R Rop)T* sin(nmx*)\/ A2+ B2 (C.1)
nB

Ey(lm) _ Er(ll)e—(R-l-RnB)(m—l)T* (I’I’l _ 17 27 37) (C2)

respectively, where f; is the dimensionless starting time of the analysis, 7" is
the dimensionless fundamental period of the pipeline system, m and n represent
the number of the fundamental period of the pipeline system and the harmonic
component respectively, and E,(Zm) is the amplitude of the nth harmonic compo-
nent in the mth fundamental period of the pipeline system.

According to the mathematical process in Wang et al. (152), applying the gen-
eral Fourier series,

W, 4 - DTY) = 6"+ Y [ cos(jmr) +Dsin(jmt)](€.3)
j=1
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to the analytical solution Eq. (4.1) gives

=0 (C4)

e_(R+RnB) (ZS-FT*) —e (R+Rn3)t6

(R+R,p)T*

cim — _ sin(nmx*)Aye RHRuw)m=1)T" (C.5)

_(R+RnB)(’*+T*) — _(R+Rn3)t* *
Dy = -2 (RO-I—R );* “sin(nx*)Be” K HRm=DT - (C.6)
nB

2 2
where C(()m), ™ and D™ are the Fourier coefficients, and E\") = \/ (C,(,m)) + (DE,’")) .

Thus, according to Euler’s formula, the complex form of Eq. (4.1) is

(Cr(zm)_ Dm 2m st +Z )) 1271:< ) pr

3
I
—_

=
*
—
=
*
~
*
~
Il
D13
|~

(C(m) (m)) Rt | Z C(m) l-D’(qm))e—iZnT—’;t* C.7)

n——l

(C(m) D(m)) iZHT—"*t* (n?éo)

I I
|||M8 lMX
| =
| =

8

S

3

Let % = fy» where f is the dimensionless fundamental frequency, thus

> 1 m 2 % gk
h*(x*, Z*): Z E(Cr(l )_l-Dr(lm))eIZTCnfOZ (C.8)

n——oo
Based on the definition of the Fourier coefficient of the complex form of the

Fourier series (50; 126),

]- ]- fo+T" - ¥ %
5(Cr(lm) . lDSzm)) _ F/O h*(x*, t*)e—IZEnfOZ dr* (C.9)
[*

it is shown that

S I DA o D
h*(x*7 l‘*): Z F/O ]’l*(x*, t*)e—lzﬂnfot dt*eﬂﬂ.'nfot (CIO)
t*
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Letting 5 = —TT* gives (50; 126)

T*
2

n=—oo

o ™
h*(x*, t*)z Z [/2 h*(x*, Z‘>x<)6—1'271'nf§1‘*dl‘*] ei27rnf6*t*f6k (C.11)

Letting 7" approach oo, f7 becomes df*, nfy becomes continuous variable f*,

and the summation becomes the integral (50; 126). Thus,

oo i
h*(x*, t*) = lim { Y [ e t*)e_iznnfgf*dt*] et fg} (C.12)

becomes
h*(x*, t*>:/ |: h*(x*, t*)e—iZTEf*t*dt*] eian*t*df* (C.13)
Therefore,
W, 1) = / F(f*)e? 0 q (C.14)
where
F(r)= [ n re e ar (C.15)

Substituting Eq. (C.8) into Eq. (C.15) and expressing the continuous variable

f* back to nfy to represent all the resonance responses gives

<1

Flnfs) = | 5@ —iDi")ar (C.16)

where n could be any integer from minus infinity to infinity. In terms of the

signal in the given time range [t;, t], Eq. (C.16) becomes

1

| E(C,S’”) —iDM)dr* = %(C,S’") —iDY") (15 — 1) (C.17)
1

F(nfy) =

Analyzing the signal every window gap with a fixed dimensionless interval
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length #; provides

* l‘6+l’2 1 m . m * t;lk m . m
Fufy) = [ S @ —ipar =2 —ipl”) (1)
0

Therefore, according to Egs. (C.2), (C.5),and (C.6), the absolute value of the

Fourier transform of A*(x*, t*) is

t . n 2 1 2 t* T
Pl =5 () + (i) = i €19)
Equation (C.19) makes it possible and reasonable to analyze the resonance re-
sponses of the measured head disturbance within a window, instead of each
fundamental period of the pipeline system, indicating that the measured signal
can be analyzed for any manually given or determined length #,. Under this

specific condition, the expression of the amplitude of the harmonic component

E,(,m) from Egs. (C.2) and (C.1) becomes

EM — gD g~ (R+-Rug) (=1 (C.20)

It can be seen that normalizing the direct results of the DFT of the signal by
dividing the dimensionless length of the signal in an analyzed window length
t7, and then multiplying by two can provide the amplitude of the nth harmonic

component in the mth analyzed time window.
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C.2 Supplemental Figures
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Figure C.1: Discrete harmonic spectrogram from Case 2

35

40
Time(s) 45 1

Number of Harmonic Components

Figure C.2: Discrete harmonic spectrogram from Case 3 (1)
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Amplitude of Spectrogram
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Figure C.3: Discrete harmonic spectrogram from Case 4
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Figure C.4: Discrete harmonic spectrogram from Case 5
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Amplitude of Spectrogram
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Figure C.5: Discrete harmonic spectrogram from Case 6
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Figure C.6: Discrete harmonic spectrogram from Case 7
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Amplitude of Spectrogram
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Figure C.7: Discrete harmonic spectrogram from Case 8
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Appendix D

Appendix of Paper 4

D.1 Derivation of the Fourier Transform Analysis

According to the mathematical process in Wang et al. (152), applying the gen-
eral Fourier series
R (x*, "4+ (m—1)T") = C(()m) + Z [Cj(-m)cos(jm*) -I—D(m)sin(jn't*)] (D.1)

J
J=1

to the analytical solution Eq. (E.1) gives

cm (D.2)
—(R4RuL) (t5+T*) _ ,—(R+R,L)1} .
clm — _¢ L(Ro—i—R );* " 0sin(m'cx*)Ane_(R+R"L)(m_1)T (D.3)
nlL
—(RH+Ry) (5 +T*) _ —(R+R,)t:
D’(/lm) _ _e ( + L)(IQ"‘ ) e ( + L)t() Sin(nnx*)Bne_(R—"RnL)(m_I)T* (D_4)

