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Abstract

Blockages in urban water supply systems are commonly formed from various complicated physical,

chemical, and biological processes; thus, they usually constrict randomly and non-uniformly along

their lengths. Although the transient-based method has been developed for blockage detection, the

applications of this method are mainly limited to blockages of uniform constriction along their lengths

(termed as uniform blockages). The influence of blockages with linearly varying diameters (termed as

linear non-uniform blockages) on transient frequency responses was studied by the authors in a

previous study. It was found that the resonant frequency shifts induced by linear non-uniform

blockages have totally different patterns from that of uniform blockages. Specifically, the resonant

frequency shifts induced by linear non-uniform blockages become less evident for higher harmonics.

But the physical mechanism of this pattern is still unclear. This study intends to clarify this

phenomenon from an energy perspective. For this purpose, the energy transmission coefficient of an

unbounded pipeline containing various blockages is analytically derived, which is numerically

validated by the method of characteristics. Afterwards, the influence of non-uniform blockage

properties on the energy transmission is investigated systematically based on the validated result. The

results indicate that the impedance of non-uniform blockages is frequency dependent, which becomes

smaller for higher frequency waves. This means that non-uniform blockages have a less blocking

effect on the propagation of higher frequency waves; thus, the resonant frequency shifts induced by

non-uniform blockages become less evident.

Keywords: Energy transmission coefficient; non-uniform blockage; resonant frequency shift; transfer

matrix; transient; water pipeline
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Introduction

In urban water supply systems, partial and extended blockages are commonly formed from a variety

of complicated sources (e.g., chemical corrosion, biofilm accumulation, and sediment deposition) and

tend to grow over time, which brings a great challenge to drinking water security as well as water and

energy savings (Duan et al., 2012; Stephens, 2008). In addition, these extended blockages may

significantly change the maximum and minimum pressure heads during hydraulic transients (Brunone

et al., 2008; Lee et al., 2013; Tuck et al., 2013), and the changed pressure heads may exceed the

original transient design capacity; thus, potentially increase the failure rate of pipeline systems. For

these reasons, detection techniques are urgently needed to diagnose these blockages in early stage so

as to minimize the resultant problems and wastage. Currently, internal inspection of pipelines by

closed-circuit television cameras is a commonly used approach for extended blockage detection.

These cameras are physically inserted into target pipelines to conduct a real-time internal inspection

of the pipe wall condition (Henry & Luxmoore, 1996). This technique is more suitable for simple and

small-scale pipeline systems, such as pipeline systems in thermal power plants, since inspection by

closed-circuit television cameras is a slow, tedious, and costly process. Besides, it often requires the

target pipelines to be off-line, and the service interruption will cause inconvenience to water users.

Therefore, it is vital to develop an efficient, affordable, and non-destructive method for extended

blockage detection.

In the last few decades, the transient-based method has been used for the detection of various

pipeline faults including leaks (Brunone & Ferrante, 2001; Colombo et al., 2009; Covas & Ramos,

2010; Duan et al., 2011; Gong et al., 2014; Kim, 2016, 2018; Lee et al., 2006; Liggett & Chen, 1994;

Sattar & Chaudhry, 2008; X. Wang & Ghidaoui, 2018), discrete blockages (Kim, 2016; Lee et al.,
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2008; Meniconi et al., 2011a; Sattar et al., 2008; X. J. Wang et al., 2005), side branches with dead

ends (Duan & Lee, 2015; Kim, 2016; Meniconi et al., 2011b, 2011c), and pipe wall corrosion (Gong

et al., 2015). The principle of this method is that a transient wave, with a propagation speed around 1

km/s in elastic water pipelines, is injected into the target pipeline at a localized accessible point (e.g.,

a fire hydrant). Any fault in the pipeline (e.g., a leak or blockage) imposes an additional reflected

wave to the injected wave; thus, the measured pressure wave echoes theoretically contains physical

information that is useful for pipeline fault and system integrity identification. In recent years, the

successful theoretical and experimental extensions of the transient-based method to extended

blockage detection provide an alternative to traditional closed-circuit television cameras. Specifically,

