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9  Abstract: Pipe leakage and partial blockage are the two common types of pipe defects in water

10  supply systems. In practical systems, these defects, which may cause great waste of water and
11  energy resources and can induce potential reduction of system operation capacity, are usually
12 formed simultaneously. This paper develops an effective transient frequency response-based
13 (TFR-based) method to characterize and detect simultaneously these two types of pipe defects.
14  To this end, an analytical expression is firstly derived to characterize the simultaneous effect of
15  leakage and partial blockage on TFR in water pipelines. The obtained results are then validated
16  through laboratory experimental tests for the detection of multiple pipe defects. After validation,
17  extensive numerical applications that cover typical ranges of test conditions are adopted to
18  further investigate the applicability and accuracy of the developed TFR-based method. The
19  application results demonstrate high accuracy and wide applicability of this TFR-based method
20  to detect simultaneously potential leakage and partial blockage in water supply pipelines. The
21  advantages and limitations of this TFR-based method are discussed in the final section for
22 practical applications in urban water supply systems.
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Introduction

In urban water supply systems (UWSS), pipelines commonly encounter many different problems
that may affect the function and operation of UWSS, such as leakage, partial blockage and wall
thinning, which are usually termed as pipe defects/faults in the literature (AWWA, 2012). These
pipe defects could be formed easily in water supply pipeline due to various natural and artificial
factors, including chemical corrosion, biofilm and physical deformation. The formation and
existence of such pipe defects may result in serious problems, including (but not limited to) the
reduction of flow capacity, increase of energy loss and deterioration of water quality (James and
Shahzad, 2003). For example, in Hong Kong (HK), the annual cost for water and energy losses
of its dual UWSS (i.e., fresh water and sea water conveyance systems) was estimated at over
HK$ 1.5 billion (~US$ 200 million/year) (HKWSD, 2019). In the worldwide UWSS, the average
water loss has been increased up to over 30% of the total supply amount (Gupta and Kulat, 2018).
Therefore, it is urgent and important to develop effective technologies to diagnose these pipe
defects in a timely manner, so as to minimize the resultant problems and wastage in the UWSS.
To solve above-mentioned critical issues in UWSS, different kinds of methods and tools
have been developed to identify and assess water supply pipeline condition (Datta and Sarkar,
2016). The current commercially available technologies used for pipeline condition assessment
mainly include two classes: (i) intrusive methods, such as CCTV cameras and Smart Balls
(Stephens, 2008); and (ii) non-intrusive methods, e.g., moisture sensors, ground penetrating radar,
and acoustic correlators (Puust et al., 2010). Indeed, the use of these methods and technologies
has greatly reduced these problems in UWSS. However, current critical problem of water and
energy losses (e.g., over 30% worldwide) has evidenced the inadequacy and inefficiency of these

methods and tools in improving further the situations in UWSS (Datta and Sarkar, 2016).
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Moreover, various previous applications in the literature have also demonstrated one or more
following disadvantages for each of these current methods: (1) short-ranged and time-consuming
to each test; (2) intrusive and expensive to practical system application; and (3)
inapplicable/unreliable to identify simultaneously different types of pipe defects such as leakage
and blockage (Stephens, 2008; Puust et al., 2010; Lee et al., 2013).

In recent years, a new and promising method that utilizes transient pressure waves,
termed as transient-based method (TBM), to diagnose different problems UWSS has emerged.
The tenet of this method is that an injected transient wave (with wave speed up to an order of
1000 m/s) propagating in pipelines is modified by, and thereby carries information about, the
properties and states of these pipelines. This non-intrusive method allows potential pipe defects
to be detected in a real-time manner and over a long range (Duan et al., 2010; Lee et al., 2013).
With such advantages of this TBM, various researches and investigations have been performed
for the pipeline condition assessment (e.g., leakage, partial blockage, wall thinning) through
theoretical analysis, numerical simulation and modelling, and experimental applications
(laboratory and field) (e.g., Liggett & Chen 1994; Brunone 1999; Vitkovsky et al., 2000; Mpesha
et al. 2001; Wang et al. 2002; Adewumi et al., 2003; Lee et al. 2005, 2006; Duan et al. 2011,
2012a, 2014; Gong et al., 2013, 2014, 2016, 2018; Meniconi et al. 2015). In principle, the TBM
in these previous studies can be classified into different types according to their utilization way
of transient information: (1) time-domain method (TDM) (e.g., Liggett and Chen, 1994; Brunone,
1999; Kapelan et al., 2003; Massari et al., 2014); (2) frequency-domain method (FDM) (e.g., Lee
et al., 2006, 2008; Sattar et al., 2008; Duan et al., 2011; Kim 2005, 2017; Duan 2016; Louati et
al., 2017); and (3) time-frequency method (TFM) (e.g., Ghazali et al., 2012; Meniconi et al.,