(R+Rup)T*

2 2
where C(()m), ™ and D™ are the Fourier coefficients, and E\") = \/ (c,ﬁ’”)) + (D,({”)) .
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Thus, according to Euler’s formula, the complex form of Eq. (E.1) is

— 1 > 1 n
h*(x*, t*): ZE(Cism)_lD 1277:T*f ZE )) 127[( ) g
n=1 n=1
= i 1(&2’") —iD, (m) 127r *I + _ZO’O ))e—iZﬂ:%t* (D 5)
— 2 '
n=1 n——l
=1
nN——oo
Let % = fp, thus
(K ok o Lom) ) anfir*
h*(x*, t*) = Z E(Cn —iD,, " )e' "o (D.6)

Based on the definition of the Fourier coefficient of the complex form of the

Fourier series,

1 1 t3+T* , ik
E(C,(lm)—iDSZ")):F /,*0 B (x*, 1F)e 2ol gr* (D.7)
it is shown that
e o LT e —2mnfi s g
h(x,t):ZF/ h*(x*, t")e of dt*e' "o (D.8)
n—=—co 1
Letting ty = —75 gives
o ™
W )= Y [ L r*)e"'z”"fgt*d’*] )
n=—oo 2

Letting 7" approach oo, f; becomes df*, nf; becomes continuous variable f*,

and the summation becomes the integral. Thus,

o r*
B*(x*, t*) = lim { Y [ e t*)e—izﬂnfaf*dt*] PR fg} (D.10)
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becomes
h*(x*7 t*>:/ |i/ h*(x*7 t*)e—iZEf*t*dt* eian*t*df* (Dll)
Therefore,
W, 1) = / F(f*)e*  af (D.12)
where
F(f*) = / n(x*, )e P dre (D.13)

Substituting Eq. (D.6) into Eq. (D.13) and expressing the continuous variable
f* back to nfj to represent all the resonance responses gives
o [T L pm)y g

F(nfy) = E(Cn —iD,,")dt (D.14)
where n could be any integer from minus infinity to infinity now. In terms of
the signal in the given time range [tp, fo+ 7], Eq. (D.14) becomes

o +T" 1 T (m

F(nfy) = / L@ —ipMar = (" —ipi") (D.15)

o

Therefore, according to Eqgs. (E.4), (D.3), (D.4), the absolute value of the

Fourier transform of A*(x*, r*) is

F(nfy) = T?\/ (C,(Z"))2 + (DS[’”)z _ T?*E,E’” (D.16)

In the Fourier Transform process, the results are generally normalized by mul-
tiplying by two and dividing by the length of data. Therefore, the resonance
responses in the results of the Fourier Transform in each period are equal to

EM.
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D.2 Supplemental Figures
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Figure D.2: Qutput signals from Cases 2 and 3
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Figure D.3: DOFT and FRD results from Case 3
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Figure D.4: Pipeline configuration from Case 5
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Figure D.7: Low sampled output signal from Case 6
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Figure D.8: Low sampled output signal from Case 7
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Figure D.9: DOFT and FRD results from Case 7
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Figure D.10: Output signal from Test 2 of Case 8
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Figure D.11: Discrete harmonic spectrogram from Test 2 of Case 8
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Figure D.12: FRD result from Test 2 of Case 8
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Figure D.13: Output signal from Test 3 of Case 8
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Figure D.14: Discrete harmonic spectrogram from Test 3 of Case 8
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Figure D.15: FRD result from Test 3 of Case 8
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Figure D.16: Pipeline configuration from Experimental Case 2
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Figure D.18: DOFT and FRD results from Experimental Case 2
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Abstract

The purpose of the paper is to illustrate the relationship between methods that
utilize the damping of fluid transients and the approaches based on the fre-
quency response diagram, and to discuss the two methods for both leak and
burst detection. Although both the methods are based on the Fourier transform
of the signal, they have different signal processing approaches. This paper re-
veals the mathematical relationship between the two methods for both the leak
and the burst problems. The mathematical relationship between the two meth-
ods has been verified both numerically and experimentally. Additionally, the two
methods have been compared from the perspectives of input signal bandwidth,
problem type, low sampling rate capability, robustness, and real-time data mon-
itoring capability. The applicability of the two methods in these aspects has

been discussed.

E.1 Introduction

Transient pressure-based pipeline leak detection methods have been explored by
diverse researchers, based on meeting the inspection process requirement during
the working cycle of the system (29; 63; 84; 89; 102; 113; 152; 169). Fre-
quency domain-based methods can be applied successfully in practice with high

accuracy (42; 52; 66; 72; 85; 87; 111; 148; 152).

Leak detection methods based on the damping of fluid transients (DOFT) have
been researched by Wang et al. (2005; 2002) and Nixon et al. (2006). These
methods utilize the damping in the transient signal caused by the leak in the
pipeline. By computing the damped harmonic components in the results of
Fourier transform, fast Fourier transform (FFT) or discrete Fourier transform
(DFT), and utilizing the different damping of various harmonic components, the

leak can be confirmed and located (151; 152). Furthermore, the validity range
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of the DOFT method has been explored in terms of different materials (109).
Du et al. (2020) improved the technique and applied it to the burst problem.
Additionally, Du et al. (2021) further improved the technique from the perspec-
tive of real-time burst detection, localization, and cross-sectional area quantifica-

tion with low data sampling and transmission rates.

The application of frequency-based methods to the area of pipeline leak detec-
tion has been explored (52; 53; 54; 55; 56; 84; 85; 86; 87). The frequency
response diagram (FRD) methods in Gong et al. (2013a; 2016a; 2018a; 2018b;
2016b) and Lee et al. (2006; 2005a; 2005b) apply the theory of frequency
response function (FRF) on the basis of the energy cross-spectral density of
the measured (i.e., output) and input signals, which is the FFT of the cross-
correlation function. The leak can be detected by computing the damped FRD,
and can then be located, for example, by substituting the peak values of the
first three resonance responses from the resultant FRD to the solution of the

leak location (52).