Brunone et al. (2008) observed that extended blockages have a significantly different influence on the

time domain pressure echoes from discrete blockages, thus the transient-based method used for

discrete blockage detection may not be applicable to extended blockages. Duan et al. (2012) and Tuck

et al. (2013) found that extended blockages induce frequency shifts on the resonant peaks of pipeline

systems, based on which an optimization-based method was proposed for the inverse detection of

extended blockages in pressurized pipelines (Duan et al., 2012; Duan et al., 2013). This frequency

domain method was further coupled with a time domain method (Meniconi et al., 2011a; Meniconi et

al., 2011b) by Meniconi et al. (2013) to further improve its computational accuracy and efficiency.

Afterwards, Louati et al. (2018) explained the physical mechanism of the resonant frequency shifts

induced by extended blockages using the Bragg resonance theory.

While the transient-based method has demonstrated its potential for extended blockage detection,

this method is developed based on blockages of uniform constriction along their lengths (termed as

uniform blockages), which is equivalent to multiple pipelines with different diameters connected in
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series (Meniconi et al., 2012). Extended blockages in real urban water supply systems are usually

formed from various complicated physical, chemical, and biological processes; thus, as shown in Figs.

I(a) and 1(b), these blockages usually constrict randomly and non-uniformly along their lengths.

Inaccuracy and invalidity of the current transient-based method have been observed in laboratories for

non-uniform blockage detection (Duan et al., 2017). Therefore, understanding the interaction between

transient waves and non-uniform blockages is necessary to enhance the practical applications of the

transient-based method for extended blockage detection.

Recently, the authors studied the influence of linear non-uniform blockages, whose diameters

vary linearly along their lengths, on transient frequency responses (Che et al., 2018b). It was found

that linear non-uniform blockages give rise to significantly different resonant frequency shift patterns

from uniform blockages. Specifically, the resonant frequency shifts induced by linear non-uniform

blockages become less evident for higher harmonics, but the physical mechanism of this pattern from

analytical and numerical results is still unclear.

As a continuation of the previous study on linear non-uniform blockages (Che et al., 2018b), this

paper intends to: (1) investigate the resonant frequency shift pattern induced by other non-linear

non-uniform blockages, whose diameters vary exponentially along their lengths (termed as

exponential non-uniform blockages), to generalize further the conclusions drawn in the previous study

(Che et al., 2018b); and (2) qualitatively explain the physical mechanism of the non-uniform blockage

induced resonant frequency shift pattern from an energy perspective. To this end, the overall transfer

matrices of pipeline systems with exponential non-uniform blockages are derived to realize Aim (1).

To achieve Aim (2), the energy transmission coefficients of blocked pipeline systems are analytically

derived based on the system overall transfer matrices obtained in Aim (1). The results and findings of
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this study are expected to provide scientific basis for method development of blockage detection in
urban water supply systems.

Models and Methods

Overall Transfer Matrix of a Pipeline System with Exponential Non-uniform Blockages

To facilitate the analytical analysis, the real blockages in Fig. 1(b) are simplified into a series of
exponential non-uniform blockages, as shown in Fig. 1(c), whose radiuses change exponentially along
the axial direction. The one-dimensional (1D) wave equation in the frequency domain for the n-th

exponential non-uniform blockage in Fig. 1(¢) is (Che et al., 2017; Che et al., 2018b)

d? "d
_dxgn +%£+k§pn =0 (1)

where p = pressure deviation from the mean in the frequency domain; X = distance along the pipeline;
A = A(X) = pipe cross-sectional area; A’ = derivative of A; Ko = w/ap = wave number in intact pipe
sections, in which @ = angular frequency, a) = wave speed; subscript n = the n-th exponential
non-uniform blockage in Fig. 1(c).

Note that a frictionless pipeline system with an elastic pipe wall is firstly considered in the
analytical analysis to highlight the interaction between transient waves and non-uniform blockages
(Che et al., 2018b; Duan et al., 2014). The influence of friction on the derived analytical result will be
further discussed in the numerical validation. In addition, it was found by the authors in a previous
study (Che et al., 2018b) that the wave speed a, within blockages has a limited influence on the
overall resonant frequency shift pattern induced by non-uniform blockages. Therefore, to simplify the
problem, the transient wave speed is assumed to be constant throughout the pipeline (i.e., a(X) = ao).