2013; Sun et al., 2016).
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Till now, these studies in the literature have made substantial progress on the
development and application of TBM for pipeline condition assessment (Datta and Sarkar, 2016).
However, current TBM can largely be applied to simple situations of pipe defects with known
specific type in the well-defined systems. In practical UWSS, the defects are usually formed
from complicated processes; thereby, they may exist in multiple types in pipelines such as
leakage, partial blockage and others. Under this practical situation, current TBM usually could
not separate and detect them effectively (Stephen, 2008; Duan et al., 2017; Che et al., 2018).
Accordingly, it has been widely observed in various laboratory/field tests and applications that
this current method may lead to inaccurate or even invalid results for the detection of realistic
anomalies (Stephen et al., 2012; Duan, 2017). This is mainly due to the incapability of current
TBM for characterizing the potential information of different defects in pipelines (type, number,
location and size). Therefore, it is important and urgent to develop an effective TBM for
simultaneous detection of different types of pipe defects, so as to enhance the applicability and
validity of this method (with high efficiency and low cost). This is the motivation and scope of
current study.

This paper aims to develop a TBM utilizing transient frequency response (TFR) for the
simultaneous detection of different pipe defects, which is termed as TFR-based method in this
study. Two common types of pipe defects in UWSS — leakage and partial blockage — are adopted
for the investigation. Through this study, it is expected to address the two following scientific
and practical issues: (1) the possibility for separating the modification effects of these two
different pipe defects in transient responses; (2) the development of an effective TFR-based
method for detecting different pipe defects. For this purpose, an analytical expression of TFR for

characterizing the frequency domain transient behaviors of leakage and partial blockage is firstly
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derived in this study, and is then applied for inverse identification of these two types of pipe
defects. Note that only the discrete blockages, which are mainly due to partially closed inline
valve and/or rough joints along the pipeline (Meniconi et al., 2016), are considered for this
investigation. Thereafter, different laboratory and numerical experiments are conducted for the
validation and verification of the TFR-based method proposed in this study. Finally, the obtained
results are analyzed for discussion of for the application and implications of the extended TFR-

based method proposed in this paper.

Models and Methods

The transient model and transfer matrix method used for this study are presented in this section.

1D Transient Model and Numerical Scheme
The one-dimensional (1D) water hammer model (also termed as transient model) is used for
analytical derivation and numerical simulation in this paper, which can be expressed as follows

(Wylie et al., 1993; Chaudhry, 2014):

g'fa_HJr@:o (1)
a’> ot ox
@+gAa—H+£fW=O (2)
ot oxX p

in which: Q, H = discharge and pressure head; X, t = spatial and time coordinates; D, A = pipe
diameter and cross-sectional area; g = gravitational acceleration; a = wave speed; p = density;

and 7w = wall shear stress, which can be expressed as (Zielke, 1968; Vardy and Brown, 2003):

TW = TWS + TWU (3)
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with 7ws and 7wy being the quasi-steady and unsteady components of 7w, respectively. For
turbulent flows, the quasi-steady wall shear stress is commonly simulated by the Darcy-

Weisbach equation as (Wylie et al., 1993; Chaudhry, 2014),

Q|Q| —Slgn(Q) 4)

fue 8A2
with f being the Darcy friction factor at initial flow state and sign() for the sign function. In this
study, the pipelines for all tests are assumed to be smooth and thus the value of f can be

determined by the Karman—Prandtl resistance equation. For modelling the unsteady wall shear

stress, the weighting function based (WFB) model is adopted by (Vardy and Brown, 2003),

4pv pt 6Q() .
T :EJOW(t—t) dt (5)

where W(t)=¢e’“/ Jat is weighting function with ¢, Abeing convolution coefficients for

various flow regimes, with ¢=D/4v , 1 =(0.541k,, )/D* and K, =Relog(l4'3/ Reo'os); Re =

QD/Av is Reynolds number; v is kinematic viscosity; and ¢’ is a dummy time variable.