The signal processing approaches of the DOFT and FRD methods are based
on the theory of the Fourier transform, and have been verified both numeri-
cally and experimentally. However, the specific steps of the signal processing
approaches in these methods are different. In the DOFT methods, the FFT/DFT
of the output signal is utilized. The resultant amplitudes of the FFT/DFT of
each harmonic component were compared window by window to determine the
damping by fitting the exponential equation form (152). In the DOFT method,
only the measured signal was utilized, while in the FRD method, both the input
and measured signals were applied, and the resultant FRD was computed from

the output signal, which is completely damped after the input signal is applied.

In the FRD methods, the FRD was generated by using the general form of
FRF, which utilizes both the input and the output signals. The output signal

is the measured signal from the occurrence of the transient until the steady
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state is achieved. The input signal is the source of the transient. In Lee et
al. (2006; 2005a; 2005b), the input signal was modified from a step function
into an impulse function by adding a reversed, shifted input signal. During the
process of generating FRD, the FFT of the cross-correlation and auto-correlation
functions were computed for the whole time period from the transient until the

steady state (52; 53; 54; 55; 56; 84; 85; 86; 87).

The following gaps exist in the reviewed methods in the literature. Firstly, no
exploration has been conducted in terms of the mathematical relationship be-
tween these two Fourier transform-based techniques. Secondly, the applicability
of the FRD method has not been explored in the areas of burst detection, low
sampling rate, robustness, and real-time data monitoring. Thirdly, no research
or corresponding discussion have been conducted between the two methods in
terms of input signal bandwidth, problem type, low sampling rate capability,
robustness, and real-time data monitoring capability. This paper presents the
detailed mathematical modeling that reveals the exact relationship between the
DOFT and FRD methods from the perspectives of both the leak and the burst
problems. This relationship has been verified both numerically and experimen-
tally. In addition, an exploration of the two methods has been undertaken in

terms of the previously mentioned aspects.

In the following section, the mathematical relationship between the DOFT and
FRD methods is presented, followed by ten numerical verifications. Then, two
experimental verifications are presented, followed by the conclusion and discus-

sion.
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E.2 Relationship between Transient Damping and Fre-

quency Response Function

The general solution of the dimensionless measured head disturbance, h*, in

Wang et al. (2002) for leak problem is expressed as

h*(x*, %) = Z {e_(RJ“R"L)t* [Aycos(nmt™) +anin(n7rt*)]sin(n7rx*)} (n=1, 2, 3,...)
n=1

(B.1)

where x* and t* in Eq. (E.l1) are the non-dimensionalized distance along the

pipe and the time respectively, using the following definitions

(E.2)

=
5
~
Q\-
I =

where h is the head disturbance caused by the leak, H; is the reference head,
which is the head measured at the tank, ¢ is the time, L is the length of
the pipe, a is the wave speed, and x is the distance along the pipe. R is
the friction damping, R,; is the leak damping, and A, and B, are the Fourier
coefficients expressed in Wang et al. (2002). By fitting the typical Fourier
series form to Eq. (E.1), the amplitudes of the first and the nth harmonic

component in each period are

e (R RnL)(tS T*) _ e (R RnL)tg
(1 _ ; ¥\ A2 2
n ( X ) ” sm(n?tx ) n n ( )
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E" = E{N e RHRu)0n=1T" 1y — 23, (E4)

n

respectively, where #; is the dimensionless starting time of the analysis, 7" is
the dimensionless fundamental period of the pipeline system, and m and n rep-

resent the number of the period and the harmonic component respectively.

The utilized FRF in Gong et al. (2013a; 2016a; 2018a; 2018b; 2016b) and Lee
et al. (2006; 2005a; 2005b) is expressed as

Rin&out
Rin&in

H(o) = (E.5)

where H(®) is the FRF, Rj;&0,: is the Fourier transform of the cross-correlation
function between input and output signals, and R;,&;, is the auto-correlation
function of the input signal. In fact, Rj,&. 1s the cross spectral density of the
input and output signals, and R;,&i, is the auto spectral density of the input
signal. However, Lee et al. (2006; 2005a; 2005b) modified the input signal
into a finite energy form, and established the output signal as the finite en-
ergy signal, thus Rj,&ows and Rj,&in are the cross and auto spectral densities in
energy instead of power. According to the relationship between the correlation
functions and convolution, and applying the general Fourier transform procedure,

Eq. (E.5) becomes (15; 110; 156)

H(w) = (—) (E.6)

where X and Y are the Fourier transform results of the input and output signals

respectively, and Y* is the conjugate of Y.
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According to the derivation procedure of the Fourier transform, when @ = nay,
where @y is the fundamental angular frequency of the system, the resonance

responses, X*(®) and Y*(@) become

X" (nay) = X (nay)

Y*(nay) =Y (nay)

(E.7)

since the imaginary number is canceled (7). It can be seen that when con-
sidering the resonance responses, Y* in Eq. (E.6) is actually dimensional Eq.
(E.4) when there is only one window of the whole signal, and the length of
the window is equal to the time period from the application of input signal
to the complete decay of output signal. The details of the derivation of the
Fourier transform of Eq (E.4) in each period are presented in the Appendix.
Therefore, the FRF in the FRD method is actually the Fourier series solution
in the DOFT method scaled by the Fourier transform result of the input signal,
with the window length of the time period from the application of input signal

to the complete decay of output signal.

According to the time shift and linearity theorems of Fourier transform, adding
the time shift formulation to the Fourier transform of the signal period by pe-
riod is equivalent to the Fourier transform of the whole signal in the time pe-
riod from the application of input signal to the complete decay of output signal.
Therefore, the resonance responses in the Fourier transform of the signal in the
dimensionless frequency domain in the time period from the application of in-
put signal to the complete decay of output signal, Y(n®j), where w; is the
dimensionless fundamental angular frequency of the system, can be expressed

by Eq. (E.4), and shown as

N
Y(l’l(x)g) _ Z Er(ll)e—(R-l-RnL)(m—I)T*e—inwg(m—l)T* (E.8)

m=1
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or

N
Y(nfl) = Z E (1) , = (RRu) (m=1)T* ,—i27nf (m—1)T* (E.9)

where N is the total number of periods contained in the time period from the
application of input signal to the complete decay of output signal, and f; is

the dimensionless fundamental frequency of the system.