As shown in Fig. 1(c), the pipe radius of the n-th exponential non-uniform blockage is defined as

r(x)=R,e"" (2)

n

6
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where r, = pipe radius of the n-th exponential non-uniform blockage; Rin = pipe radius at the left

boundary of the n-th exponential non-uniform blockage; S, = a coefficient that determines the radius

changing rate of the n-th exponential non-uniform blockage, which is defined as S, = In(Rro/Rin)/In,

where Rgrn = pipe radius at the right boundary of the n-th exponential non-uniform blockage, I, =

length of the n-th exponential non-uniform blockage. Then, the cross-sectional area of the n-th

exponential non-uniform blockage An and its derivative Ay in Eq. (1) can be determined. Substituting

An and A’ into Eq. (1), the 1D wave equation for the n-th exponential non-uniform blockage becomes

d? d
b2, B i o ®

Using the plane wave solution p, = €™ as a trial solution of Eq. (3), results in the following
dispersion relation

k* +2is k —k; =0 4)
where i = imaginary number; k = wave number. The solutions of Eq. (4) are (Che et al., 2017)

k =+ k> —s? —is, (5)

Thus, the following general solutions for the n-th exponential non-uniform blockage can be obtained

ik'x —ik’x
= Cle +C5:f(e (6)
R.e™

where k' = (ko> — sn?)"> = the group wave number of transient waves in the exponential non-uniform
blockage; Ci and C; are two constants.

The general solutions in Eq. (6) are a linear superposition of the incident and reflected waves
propagating towards opposite directions. Moreover, in the case of exponential non-uniform blockages,
|sn| represents the cutoff wave number. At wave numbers lower than [sq| (i.e., Ko < [Sn|), K’ is imaginary.
The general solutions in Eq. (6) become evanescent waves, which decay along the pipeline and do not

propagate as true transient pressure waves (Blackstock, 2000).
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Based on the general solutions in Eq. (6), the transfer matrix of the n-th exponential non-uniform
blockage in Eq. (7) connecting two state vectors at two boundaries is obtained (Che et al., 2017; Che
et al., 2018b). Note that the pressure deviation p is transformed into the pressure head deviation h,

which is a common practice in hydraulic engineering.

) _(Yn Ui )(a 7
(thH _(Uﬂ UzzJ(hjn ( )

where subscripts n and n+1 are the upstream and downstream boundaries of the n-th exponential
non-uniform blockage, respectively; q = discharge deviation in the frequency domain; h = pressure

head deviation in the frequency domain; U;; = transfer matrix elements, which are as follows:

S, (ik’_sn)eik’ln +(ikl+sn)e—ik’ln
Ull - S 2 1~Snln
n ik'e
Sn+lg (ik,_sn)(ik,-l-sn) eikrln _efik’lrI

U, =
. 0] 2k'e™"

U - @ _elkh 4 gikh
s g 2ke¥h

(ik'+s,)e™" +(ik'—s, )e ™"
Uy, = Siklesh
ik'e

where g = gravitational acceleration; Sp and Sp+1 = pipe cross-sectional areas at the upstream and

downstream boundaries of the n-th exponential non-uniform blockage, respectively.

Note that the uniform pipeline is one special case of the exponential non-uniform blockage. Let

Sn = 0, which is equivalent to a single uniform pipeline, Eq. (7) becomes

[qj . cos (ki) _isg;;gsm(k()l”) m ®)
h., S sin(kl) cos(kl,) h),

n

which is consistent with previous studies on transfer matrices of uniform pipelines (Chaudhry, 2014;

Wylie et al., 1993). The overall transfer matrix of a blocked pipeline system, as shown in Fig. 1(c),
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can be produced by multiplying individual matrices of each pipe component in the order of their

locations (Chaudhry, 2014; Duan et al., 2012; Lee et al., 2006; Wylie et al., 1993).