The MOC scheme is used for the 1D numerical simulation in the time domain (Chaudhry,
2014), where the nonlinear turbulent friction term in Eq. (4) is treated discretely by a 2™-order
approximation and the unsteady friction term in Eq. (5) is dealt with by the full convolution of
historical time effect (Vardy and Brown, 2003; Wylie et al., 1993). The MOC-based numerical
simulation method has been widely studied and fully validated for its accuracy and validity in the
literature (Chaudhry, 2014) and is used for the evaluation and validation of the proposed TFR-

based method later in this study.
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Transfer Matrix Method
For the convenience of conducting analytical analysis, the following transient perturbations are

[IP%2]

defined (“* represents perturbation variable and “o” represents steady state quantity):

H=H +h;Q=Q, +q
Substituting these variables into Eq. (1) — Eq. (3) and neglecting the nonlinear terms (i.e., order >
2), we obtain,

gAdh” aa _, (6)
a’ ot ox
Lai_Fah + 4 *

—17 =0 (7)
gA ot ox pgD

with 7 being converted shear stress term. By applying the transfer matrix method to these two
equations (Lee et al., 2006; Duan et al.,, 2011; Chaudhry, 2014), we obtain the equivalent
frequency domain results of transient response in a pipeline section,

{q} _| cos(ux,) insin () {q} (8)

h i¥ sin () cos(usx,) |

where (, h = discharge and pressure head perturbations in frequency domain; n, n+1 = index
numbers of upstream and downstream end of pipe section; Xm = length of pipeline; i = imaginary

unit; Y, 4= impedance and propagation factor of pipeline, which can be given by,

@ . a "
== 1-iR, ; Y=—""[1-IR 9
H a f A f )

g

in which @ = frequency; Rt = friction resistance factor, and,

fQ, 16ivg
= +
oDA D*Ji+iw

(10)

f



155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

TFR-Based Method Development

In this study, the simple reservoir-pipeline-valve (RPV) system with two types of defects
(leakage and partial blockage) is adopted for the demonstration of method principle development
and application procedure. Note that the derived results are extendable to relatively complex
systems with multiple pipelines based on the former study of Duan (2017), as long as a clear
incident wave form with relatively large bandwidth can be generated and an appropriate signal
processing method can be applied for the wave analysis (Lee et al., 2013 and 2015). To this end,
the RPV systems with and without pipe defects sketched in Fig. 1 are used for the investigation
in the following study. For clarity, only the key results are presented in this section, while the
details about the analytical derivations are provided in the appendix section at the end of this
paper.

[Fig. 1 will be about here]

TFR Results for Intact and Defective Systems
The TFR for intact RPV system has been widely developed and used in the literature (e.g., Lee et
al., 2006; Duan et al., 2012a; Chaudhry, 2014; Duan and Lee, 2016). Particularly, the resonance
condition for the system in Fig. 1(a) is known as:
cos(zl)=0 (11)
For defective pipeline systems, two cases in Fig. 1(b) and Fig. 1(c), denoted as Case A
and Case B, are considered to examine the impact of relative positions of different defects on the
TFR results. Prior to deriving the TFR results for these two cases, it is necessary to define the
transfer matrix for each of the defects (leakage and partial blockage) (Lee et al., 2006 and 2008),

which can be summarized as follows:
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1 K 1 0
{o 1}’ {l 1} (12)

where K is the impedance factor of leakage orifice and K = —Qio/2AHio with QLo and AHyo are
steady state discharge and head difference at the leakage orifice; | is the impedance factor of
discrete blockage, and | = —2AHu0/Qno with AHpo and Qno are steady state minor head loss and
discharge at the blockage location. Note that these two impedance factors (K and |) are obtained

through a linearization operation of the orifice equation as in Lee et al. (2006, 2013).