Based on the previous analysis and when considering the resonance responses in
the dimensionless frequency domain, the mathematical relationship between the
Fourier series solution in the DOFT method and the FRF in the FRD method

18 shown as

X (noxy) 2%21 Er(ll)e—(R—I—R,,L)(m—I)T*e—ina)a‘(m—l)T*

H(nwy) = !
X (noxy)]
X (o) EN_, BV e~ (R Rutinag) im—1)7° .
= o |
[X (neog)]
— IrX:] Er(zl)e_(R"'RnL-l-ina)a‘)(m_I)T*
N X(noy)
or
N E,gl) —(R+-Rog+i2mnfs) (m—1)T*
H(nfy) = 1 ¢ 0 -

X(nfy)

The dimensionless fundamental frequency and the dimensionless fundamental pe-

—2mnfg(m=DT" in Egs. (E.9) and (E.8),

—inog(m=1)T" 5.4 »

riod in the terms e
respectively, can be canceled, since the signal was analyzed for every funda-

mental period in Wang et al. (2002), and m and n in Eqgs. (E.9) and (E.8) are
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integers, thus the terms e 7@ (m—1T" gpq e—i2nfs(m—1T"

Egs. (E.9) and (E.8). Therefore, Eqgs. (E.10) and (E.11) are simplified as

N Er(ll)e—(R—kRnL)(m—l)T*

H(nawj) = == X ()

or

s ):,N_lE,(,I)e_(R+erL)(n1—1)T*
H(nfy) ==m
(nfy) X0

are equal to unity in

(E.12)

(E.13)

Therefore, the mathematical relationship between the DOFT and FRD methods

for the leak problem is revealed by Egs. (E.12) and (E.13). According to the

research into burst detection using the DOFT theory presented in Du et al.

(2020), Egs. (E.12) and (E.13) can be simplified into the following forms for

the burst conditions

¥V B e (R Ru) im=1)T*

H(nwy) = X(na)

or

IrX_lEr(ll)e—(R—kRnB)(m—l)T*

X(nfy)

H(nfy) =

(B.14)

(E.15)

where E,(ll) has the same form as Eq. (E.3) but with R,p instead of R,;, and
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R,p 1s the burst damping which is defined in Du et al. (2020), and shown as

R,z = Kpsin® (nmx}) (E.16)

in which Kp is a self-defined burst parameter that contains the cross-sectional
area of the burst, which is presented in Du et al. (2020), and xj is the dimen-
sionless burst location along the pipeline. According to the summation of the

geometric sequence, Eqgs. (E.14) and (E.15) can be simplified as

E,(ll) (1 — e—(R—i—R,lB)mT* )

E.17
X(na){;)(l — ef(R‘i‘RnB)T*) ( )

H(nwy) =

or

Er(zl)<1 . e—(R—f—R,,B)znT*)

E.18
X(nfg)(1—e TR =

H(nfy) =

According to the leak localization solution for a reservoir-pipe-valve (RPV) sys-
tem in Gong et al. (2013a), and substituting Eqs. (E.14) and (E.15), the burst

localization solution can be expressed as

« 1 +/1+Pg
T

E.19
2 (E.19)
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where Pp is a self-defined parameter, and shown as

. { [ Eél)(l —(R+R5B)mT*) E(l)(l—e (R+R5)mT*
B =

E:gl)(l —(R-l—RgB)mT*)
(Sfo)(l—e R+R§B)T ) _X(f )(1—6 R+RIB T*

X(3f5)(1 — e (RHRm)T™)

)|
).
)|
)|

[ Egl)(l (R+R3B)mT*) El(l)(l —(R+Ryp)mT* ES(I)(I —(R+R53)mT*)
(3f0)(1—€ R+R3B)T*)_X(f )(l—e (R+R15)T* (5f0)(1—e R+RSB)T*)
(E.20)

Thus, the mathematical relationship between the DOFT and FRD methods for
the burst problem is revealed by Egs. (E.14) to (E.20). Ten numerical verifica-
tions have been conducted and presented in the next section. They are designed
to verify the mathematical relationship, and compare and discuss the methods of
the DOFT and FRD from the perspectives of input signal bandwidth, problem

type, low sampling rate capability, robustness, and real-time analysis capability.

E.3 Numerical Verification

Ten numerical scenarios have been conducted, which are referred to as Cases 1
to 10, respectively. Case 1 is to verify the mathematical relationship between
the DOFT and FRD methods. Cases 2 and 3 are designed to verify the rela-
tionship between two methods with different input signal bandwidths. Cases 4
and 5 are implemented to verify the relationship for both leak and burst prob-
lem. Cases 6 and 7 are conducted to compare and discuss the two methods in
terms of the low sampling rate capability. Case 8, which contains three tests, is
designed for robustness comparison between the two methods. Cases 9 and 10
are conducted to compare the two methods regarding the real-time data monitor-
ing capability. Since only the first three resonance responses (i.e., the Ist, 3rd,

5th harmonics for the RPV system) of the measured signal were explored and
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discussed in the previous research, only the results of the first three resonance

response responses are included in this section (35; 52; 152).

E.3.1 Verification for the Mathematical Relationship

In order to verify the mathematical relationship between the FRD and DOFT
of the signal shown in Eq. (E.13), Cases 1 to 3 have been conducted, of
which Case 1 is for numerical verification of the mathematical relationship, and
Cases 2 and 3 are for mathematical relationship verification with different in-
put bandwidths. In Case 1, the applied data is from Lee (2005), in which the
transient is generated by a manually-controlled valve. The pipeline system for
Case 1 is shown in Figure E.1 along with all the necessary parameters, where
C, is the maximum cross-sectional area of the inline valve, which is located at
the downstream boundary of the system. The parameter orifice opening coeffi-
cient, 7, is applied to describe the actual cross-sectional area, as defined in Lee
(2005). This is expressed as C4Ay/(C4A,)rer for the inline and side discharge
valves, where C, is the orifice coefficient of the valves, Ay and A, are the
cross-sectional areas of the valves and the pipe respectively, and REF indicates

the reference quantity.