5,0 .
[q\J i COS(koll) - aO Sll’l(koll) X'__X[(U”)” (U]Z)”]x---
h) —i%sin(koll) cos (k,l,) (Us), (Ua), o
cos(kyly ) —isz‘i—”gsin(kOIN)

: o |
i sin (k,ly ) cos (kly ) e

nY

where subscripts “1” and “N+1” are locations of upstream and downstream boundaries of a blocked

pipeline system, as shown in Fig. 1(c), respectively. Rewrite Eq. (9) in the following simplified form

(QJ :(Uf} UEJ(QJ (10)

where Uj;” = elements of the system overall transfer matrix.
Energy Transmission Coefficient of an Unbounded Blocked Pipeline System
Based on the above overall transfer matrix in Eq. (10), the energy transmission coefficient of an
unbounded blocked pipeline system is derived in this section. To simplify the problem, a pipeline
system with two symmetrical exponential non-uniform blockages (i.e., I» = I3), as shown in Fig. 2, is
selected for investigation. Note that the derived energy transmission coefficient can be also applied to
pipeline systems with multiple non-uniform blockages (see Fig. 1(c)) as long as the system overall
transfer matrices are determined.

In physics, a transient wave is a pressure disturbance that travels through fluids, accompanied by
a transfer of energy. The energy transmission coefficient of a blocked pipeline system with anechoic
boundaries (i.e., located at A and E), as shown in Fig. 2, is defined as the ratio between the energy

flow (i.e., power) transmitted through the non-uniform blockages (W) and that incident on the
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T, =Wy (11)
W
where Tc = energy transmission coefficient.
By applying the above-defined energy transmission coefficient Tc in Eq. (11) to the classical
water hammer theory (note that the detailed derivation procedure is provided in Appendix), finally the

Tc can be represented by the overall transfer matrix elements U in Eq. (10).

2 (12)

gSOU21 +U;‘2+U1"‘1+a0U12
3 95,

where Sy = cross-sectional areas at two boundaries A and E in Fig. 2.

Energy Transmission Coefficient Pattern and Its Physical Mechanisms

Energy Transmission Coefficient Patterns of Pipeline Systems with Various Blockages

Based on the derived energy transmission coefficient Tc in Eq. (12), the Tc patterns of pipeline

systems with various blockages are visualized in this section. Because the following results involve

the Bragg’s law, there is a need to review related fundamental theory herein. The Bragg’s law was

firstly proposed by Bragg and Bragg (1913) in the process of investigating the composition of X-rays.

It relates the wavelength of the X-ray and the distance between crystal atomic sheets to the angles at

which an impinging X-ray beam would be reflected. Recently, the Bragg resonance phenomena of

transient waves in a pressurized water pipeline containing a single uniform blockage were studied by

Louati et al. (2018). As shown in Fig. 3(a), an incident wave with a certain wave length (1) impinges

on the uniform blockage from the right end (i.e., Location E). From Location E to Location A, this

incident wave first encounters a sudden constriction at Junction D and then a sudden expansion at

Junction B. The incident wave is partially reflected at these junctions. According to the Joukowsky’s
10
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equation (Joukowsky, 1898), the sign of the reflected wave from Junction D keeps the same with the

incident wave. In contrast, the reflected wave from Junction B is opposite in sign to the incident wave.

In addition, the reflected wave from Junction B travels a distance 2(l, + |3) more than the wave

reflected by Junction D. Because these two reflected waves from Junctions B and D are opposite in

sign, they experience destructive interference at Junction D when jA = 2(l> + |5), where j =1, 2, 3....

On this occasion, the incident wave has the maximum transmission. Conversely, these two reflected

waves experience constructive interference at Junction D when (2] + 1)4/2 = 2(l, + I5), then the

incident wave has the minimum transmission.

Whereas the Bragg resonance condition of non-uniform blockages in this study is different from

that of uniform blockages investigated in the previous study of Louati et al. (2018). As shown in Figs.

3(b) and 3(c), from Location E to Location A, the incident wave first encounters a continuous

constriction between Junctions C and D and then a continuous expansion between Junctions B and C.