Results for Case A in Fig. 1(b)
By applying the analytical analysis as conducted in former studies (Duan et al., 2014; Chaudhry,

2014), the overall transfer matrix for the system in Fig. 1(b) is given by,

a|™ _[u, U,]fa]” 03
h U, U, |lh
with the matrix elements (Ui ~ U22) given in the appendix. The application of the boundary

(134

conditions of the system in Fig. 1(b) (i.e., h%" = qP" = 0), gives (subscript “a” denotes results for

«Dnos

case A, and superscript represents the results for downstream end),

U21

Dn __
hon=——2t

11

(14)

Considering in the realistic water supply systems that, K<<Y, I<<Y and Kl << 1, we

obtain the TFR for this defective pipeline system as (by taking pressure head for illustration),

= K s ) o ) as)

A

where 4 is inverted transient pressure head in the frequency domain. A further discussion about

the validity and accuracy of this imposed assumption of KI << 1 is performed later in this paper.
9
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Results for Case B in Fig. 1(c)
Similar analysis can be applied in the other system condition in Fig. 1(c), which leads to the final

cC_9

TFR result as (subscript “g” denotes results of case B),

ﬁB=‘h£n‘=\Kcos(ux2>sm(uyl+m)+;—2cos<uyl>sm<mz+mi (16)

Therefore, Eq. (15) and Eq. (16) are referred to as the TFR patterns for the RPV systems

with two different types of pipe defects (Ileakage and partial blockage) in the system.

TFR Results Analysis and Application Procedure

The forms of the obtained TFR patterns in Eq. (15) and Eq. (16) are similar, but the parameters
and mathematical details in current forms are different from each other. To fairly compare and
examine the influence of the relative positions of two defects, it is necessary to convert the forms

into unified parameters. For this purpose, the two patterns are rewritten as follows:

~ I
; and hg =‘KFBl +Y—FBz

- |
h, :‘KFAI +orFa . (17)

where Fai, Fa2, Fgi and Fg; are intermediate parameters for further analysis. That is,

Fu = sin(,qu)COS(,Llyz +ﬂd) . Fe, = cos(,uxz)sin (luyl +ﬂd)
Fr = COS(ILlXI +,Ud)5in (:Uyz)’ Fe, = cos(pyl)sin (luxz +,Ud)

From the system information shown in Fig. 1, it is easy to obtain the following relations: y> + d =

X2 and Xx; + d = y; for Case A; y1+d =X and X; + d =y, for Case B. Further mathematical
operation and rearrangement gives, Fa1 = Fgi and Faz = Fg2. That is, ﬁA = ﬁB .

As aresult, the above two TFR patterns provide a unified form as follows,

10
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ﬁz‘thn K(_l)m"'sm(luxl_M2)+L(_1)m+sm(/ly2_ﬁ‘y1)| (18)

where m is the number of transient frequency peaks (i.e., peaks under resonance condition).
Consequently, the overall TFR pattern induced by multiple types of pipe defects in the PRV
system is composed of a linear combination of their respective TFR patterns. This finding of Eq.
(18) confirms the possibility and also provides the way to separate the influences of different
defects for pipeline condition assessment, which is actually the principle of multi-defects
detection method in this study.

The obtained TFR pattern in Eq. (18) indicates the dependent relationship of transient
frequency peaks on the leakage and partial blockage information (size, location) as well as intact
system information (wave impedance). Therefore, the potential leakage and partial blockage
information (type, number, size, and location) can be inversely determined by measuring the
transient frequency response and knowing the original intact pipeline system parameters. For this
inverse analysis of pipe defects, the genetic algorithm (GA) based optimization technique is
applied in this study, with the aim to minimize the difference between measured and calculated
results of transient frequency peaks, which can be formulated as follows (Duan and Lee, 2016):

Min  3[h, -h, (19)

where /p and /e are inverted transient peak amplitudes from the results of the analytical Eq. (18)
and the experimental measurement respectively. For GA-based inverse calibration, the decision
variables and searching ranges are specified as,

(1) Locations of leakage and blockage: 0<xi,X<L;0<yi,y<L;

(2) Sizes of leakage and blockage: 0 < Q10/Qo < 50%; 0 < AHpo/Ho < 50%;

11
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(3) Numbers of leakage and blockage: 0 <Mieak <2;0 < MsLock <2.

For each test system, other information such as intact system configuration and initial steady
flow conditions are known in advance to the detection method above.

The developed GA-based optimization method and procedure in former studies in this
field (e.g., Duan et al., 2012a; Duan and Lee, 2016) is adopted for this investigation. Prior to the
extensive applications later in this paper, the GA-based optimization framework has been
carefully tested for fitting in the inherent parameters and coefficients of the algorithm (Vitkovsky

et al., 2000; Kapelan et al., 2003), in order to ensure its applicability and accuracy in this study.