® Perturbing inline valve Pipe length = 2000 m
Reservoir 1 Head = 50 m C,=0.002 m**s™! Diameter = 0.3 m Reservoir 2 Head =20 m
Wave speed = 1200 ms™
N Roughness height = 5¥10° m N
N— Slope =0 N—

]

2000 m

Figure E.1: Pipeline configuration from Cases 1-3

In Case 1, At, the change of the cross-sectional area of the applied inline
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valve between the status of fully closed and aimed opening, is set to be 0.012.
The system is under the condition of no-leak, and the transient is generated by
the downstream inline valve. During the process of Case 1, the inline valve
was initially fully closed. Then it was opened for a very short time, and fully
closed again. In Case 1, the input is the valve perturbation 7, and the output
is the head time trace measured at the downstream boundary. The input and

the output signals are shown in Figures E.2 and E.3.

0.012 . . . .

0.01

0.008

= 0.006

0.004

0.002

0 1 1 1
0 0.1 0.2 0.3 0.4 0.5

Time (s)

Figure E.2: Input signal from Case 1
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Figure E.3: Output signal from Case 1

Applying the signal processing algorithm in Wang et al. (2002), Lee et al.
(2006), and Du et al. (2020) provides the results shown in Figure E.4, in
which FRD is the result of FRF presented as Eq. (E.5), and DOFT repre-
sents the right side in Eq. (E.13), which is generated by letting the solution
in Wang et al. (2002) divided by the frequency responses of the input signal.
It is worth noting that the frequency responses of the output signal have been
normalized by the frequency responses of the input signal, based on Egs. (E.5)
and (E.13). Based on the results shown in Figure E.4, it can be shown that
the amplitude of the presented quantities is closely matched for the first three

resonance response peaks.
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Figure E.4: DOFT and FRD results from Case 1

E.3.2 Verification for Different Input Signal Bandwidths

Cases 2 and 3 have been implemented to verify the mathematical correlation
under the conditions of different input signal bandwidths. The pipeline system
for Cases 2 and 3 is the same as the configuration in Cases 1, except that the
downstream inline valve is replaced by a side discharge valve. During Cases
2 and 3, the same operation of the inline valve as in Cases 1 was applied to
the side discharge valve to generate the transient. The side discharge valve was
operated with different opening and closing speeds to generate different input
signal bandwidths, and the input signals of these two cases are shown in Fig-
ure D.1, in which InputSignall and InputSignal2 represent the input signal of
Cases 2 and 3 respectively. The corresponding output signals of these two cases
are shown in Figure D.2, in which OutputSignall and OutputSignal2 represent
the output signals of Cases 2 and 3 respectively. In the two cases, the applied
data are from Lee (2005). The corresponding results are shown in Figures E.5

and D.3. It is worth noting that the magnitude of the input signal is CjAy
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instead of 7.
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Figure E.5: DOFT and FRD results from Case 2

Based on the results shown in Figures E.5 and D.3, the mathematical correla-
tion between the DOFT and FRD techniques is verified through different input

signal bandwidths.

E.3.3 Verification and Comparison for Leak and Burst Problems

To verify the explored mathematical relationship in the paper, and to compare
the DOFT and FRD methods in terms of the problem type, Cases 4 and 5

have been conducted. Case 4 is the leak case and Case 5 is the burst case.

The pipeline system for Case 4 is the RPV system, and is shown in Figure
E.6, along with all the necessary parameters. The leak is simulated by a side
discharge valve, which is located at 100 m from the upstream boundary, which

has the relative cross-sectional area as CzAr/A, =0.02, where Ay is the cross-
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sectional area of the leak. During the process of Case 4, the transient is intro-
duced by opening and then closing the downstream valve rapidly, with relative
cross sectional area of CjAy /Ap =0.001. In addition, parameter T is re-defined
as the relative cross-sectional area of the downstream valve in Case 4. The op-
eration process of the downstream valve is linear, and the corresponding input
signal is shown in Figure E.7. The measured time trace is shown in Figure
E.8, with the sampling rate of 100 Hz. The corresponding fundamental period
is 2 s, which is determined using the ringdown code (5; 51). Replicating the
same analysis process as in previous cases, the resultant frequency responses of
the first three resonance frequencies using the DOFT and FRD techniques are
shown in Figure E.9. The adequate match verifies the correlation between the
two methods. It should be noticed that the resonance responses are significantly
damped due to the damping caused by the leak, when compared with the pre-
vious cases. By observing the damped amplitude of different harmonics in the
frequency domain, the leak can be detected. The estimated leak location is
at 99.45 m and 119.8 m utilizing the DOFT and FRD techniques respectively
(35; 52; 152). The corresponding localization errors are 0.11% and 3.96% re-

spectively (152).

Pipe length = 500 m
Reservoir 1 Head = 25 m ® Downstream valve Diameter = 0.2 m
(transient source) Wave speed = 1000 ms!
Friction factor = 0.0302
( ) Slope =0
Side discharge (leak)

Pressure transducer

! I
<

100 m 250 m 150 m

Figure E.6: Pipeline configuration from Case 4
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Figure E.7: Input signal from Case 4
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Figure E.8: Output signal from Case 4
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Figure E.9: DOFT and FRD results from Case 4

The applied pipeline system in Case 5 is an RPV system, which is shown in
Figure D.4, in which the burst is simulated by a side discharge at 100 m from
the upstream boundary, with the relative cross-sectional area of C;Ap/A, =0.5,
where Ap is the cross-sectional area of the burst, while all other parameters
remain the same as in Case 4. During the process of Case 5, the initial flow
rate is set to be Qyp=0.001 m3/s by letting the downstream valve be partially
opened, and the burst is set to be generated rapidly at around 0.4 s, which
is the transient source. Additionally, parameter 7 is re-defined as the relative
cross-sectional area of the burst in Case 5. The corresponding input and out-
put signals are shown in Figures D.5 and D.6. Since the input signal for a
burst case is actually an infinite step function, the signal correction algorithm
in Lee (2005) has been utilized to convert the input signal from an infinite
step function to a finite impulse function, and the output signal from the infi-
nite step function-based signal to the finite impulse function-based signal. The
modified input and output signals are presented in Figures E.10 and E.11. The

corresponding resultant frequency responses of the signal are shown in Figure
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E.12. The results indicate that a mathematical correlation exists in the burst
cases. The damped amplitude can be applied to confirm the occurrence of the
burst. Utilizing the localization technique in Du et al. (2020) and Gong et al.
(2013a) provides the estimated burst location at 108.2 m and 117.4 m, respec-

tively, where the localization error is 1.64% and 3.48%, respectively.