On average, the waves reflected by the continuous expansion only travel a distance 2l; (note that |, =

I3 in this study) more than the reflected waves from the continuous constriction. Therefore, these two

regional waves reflected by the continuous constriction and expansion have destructive interference

when j1 = 2l5 and constructive interference when (2] + 1)4/2 = 2ls.

The derived energy transmission coefficients Tc in Eq. (12) of unbounded pipeline systems

containing uniform or non-uniform (including linear and exponential) blockages are visualized in Fig.

4. Note that these blockages have the same blocked volume. The T¢ curve of an intact pipeline system

is also plotted in Fig. 4 for convenient comparison. The detailed parameters of these 4 cases are listed

in Table 1, in which R = radius of an intact pipe; Rc = pipe radius at Junction C in Fig. 3; |S| = the

radius changing rate of non-uniform blockages; “exp” = is short for “exponential”.

11
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As shown in Fig. 4, the incident wave frequency is normalized by the minimum destructive
interference frequency of the blockages, which is 2n(ao/(2(l> + I3))) for uniform blockages and
2mn(ao/(215)) for non-uniform blockages, and is expressed as o". According to Fig. 4, the energy
transmission coefficient Tc of the intact pipeline system keeps the constant value of 1, which is
physically reasonable since the incident wave should be entirely transmitted through an intact pipeline
without any reflection. However, the Tc curves of three blocked pipeline systems are highly frequency
dependent. Specifically, the Tc curve of the uniform blocked pipeline system fluctuates periodically
with constant extent. This is consistent with previous studies on uniform blockages (Duan et al., 2014;
Louati et al., 2018). Although the Tc curves of these two pipeline systems with non-uniform
blockages also fluctuate periodically, their extent gradually becomes less evident for higher frequency
incident waves. This means that the higher the incident wave frequency, the more energy is
transmitted through these two non-uniform blockages. Note that the maximum frequency of the
incident wave should be below the cut-off frequency of the first radial mode (M1), otherwise the
plane wave assumption imposed in this 1D study may be violated (Che et al., 2018a; Louati &
Ghidaoui, 2017). The physical mechanisms that govern these Tc patterns in Fig. 4 will be further
explained in the following section (note that the following discussion mainly focuses on exponential
non-uniform blockages, and more detailed information about the energy analysis of linear
non-uniform blockages can be found in the conference paper (Che et al., 2018c).

Physical Mechanisms of Energy Transmission Coefficient Patterns
Based on Eq. (19) in Appendix and the frictionless 1D water hammer model, the impedance of a

blocked pipeline system can be written as

zZ= 5 -T2 20 (13)
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where Z = impedance; Z,, = specific impedance; po = fluid density. Substituting the forward

propagating wave in Eq. (5) (i.e., keep the “+” sign) into Eq. (13), gives

Z — pOa) — pOaO
A(\/kj—sj—isn) s, ) s,
) i

2
PR | 5| LS |2~ 1_[%)2”%
A K, K, A @ 0]

where weut = Sndo 1s the cutoff frequency of the n-th exponential non-uniform blockage.

Two physical mechanisms that govern the overall patterns of Tc in Fig. 4 are: (1) the Bragg’s law;

and (2) the impedance mismatch between the intact and blocked pipe sections.

(1

2)

Specifically, the fluctuation of energy transmission coefficient Tc curves in Fig. 4 is due to the
Bragg’s law. Take the uniform blockage in Fig. 3(a) for instance, the reflected waves (from
Junctions B and D) of the incident wave at most frequencies would not experience constructive
interference at Junction D, because these reflected waves would be out of phase (i.e., phase shift
ranges from 0 to 7), cancelling part of the reflected energy out. However, when the incident wave
frequency is an integral multiple of the minimum destructive interference frequency of the
blockage (i.e., " =1, 2, 3, 4, 5 in Fig. 4) the reflected waves (from Junctions B and D) would be
completely out of phase (i.e., phase shift is m), cancelling each other out. In such situations, the
incident wave has the maximum transmission. Therefore, the fluctuation period of Tc curves in
Fig. 4 is one unit of the minimum destructive interference frequency of the blockages.