Applications and Results

To examine the capability of the developed TFR-based method in Eq. (18) for the multi-type
defects detection, laboratory experimental tests are firstly applied to verify and validate the
developed TFR-based method in this study. After validation, extensive numerical experiments
are then applied to further analyze the validity and accuracy of this developed method under
various systems and flow conditions, which may cover a practical range of system settings and
operations (e.g., pipe scales and flow conditions).

In the applications, time-domain transient signals (e.g., pressure head series) are obtained
from measurement for the experimental application and from numerical simulations by the
MOC-based 1D transient model of Eq. (1) and Eq. (2) for numerical applications. For testing,
transients are generated at the downstream of the pipeline as shown in Fig. 1, and the pressure
head traces are collected at the same location for the analysis. The obtained time-domain results
are then transformed into the frequency domain equivalences using the method presented in the

former studies (e.g., Lee et al., 2013) and the frequency peaks are then extracted to fit the derived

12
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Eq. (18), thereby to obtain the type, number, size and location of potential defects in the system.

Preliminary Experimental Verification

The laboratory experimental system and measurement dataset in the previous study of Sun et al.
(2016) are used for preliminary experimental verification in this study. The test pipeline system
and associated facilities are sketched in Fig. 2, consisting of an upstream pressure vessel, a
pipeline divided into different sections for testing, a downstream discharge tank, and a water
recycling pump. Transients are generated by the fast closure of an inline valve installed at the
downstream from initially full open state within 0.1 s. The transient pressure head signals are
measured and collected at two ends of the test pipeline (upstream and downstream). The relevant
data information of the test system is given in Fig. 2. For this study, two different cases including
one leakage and one partial blockage (mimicked by a pipe-wall orifice and an inline valve,
respectively) are placed in the system, with the real values of these two defects shown in Table 1.
For each case, multiple tests have been repeated for reducing the possible operation errors and
system noises. The measured pressure signals selected from the multiple tests for these two cases
are shown in Fig. 3.

[Table 1 will be about here]

[Fig. 2 will be about here]

[Fig. 3 will be about here]

Based on the developed TFR-based method and the proposed application procedure
above, the detection results of these two defects can be obtained for analysis. For evaluation, the
inaccuracy of the developed method (i.e., application error &) is defined by the relative difference

between the real and predicted values of two defects, as follows:

13
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__ predicted value - real value "

(%) 100. (20)

real value

Based on Eq. (20), the prediction errors for the information of these two defects (location and
size) are calculated and shown in Table 1. Meanwhile, the obtained TFR patterns for these two
cases are shown in Figs. 4(a) and 4(b) respectively. Overall, the proposed method could provide
acceptable results for the multiple-defects detection in the tested pipeline system under different
flow and defective conditions. Specifically, the developed TFR-based method can identify
exactly and simultaneously the number and types of the two detects in the pipeline (i.e., one
leakage and one partial blockage). Furthermore, the maximum relative errors of the predicted
location and size of these defects are around 4.5% and 10.5%. This result indicates a relatively
high detection accuracy of the developed TFR-based method in this study.

[Fig. 4 will be about here]

From the results in Table 1, it is also noted that the prediction of defect location by this
method is more accurate than that of defect size. This finding is actually consistent with many
previous studies regarding different detection methods for single type of defects (e.g., Duan et al.,
2011, 2012a; Meniconi et al., 2013; Gong et al., 2016). This is mainly due to the potential
inaccuracy of current 1D transient model and theory for representing energy dissipation/damping
in practical pipe systems (e.g., minor loss, unsteady friction and turbulence). The influences of
different system and flow conditions to the applicability of this developed TFR-based method are

examined in details through extensive numerical applications in the following section.

Numerical Applications and Results Analysis

The RPV system shown in Fig. 1 is adopted for the numerical investigation. The available

14
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pressure head at the upstream reservoir in Fig. 1 is set as Ho = 100 m. For the analysis in this
paper, in total 8 numerical tests listed in Table 2 (denoted as tests N1 to N8) are selected from
various numerical applications for conducting this study, in following conditions:

(1) Pipeline scale L/D: 10>~ 10%

(2) Initial flow condition Reo: 10~ 109;

(3) Leakage percentage Qio/Qo = [2KHo/Qol: 5% ~ 30%;

(4) Blockage loss percentage AHno/Ho = [1Qo/2Ho|: 5% ~ 20%.
It is also noted that the tests N1 and N2 in Table 2 are respectively designed for the special
situations with only one of two types of defects, so as to conduct a comparative analysis with
former studies (e.g., Lee et al., 2006; Duan et al., 2011; Chaudhry, 2014).