Although the mathematical relationship between the DOFT and FRD techniques
has been verified, and the faults localization has been fulfilled by utilizing both
the methods, it is impossible to utilize FRD method for burst problems in prac-
tice. This is because the application of the FRD technique requires the fre-
quency response of the input signal, but the input signal in the burst problem
is generated from the burst itself, which is the unknown element that needs to

be detected and estimated.
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Figure E.10: Modified input signal from Case 5
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Figure E.11: Modified output signal from Case 5
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Figure E.12: DOFT and FRD results from Case 5
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E.3.4 Verification and Comparison for Low Sampling Rate Capa-

bility

In order to verify and compare the DOFT and FRD techniques from the per-
spective of low sampling rate capability, Cases 6 and 7 have been implemented.
The applied pipeline system and the relevant parameters are the same as in
Cases 4 and 5, respectively, except that the sampling rate has been decreased
from 100 Hz to 5 Hz, which is the Nyquist frequency of the 5th harmonic of
the signal, since only the first three resonance responses are required for both
the application of the DOFT and the FRD methods. The re-sampled output sig-
nals for Cases 6 and 7 are shown in Figures D.7 and D.8. Replicating the
same analysis process in the previous cases provides the frequency responses of
the first three resonance responses of the signals from Cases 6 and 7 using the
DOFT and FRD methods, as shown in Figures E.13 and D.9. The leak and

burst localization results remain the same.
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Figure E.13: DOFT and FRD results from Case 6

Based on the results shown in Figures E.13 and D.9, the mathematical rela-
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tionship between the two methods has been verified. Additionally, the results
illustrate that both the methods are capable of utilizing a low sampling rate

(i.e., the Nyquist frequency of the 3rd resonance response).

E.3.5 Verification and Comparison for Robustness

The verification of the correlation and the comparison between the two meth-
ods in terms of the robustness has been completed by implementing Case 8. In
Case 8, the applied pipeline system and the corresponding input and output sig-
nals are the same as in Case 4, which are shown in Figures E.6, E.7, and E.§,
which are for the leak problem. Case 8 contains three tests, which correspond
to three different signal-noise-ratios (SNR). The applied SNRs for Tests 1, 2,
and 3 are 30 dB, 20 dB, and 10 dB, respectively, since the general SNR of a
measured signal is around 10 dB to 30 dB (74; 167; 168). The time trace for
Test 1 is shown in Figure E.14. By utilizing the technique in Du et al. (2021),
which extends the work by Wang et al. (2002), the discrete harmonic spec-
trogram (DHS) of the signal from Test 1 is presented in Figure E.15, which
contains the information of the leak damping that can be used for leak estima-
tion. Replicating the same analysis processing the FRD method in the previous
cases provides the FRD result shown in Figure E.16. Similarly, the time trace,
DHS and FRD results from Test 2, with the SNR of 20 dB, are presented in
Figures D.10, D.11 and D.12. Additionally, the time trace, DHS and FRD re-
sults from Test 3, with SNR of 10 dB, are shown in Figures D.13, D.14 and
D.15. From the results shown in Figures D.12 and D.15, it can be noticed that
the resolutions of the second and third resonance responses of the signal de-
crease significantly when the SNR decreases, which leads to difficulties in the
leak estimation. For example, in Tests 2 and 3, the second and third resonance
responses of the signal generated by utilizing the FRD method can barely be
distinguished from the noise, based on Figures D.12 and D.15. The peak val-

ues of the first three resonance responses in Figures E.16, D.12, and D.15 are
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summarized in Table E.1, by reading the values at particular frequencies of the
first, third, and fifth harmonics. It should be noted that the peak values of the
first three resonance responses from the FRD result in Case 4 have also been
added to Table E.1, in order to provide the reference values under the condi-
tion of no-noise for comparison. The errors shown in Table E.1 are the relative
errors that are generated by comparing the values from Case 8 with the values
from Case 4. From Table E.l1, it can be noticed that although the values of
the first harmonic are similar in the tests, since the main energy is contained
in the first resonance response, the values of the third and fifth harmonics are

quite different from each other due to the negative effect from the noise.
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Figure E.14: Output signal from Test 1 of Case 8
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Figure E.15: Discrete harmonic spectrogram from Test 1 of Case 8
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Figure E.16: FRD result from Test 1 of Case 8
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The total damping can be observed from Figures E.15, D.11, and D.14, al-
though there are some fluctuations in the resultant DHSs. The values of total
damping for the first three resonance responses shown in Figures E.15, D.11,
and D.14 are summarized in Table E.2. Similar to Table E.1, the reference val-
ues of the damping of the first three resonance responses and the corresponding
relative errors for each test in Case 8 have been summarized in Table E.2. Al-
though there is noise, the values of the total damping in Table E.2 are close

to each other.

Although the FRD results have been negatively affected by the noise, the leak
localization can still be implemented using FRD by reading the values of the
FRD results at the frequencies of the first three resonance harmonics, based
on the technique in Gong et al. (2013a). Similarly, the leak localization can
be conducted using the DOFT techniques in Wang et al. (2002) and Du et
al. (2020). The leak localization results of utilizing both the two methods are
summarized in Table E.3. Based on the results presented in Table E.3, the
accuracy of the leak localization results using the DOFT method is higher than
the accuracy using the FRD method. This is because the application of the
DOFT method focuses on the attenuation of the frequency responses of the
signal at particular frequencies versus time. The damping can still be observed
with the noise, since the frequency response of the noise is also damped due
the leak on the pipeline. However, the application of the FRD method only
focuses the peak values of the first three resonance harmonics at the end of
the measurement, and thus the negative effects from noise cannot be eased.
Additionally, the DOFT method utilizes more information about the signal with
more analysis steps than the FRD method, since the DOFT method analyzes the
signal window by window, but the FRD method analyzes the signal at the end
of the measurement. Consequently, the DOFT method is more robust for the
analysis of noisy signals than the FRD method, based on the results presented

in Tables E.1, E.2, and E.3.
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Table E.1: Comparison of peak values of the first three resonance responses in
the FRD results from Case 8