The fluctuating extent of energy transmission coefficient Tc curves in Fig. 4 is governed by the
impedance mismatch (AZ) at Junction D between the intact (e.g., Pipe 4 in Fig. 3) and blocked
(e.g., Pipe 3 in Fig. 3) pipe sections. For the pipeline with uniform blockages in Fig 3(a), the
impedance mismatch at Junction D is AZ = poao(1/As — 1/A4), which is constant for the incident

13
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wave of various frequencies, therefore its Tc curve would fluctuate with constant extent. While
for the pipeline system with exponential non-uniform blockages in Fig. 3(b), the impedance of the
blocked pipe section (i.e., Eq. (14)) is frequency dependent. In particular, the impedance of
exponential non-uniform blockages gradually decreases as the increase of the incident wave
frequency. This means the higher the incident wave frequency, the smaller is the impedance
mismatch at Junction D (i.e., AZ tends to 0). On this occasion, higher frequency incident waves
would feel a less blocking effect from the exponential non-uniform blockages; thus, more energy
is transmitted through the non-uniform blockages, and the fluctuation of the Tc curve becomes
less evident.
Numerical Validation
Energy Transmission Coefficient of a Frictionless Unbounded System
To validate the derived analytical result in Eq. (12), the classical frictionless 1D water hammer model
is solved by the method of characteristics (MOC) (Chaudhry, 2014; Wylie et al., 1993). As shown in
Fig. 2, an unbounded pipeline system with two anechoic boundaries (i.e., upstream and downstream)
is used for the numerical validation. The original intact pipeline is blocked by exponential
non-uniform blockages. The detailed parameters of this pipeline system are listed in Table 2. In the
numerical experiment, exponential non-uniform blockages are approximated by stepwise discretized
grids. The 1,000-m-long pipe is divided into 10,000 small computational reaches (i.e., spatial grid size
AX ~ 0.1 m) to reduce the reflection caused by numerical errors. The incident wave generated at the
downstream generator is given by the formula in Eq. (15) (i.e., a Gaussian-modulated sinusoidal pulse)
(Louati et al., 2018), and the pressure trace is measured by the wave receiver located at the upstream
end.

14
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P, =R +PFexp —4(%} log(IO)[t—(gcj J sin[a)C [t_ch (15)

where Pin = the incident wave pressure at the generator; Py = the initial pressure in the pipeline; wc =
the angular central frequency of the incident wave; f = a coefficient that determines the frequency
bandwidth of the incident wave; t = time; 0 <t < f/w..

Two features of the Gaussian-modulated sinusoidal pulse in Eq. (15) are that: (1) most of the
energy is distributed at its central frequency wc; and (2) the frequency bandwidth of this pulse can be
determined by appropriately adjusting the value of .

The incident wave generated by the downstream generator and the transmitted wave measured by
the upstream receiver are plotted in Fig. 5(a). The pressure P is normalized according to (P — Po)/Po
and plotted as P”. Fig. 5(a) indicates that the amplitude of the transmitted wave is almost identical to
that of the incident wave. To explain this phenomenon, these time domain signals in Fig. 5(a) are
transformed into the frequency domain in Fig. 5(b). It turns out that the central frequency of the
incident wave is wc = 1.0, as shown in Fig. 7, at which the energy transmission coefficient Tc has a
local maximum value 1.00. This means reflected waves from the non-uniform blockages experience
destructive interference (i.e., condition of minimum reflection or maximum transmission). On this
condition, all the energy carried by this incident wave should be transmitted through the non-uniform
blockages.