[Table 2 will be about here]

Based on the proposed TFR-based method, the information of defects for each test
(defect type, size, and location) in Table 2 can be obtained for analysis. For illustration, case N3
in Table 2 is adopted herein for example. Firstly, the transient pressure head at the downstream
valve is collected from the 1D numerical modelling, which is then transformed into the
frequency domain so as to obtain the TFR result (Lee et al., 2013). Accordingly, the first 15
frequency peaks of the obtained TFR results are extracted and converted (as “real values”),
which are thereafter fitted by the analytical TFR result of Eq. (18) (as “predicted values™) based
on the proposed GA-based optimization framework. The results of extracted and fitted TFR
patterns are shown in Fig. 5 for comparison.

[Fig. 5 will be about here]

As a result, the predicted values of the information of potential defects in pipeline for

case N3 can be obtained as follows:
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Leakage: X1/L =0.208 m (3.50%); K =-7.610x10""m?s (3.23%)
Blockage:  yi/L=0.715m (2.14%); | =—1.216x10° m?%/s (4.49%)
in which the numbers in brackets refer to the relative errors of the prediction results. Both
the TFR patterns in Fig. 5 and the prediction results above indicate the high accuracy and
applicability of the developed TFR-based method in this study for the detection of multiple
defects in pipelines. It is also observed from Fig. 5 that the fitting accuracy of the TFR pattern
decreases gradually with peak number (e.g., after 10" peaks). This discrepancy can be mainly
attributed to: (1) the error of the 1D numerical model for representing the high frequency wave
modes in pipelines with different defects under the given/fixed simulation scheme. That is, the
numerical discretization error becomes more significant for higher frequency wave modes; (2)
the relatively high sensitivity of TBM to the low frequency mode of transient responses (Duan,
2015, 2016; 2017), such that the fitting accuracy becomes higher for the lower frequency peaks
in the TFR patterns; and (3) the error/inaccuracy of the GA-based optimization algorithm, which
can usually provide only a quasi-optimal solution for the complex inverse problem analysis. In
other words, the detection accuracy of this TFR-based method can be further improved by
employing more advanced inverse fitting techniques, which is however out of the scope of the
current study.

[Fig. 6 will be about here]

By applying the above similar analysis process to all other cases in Table 2, the
prediction errors for the location and size of two different defects are evaluated and shown in Fig.
6(a) and Fig. 6(b) respectively. By inspection, the results of all test cases in Fig. 6 show that the
maximum relative errors are about 10% and 20% for predicting the location and size information

of the potential defects respectively. These results confirm again the high accuracy and
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applicability of the developed TFR-based method in this study. By comparison, the results also
reveal that the accuracy of this method becomes better (for both location and size detection) for
the single type of defects (cases N1 and N2 in Table 2) than other cases with two types of defects
(cases N3 ~ N8 in Table 2). In the data analysis among all these tests, the errors can be attributed
to two main factors as follows: (1) analytical derivation errors induced by the linearization and
approximation of pressure-discharge relationship for the two types of defects (Duan et al., 2018);
(2) optimization-based data fitting errors for the analytical Eq. (18) (Duan and Lee, 2016); and (3)
uncertainty of the data treatment and analysis such as truncation and discretization errors (Duan,
2015, 2016). As a result, for the cases of multiple types of pipe defects, the errors caused
simultaneously by these two factors become more significant, and thereby the detection accuracy

can be reduced compared with the one single defect cases.

Further Results Discussion

Despite the high accuracy of the detection results, the errors of both defect location and size
detection in Fig. 6 vary greatly in different cases. Therefore, it is necessary to examine the
influences of the system and flow conditons from all the tests about the detection accuracy of the
developed TFR-based method. Based on the preliminary analysis in this study, the parameters
affecting such accruacy can be divided into two groups: (1) the test system and flow condition;
and (2) the TFR method accuracy. For the first group, the former study of Duan et al. (2012b)
has demonstranted that the effect of system and flow conditions can be lumped into a
dimensionless parameter, defined as: fReoTw/Tq, where Tw and Tg are time scales for wave
propagation and radial diffusion during the transient process. For the second group, based on the

derivation process of the TFR method in this study, the key term/parameter relating to the
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linearization and simplification, which has been neglected in final result of Eq. (18), is the
product of leakage and blockage impedance factors: KI.