Test SNR 1st harmonic 3rd harmonic 5th harmonic
Number (dB) Value  Error (%) Value Error (%) Value Error (%)
Reference nonoise 65689.1 4498 .41 3929.18
1 30 66137 0.68 4759.38 5.8 449544 1441
2 20 67041.7 2.06 3127.83 3047 4150.53 5.63
3 10 62139.1 5.4 3170.02 29.53 8200.01 108.7

Table E.2: Comparison of values of total damping of the first three resonance
responses in the DOFT results from Case 8

Test SNR 1st harmonic 3rd harmonic 5th harmonic
Number (dB) Value  Error (%) Value Error (%) Value Error (%)
Reference nonoise 0.0254 0.0957 0.246
1 30 0.0254 0 0.0944 1.36 0.24 2.44
2 20 0.0261 2.76 0.089 7 0.2186 11.14
3 10 0.0263 3.54 0.1102 15.15 0.2201 10.53

Table E.3: Leak localization results from Case 8

Test SNR Leak location DOFT result DOFT error FRD result FRD error

Number (dB) (m) (m) (%) (m) (%)
1 30 100 101.35 0.27 122.5 4.5

2 20 100 108.6 1.72 135.3 7.06

3 10 100 112.3 2.46 151.2 10.24
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E.3.6 Comparison and Discussion for Real-time Data Monitoring

Capability

According to the work in Du et al. (2021), utilizing the Fourier transform-
based techniques for real-time data monitoring can be implemented by analyz-
ing the signal window by window with the window gap to be the real-time
data acquisition speed, which is the reciprocal of the sampling rate. Accord-
ingly, the analyzed window can be moved slightly to adapt to the real-time
data acquisition speed, and thus every new data point that is acquired can then
be processed one time step at a time. However, utilizing the FRD method in
a window instead of the whole range of data is impossible for application to
real-time data monitoring. Firstly, the required signal length for leak localiza-
tion solution in Gong et al. (2013a) limits its applicability to real-time data
monitoring, since the required signal length is from the occurrence of the tran-
sient to steady state. Accordingly, the leak cannot be localized when analyzing
the signal in a window rather than using the whole range of data via the FRD
method, since there is no corresponding solution to the leak location. Secondly,
the required input signal limits the potential of the real-time data monitoring
capability of the FRD method, based on Eq. (E.5). This is because only when
the input signal is non-zero can the result of using the FRD method be gen-
erated. Accordingly, for example, if the input signal is the impulse signal, and
the lower limit of the selected window is after the impulse, the input signal in
the selected window will be all zero values, and thus the FRD result cannot be
generated. A numerical scenario, Case 9, has been performed to verify the sec-
ond point of view of the previously-mentioned analyses, since it iS unnecessary
to implement a verification scenario for the first one under the condition that

there is no solution to the leak location to be applied.

In Case 9, the applied input signal is the same as in Case 4, which is the leak

case, as shown in Figure E.7. The selected window length is the fundamental
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period of the signal, which is 2 s. The lower limit of the window is 0.7 s, and
the upper limit of the window is 2.7 s. The corresponding FFT result of the in-
put signal in the selected window is shown in Figure E.17. As shown in Figure
E.17, the FFT result of the input signal in the selected window is inapplicable
to the FRD method, since it only contains zero values. Accordingly, the FRD
method cannot be utilized. Therefore, analyzing the signal window by window
using the FRD method is restricted by the input signal. Based on the fact that
there is no solution to the leak location when utilizing the FRD method in a
window instead of the whole range of data, and the limitation from the input
signal, it is impossible to utilize the FRD method for real-time data monitoring,
because real-time data monitoring requires the signal to be analyzed window by

window for every sampling time step (36).
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Figure E.17: FFT result of the input signal from Case 9

Conversely, the DOFT method can be applied to real-time data monitoring based
on the previous research, as long as the window gap between the current and
the next windows equals the reciprocal of the sampling rate (36). A numerical

scenario, Case 10, has been implemented to verify the DOFT method for real-
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time data monitoring of the leak problem. In Case 10, the window length is
set to be the fundamental period of the signal, 4 s, and the window gap is set
to be the reciprocal of the sampling rate, which is 0.05 s. The applied input
and output signals are the same as in Case 4, as shown in Figures E.7 and
E.8. Utilizing the technique in Du et al. (2021) provides the resultant DHS as
presented in Figure E.18, and the leak localization result of 99.45 m, with the
localization error of 0.11%. It is worth noting that the resultant DHS shown
in Figure E.18 is only analyzed in the time period from 0 s to 20 s, since
the application of DOFT does not require the signal to be analyzed in the time
period from the application of input signal to the complete decay of output sig-
nal, which is 120 s in this case. Based on the results from Cases 9 and 10,
the DOFT method can be applied to real-time data monitoring, while the FRD

method has no capability to be applied to the area of real-time.
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Figure E.18: Discrete harmonic spectrogram from Case 10
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E.4 Experimental Verification for the Mathematical Re-

lationship

Two experimental scenarios have been conducted to verify the mathematical re-
lationship between the DOFT and FRD methods in this paper, which are re-
ferred to as Experimental Cases 1 and 2. Both cases were conducted in the
Robin Hydraulics Laboratory at the University of Adelaide. In Experimental
Case 1, the applied data is from Lee (2005), and the corresponding experimen-
tal pipeline system is shown in Figure E.19. As shown in Figure E.19, the
downstream valve is fully closed, and the transient is generated by closing the
side discharge located at 0.16 m from the downstream boundary, which is ini-
tially fully opened. The output signal is measured at the same location as the
transient source. The corresponding measured signal is shown in Figure E.20.
Replicating the same procedures in Case 1 provides the resultant DOFT and
FRD results shown in Figure E.21. It can be seen that the results using the

two methods are matched adequately.