[Fig. 7 will be about here]

For all the multiple-defect tests in Table 2 (i.e., N3~N8), the variations of the detection
errors with these two parameters are calculated and shown in Fig. 7. On one hand, as indicated in
Fig. 7(a), the detection error (or accuracy) is significantly increasing (or decreasing) with the
dimensionless parameter fReoTw/Tq. This also means the developed TFR method becomes more
accurate used in relatively smaller scale pipelines (e.g., smaller L/D) under lower initial flowrate
conditions (e.g., smaller Reo). For better explanation, according to Duan et al., (2012b), for the
situation with smaller fReoTw/Tq, the contribution of the nonlinear quasi-steady friction in Eq. (4)
relative to the linear convelution based unsteady friction in Eq. (5) becomes smaller, and thereby,
the errors due to the linearzation in the final analytical result of Eq. (18) become relatively
smaller.

On the other hand, the results of Fig. 7(b) demonstrate an increasing trend of the errors
with the parameter KI. This is not a surprise because all the nonlinear terms related to this
parameter KI during the analytical derivation process have been ignored under the assumption
that K << 1, | << 1 and thus Kl << 1. Therefore, when this parameter K| becomes larger and
significant (e.g., close to 1), this imposed assumption will become problematic (or not accurate
enough) for representing the actual TFR pattern by the two types of defects. For example, for the
test case N8 in Table 2, the value KI attains to around 0.3, which leads to an overall errors of
about 15% and 20% for predicting the defect location and size respectively.

The results and analysis from both laboratory experiments and numerical applications in

this study demonstrate the good accuracy and applicability of the developed TFR-based method
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for the simultaneous detection of multiple-type of defects in pipelines. However, these results
and discusson also indicate the potential limitations of this proposed TFR-based method for
practical applications. That is, this developed method is mainly applicable to: (1) simple piplilne
system (with single pipeline configuration); (2) relatively small to moderate severity and extent
of defects (e.g., with K << 1 and | << 1); and (3) relatively low to moderate turbulent flows (e.g.,
Reo < 10°). Consequently, for practical applications such as field tests, it is necessary to examine
in advance the system and flow conditions under investigation based on the two proposed
parameters (i.e., fReoTw/Tq and KIl), so as to better understand and use of the developed TFR-

based method in this study.

Conclusions
In practical water supply systems, different types of pipe defects such as leakage and partial
blockage are usually formed simultaneously in the pipeline under various complex conditions.
This paper develops an effective method for the simultaneous detection of two common types of
defects (i.e., leakage and partial blockage) in pipelines. To this end, theoretical analysis is firstly
performed based on 1D transient model to obtain an analytical expression that characterizes the
influences of these two types of defects to transient frequency response (TFR). This developed
TFR method has been validated by different laboratory experiments for its applicability and
accuracy. After validation, extensive numerical applications are used to further examine the
validity and accuracy of this TFR-based method developed in this study.

Both the experimental and numerical application results demonstrate the high accuracy of
the developed TFR-based method for and detecting the two types of defects in pipelines under

different systems and flow conditions. Moreover, two lumped parameters (fReoTw/Tq and KI) are
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proposed and used to characterize the applicability of this developed method. Specifically, the
maximum error of defect location detection for all the test cases of interest in this study is within
10%, and that of defect size detection can also be confined to less than 10% as long as the
lumped impedance parameter Kl is much less than 1 (e.g., KI < 0.25 based on extensive
numerical tests in this study). Furthermore, the results and analysis also indicate that the
developed TFR-based method become more accurate for relatively smaller scale pipelines under
lower initial flow conditions.

Based on the results and findings of this study, it is also suggested that more experimental
validations (both laboratory and field tests) are required in future work to further examine and

confirm the validity and accuracy of the proposed TFR-based method in this paper.
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Appendix — Analytical Derivation of TFR Results
The key steps of deriving the final TFR result in Eq. (18) are elaborated in this section. Based on
the principle of transfer matrix analysis in the literature (Lee et al., 2013; Chaudhry, 2014), the

results of the two cases in Fig. 1(b) and Fig. 1(c) are given as follows.
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(1) For the case A in Fig. 1(b), the overall transfer matrix is,

{q}w[mw insmw»}[l 0}[ cos(d) insinmd)]

N ivsin(wy,)  cos(y,) L' Uivsin(ud)  cos(ud)

o ] ) sy

1)

with d =y~ X1 =1 — y2— X; is the distance between the two defects in this case shown in Fig.

1(b), and other symbols can be referred to their definitions in this paper. After mathematical

manipulation, the result becomes,

a|™ _[U, U,]|fa]”
h U, U, [lh
where the matrix elements are expressed as follows:

Uy = [w )i sin sy, Jos )}[cos<uxl>+ KY sin (1 )]
i it i, + ) g i) |
U, = [iY sin (:Uyz +pd )+ I COS(ﬂyz)COS(ﬂd )][COS(:UX1)+ iKY sin (ﬂxl )]
iV sin (st )[cos(ﬂyz )i cos(a i s )} ;
U= [w )i s 1, Jos( )}{i L )+ K cos( )}

eos(a ) 1 i, + )~ i i )|

Uy =[i¥ sin (s, + 120)+ 1 cos(say,)eos(s ){i s )+ K cos( )}

cos{g | cos(, e+ cos(, i1 |
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(2) For the case B in Fig. 1(c), the overall transfer matrix is,
Dn 1. 1.
{Q} _ cos(zx,) Ivsm(,uxz) F K} cos(zd ) Ivsm(,ud)
N Livsin(e,)  cos(ue,) 10 v sin(ud)  cos(ud)
{1 0} COS(W1) insin (,uyl) {q}Up
' oUivsin(uy)  cos(uy,) 1N
withd =X - y1=1—- X2~ Vi for this case. As a result,

q Dn - U 1*1 U 1*2 q Up
= . (24)
h U 21 U 22 h

where the matrix elements are expressed as follows,

(23)

U3, = feos(u, + 1) +IKY cos(ux )sin (1t eos(ss,)
[ it + )+ K cos{ e eos( s )}[u cos(s0y, )+ sin (s, )]

U3, =V sin (st + et KY 2 sin (s, i 1o, |
oos{a, + 48 +IKY sin s, Jeos(d [T cos(a, )+ 1Y sin (uy, )]

U7, =[ooslt, + 4+ iKY cos(sac )sin a5 1)

| st K cosie Jeos()| sl i sin )|

U2, =i sin e, + )~ Y sin a, sin (s ) s ()

eos(t, + el +KY sin (126 )cos(xe ){cos(ﬂym s, )} |

By applying the initial and boundary conditions of the PRV system shown in Fig. 1 (i.e.,
hUP = qP" = 0 in the frequency domain), the TFR results obtained for the above two cases are

given by Eq. (15) and Eq. (16) respectively in the text.
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Table 1 Experimental application results

Test Leakage Partial blockage
no. | xi/L | &1 (%) | K0 ®m?%s) | & (%) | yi/L | g1 (%) | 1(10*%/m?) | a (%)
El 0.204 3.43 —6.25 -9.44 | 0.089 1.12 —2.20 5.45

E2 0.561 1.43 —8.39 -5.60 | 0.089 4.49 —2.20 10.45




Table 2 Settings of parameters for numerical applications (“NA” = not applicable)

Test Intact pipeline Leakage Partial blockage Reo
no. | L(m) | D(m) | A(m/s) | xi/L | K(10°m?%s) | yi/L | 1(10%/m?)

N1 1000 0.2 1200 0.45 —-0.079 NA 0 1.0x10*
N2 1000 0.2 1200 NA 0 0.60 —12.73 1.0x10*
N3 1000 0.2 1200 0.20 —-0.079 0.70 —12.73 1.0x10*
N4 1500 0.4 1000 0.35 —-0.16 0.45 -3.18 2.0x10*
N5 1500 0.5 900 0.85 —2.36 0.30 —0.64 8.0x10*
N6 3000 0.3 1400 0.30 —2.36 0.65 —-0.85 1.0x10°
N7 400 0.5 1100 0.75 —19.64 0.12 —0.23 4.0x10°
N8 1200 0.8 800 0.60 -117.81 0.25 —0.025 1.0x10°
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Fig. 1 The RPV systems adopted for investigation: (a) intact pipeline; (b) pipeline with upstream
leakage and downstream partial blockage; (c) pipeline with upstream partial blockage and

downstream leakage (Qy for leakage orifice discharge; Hjo for blockage minor loss)
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Fig. 3 Measured transient pressure signals for the two experimental test cases
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Fig. 4 Results of TFR-based patterns for experimental test cases E1 and E2
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Figure 5
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Fig. 6 Relative errors of TFR-based detection results of two defects: (a) location; (b) size
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