® Perturbing inline valve Pipe length =37.525 m

Reservoir 1 Head=39.7m (fully closed) Diameter = 0.0221 m Reservoir 2 Head =20 m
Wave speed = 1328 ms'!
N Roughness height = 1.5%10° mm N
N~ Slope = 1V:18.5H N~

Pressure transducer + side
discharge (transient source)

)

37.285m 0.16m

Figure E.19: Pipeline configuration from Experimental Case 1

Experimental Case 2 was conducted under the condition of a burst. The corre-
sponding experimental pipeline system is shown in Figure D.16. The pressure
transducer is located at point P, and the burst is located at point B. More de-
tails of the experimental pipeline system can be found in Vitkovsky (2007),
Wang et al. (2002), and Du et al. (2020). The downstream valve of the pipe
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Figure E.20: Measured time trace from Experimental Case 1
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Figure E.21: DOFT and FRD results from Experimental Case 1
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is set to be fully closed to isolate the west tank from the pipe system. The
burst is located at 19.3 m from the upstream boundary, and is simulated by
a solenoid side discharge valve. The initial flow rate of the test is Qp =0
m3/s, the wave speed is a = 1320 m/s, and the head at the upstream tank is
3.065 bar, which is the east tank. The measured time trace is shown in Fig-
ure D.17, and the resultant first three resonance responses using the DOFT and
FRD methods are shown in Figure D.18. The frequency responses in Figure
D.18 are matched with acceptable errors, which verifies the mathematical rela-
tionship between the DOFT and FRD methods in the paper. By utilizing the
burst localization procedure in Du et al. (2020), the estimated burst location is

18.98 m, where the localization error is 0.84%.

E.5 Discussion on Pipeline System Parameters

In addition to the aspects that are discussed in the previous sections, other pa-
rameters of the pipeline system may have effects on the derived relationship in
this paper. The wave speed of the pipeline can affect the reference time that
is utilized in Eq. (E.2). Additionally, it can affect the overall magnitude of the
leak and the burst damping, according the equations of K; and Kp presented in

Wang et al. (2002) and Du et al. (2020), respectively, which are shown as

CdAL 2ab
K, = .
YT A, (2gHp)' P (E.21)
and
C,A 2ab
Ky— 428 __ 2 (E.22)

Ap (2gHB())1_b
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where g is the gravity acceleration, Hyy and Hpy are the steady head at the
leak and the burst locations, respectively, and b is the parameter of leak/burst
discharge-head relationship, which is set to be a constant. According to Eqgs.
(E.21) and (E.22), the overall magnitudes of the leak and the burst damping
are proportional to wave speed, and thus, the wave speed can affect the overall
magnitude of Eqgs. (E.13) and Eqgs. (E.18). However, according to the derivation
process in this paper, the relationship between the two methods remains un-
changed from the mathematical perspective. Additionally, since the leak and the
burst damping remain unchanged after their occurrence for the same pipeline,
the relationship remains the same from the application perspective. Because the
defect affects the overall attenuation extent of the measured signal, and thus, af-
fects the utilized output signals of the applications of the two methods equally.
Different wave speeds are utilized in numerical and experimental verifications as
shown in the corresponding pipeline configuration figures, and the corresponding

results verify the studied relationship between the two methods in this paper.

According to Egs. (E.21) and (E.22), different cross-sectional areas of the ap-
plied side-discharges (i.e., to simulate leak and burst) can affect the overall
magnitudes of the leak and the burst damping, since their magnitudes are pro-
portional to the size of the leak and the burst. However, the researched relation-
ship between the two methods remains the same from the perspectives of math
and application due to the same reasons as for wave speed analysis. Differ-
ent side-discharges have been utilized in Cases 4 and 5, and the corresponding
analysis results verify the relationship. It is worth noting that a side-discharge
has been applied to the leak problem to generate the transient event, the cross-
sectional area of the applied side-discharge for transient generation can affect
the magnitude of the sudden pressure rise when closing the side-discharge valve,

and thus, affect the unsteady friction (78; 143).

Similarly, the pipe inner diameter has the same effect on the proposed rela-

tionship in this paper, according to Egs. (E.21) and (E.22), since the change
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of pipe inner diameter changes the inner cross-sectional area of the pipe. How-
ever, the proposed relationship remains the same due to the same reasons as for
analyses of wave speed and side-discharges. Different pipe inner diameters have
been applied to the conducted numerical and experimental verifications, accord-
ing to their corresponding pipeline configuration figures, and the results verify

the proposed relationship.

The steady and unsteady friction can affect the overall attenuation extent of
the measured signal. However, for the same pipeline, the steady and unsteady
friction remain unchanged after the occurrence of the transient, according to un-
steady friction research in the literature (78). Therefore, the steady and unsteady
friction affects the utilized output signals of the applications of the two meth-
ods equally. Steady friction has been utilized in numerical verifications, and
both steady and unsteady friction have been involved in experimental verifica-
tions, and the corresponding analysis results verify the researched relationship
in this paper under the condition of both the inclusion of steady and unsteady

friction.

E.6 Conclusion and Discussion

The previously researched leak detection techniques based on the DOFT and
FRD methods are both Fourier transform-based techniques. However, they utilize
different signal processing algorithms. The mathematical derivation presented in
this paper revealed the mathematical relationship between these two techniques
from the perspectives of both leak and burst detection. The mathematical solu-
tions of these two techniques are connected by utilizing the Fourier transform
theorems and the basic nature of the resonance responses of the signal in fre-

quency domain.
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The mathematical relationship between the DOFT and FRD methods has been
verified both numerically and experimentally by applying the leak and burst sce-
narios. Although the DOFT and the FRD techniques utilize different algorithms,
the numerical and experimental results both provide an adequate match between
them. The discussions between the two methods from the perspectives of input
signal bandwidth, problem type, low sampling rate capability, robustness, and
real-time data monitoring capability have been implemented. Although both the
techniques match each other with different input signal bandwidths, and are ca-
pable of utilizing low sampling rate (i.e., the Nyquist frequency of the 3rd res-
onance response), the differences between the two methods in other discussed
areas exist. It has been shown that the DOFT method can be utilized for both
the leak and burst problems. However, the FRD method cannot be applied to
the burst problem, since its application requires the Fourier transform of the
input signal, which is the unknown element in the burst problem. The DOFT
method is more robust than the FRD method with three conducted tests using
different SNRs, since the noise is also damped in addition to the signal itself
due to the leak, and the DOFT method is able to be utilized to analyze the
damping of the signal. The DOFT method can be applied to real-time data
monitoring, while this capability of the FRD method is limited by the difficulty
in determining the input signal and the lack of the solution to leak location
in a time period that is shorter than the time period from occurrence of the

transient event to the steady state.
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