As shown in Fig. 7, three more points on the energy transmission coefficient Tc curve (i.e., at wc
= 0.5, 1.5, and 2.5) are further validated and discussed in detail herein. In Figs. 6(a) and 6(b), the
amplitude of the transmitted wave is significantly less than that of the incident wave because of the
low Tc value at the central frequency of the incident wave w. = 0.5 (at which point Tc = 0.71, this

means only 71 percent of the energy carried by the incident wave is transmitted through the
15
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non-uniform blockages). Although w. = 1.5 and 2.5 are two local minimum points on the Tc curve in
Fig. 7, compared with the w.” = 0.5 case, the amplitude of these transmitted waves gradually increases
as the increase of the incident wave frequency. This is because the exponential non-uniform blockages
have a less blocking effect on the propagation of higher frequency waves. According to Eq. (27) in the
Appendix and the normalized amplitudes in Figs. 6(b), 6(d), and 6(f), the Tc values of these three
points are calculated as 0.71, 0.96, and 0.99, respectively, which agree well with the analytical Tc
values 0.71, 0.96, and 0.99 in Fig. 7.

In addition, more points on the energy transmission coefficient Tc curve are numerically obtained
and plotted in Fig. 7. It shows good agreement between the numerical and analytical results, which
confirms the validity of the derived result in Eq. (12) as well as the analytical method in this study.
Influence of a Frictional Bounded System on the Derived Energy Transmission Coefficient
The analytical result derived in Eq. (12) is based on an unbounded pipeline system without any
friction. However, in real urban water supply systems, the pipeline systems are commonly bounded by
various of boundaries (e.g., reservoir and valve). In addition, the friction would change the amplitude
of a transient wave propagating along an intact pipeline section. Therefore, it is necessary to further
investigate the influences of system boundaries and friction on the analytical result in Eq. (12). As
shown in Fig. 8, a pipeline system with an upstream reservoir and a downstream valve is adopted.
Both steady and unsteady friction (Vardy & Brown, 1995) are considered in this bounded system.
Detailed system parameters of bounded and unbounded pipeline systems are listed in Table 3, where f
= friction factor.

First, as shown in Fig. 9, the transient frequency responses of the bounded pipeline system with
friction are numerically obtained based on the transfer matrix method (Che et al., 2018b). The energy
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transmission coefficients Tc of the bounded pipeline system are estimated by (Kinsler et al., 1999)

2 h,—h.Y
TC=1—5hE'"“=1-( mbhz ) (16)

where dhm = the blockage induced amplitude change for the m-th resonant peak; hmi = amplitude of
the m-th resonant peak for the intact pipeline system; hmp = amplitude of the m-th resonant peak for
the pipeline system with non-uniform blockages.

The energy transmission coefficient Tc curves of bounded (based on Eq. (16)) and unbounded
(based on Eq. (12)) pipeline systems are plotted in Fig. 10. According to Fig. 10, the overall phase and
fluctuation trend of these two curves for two systems show good agreement. This means that the
overall pattern of Tc curve for the bounded pipeline system with friction is also governed by two
physical mechanisms: (1) the Bragg’s law; (2) the impedance mismatch between the intact and
blocked pipe sections. In addition, Fig. 10 indicates that the analytical result in Eq. (12) may
underestimate the amount of energy transmitted through non-uniform blockages in a frictional
bounded pipeline system, especially for relative low frequency incident waves (e.g., @" < 1). One
reason for this is that the energy transmission coefficient of the frictional bounded system is
calculated based on the amplitude of resonant peaks, as shown in Eq. (16), which could be further
reinforced by system boundaries.

Further Application and Result Analysis

Energy Explanation of the Non-uniform Blockage Induced Resonant Frequency Shift Pattern
Based on the validated analytical result in Eq. (12), the influences of non-uniform blockage properties
(i.e., length and severity) on the energy transmission coefficient Tc of unbounded pipeline systems are
systematically investigated in this section. Detailed system parameters can refer to Table 4. At the

same time, to explain the non-uniform blockage induced resonant frequency shift patterns from an
17
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energy perspective, the transient frequency responses of bounded pipeline systems (like Fig. 9), with
the same system parameters (i.e., Table 4) as the unbounded systems, are also obtained.

First, the influence of non-uniform blockage severity on the energy transmission coefficient Tc of
unbounded pipeline systems is studied. According to Table 4, the blockage lengths (i.e., > and |5) of
Tests T1, T2, and T3 are fixed. From Test T1 to T3, the minimum radius Rc of the blockage gradually
increase from 0.15 m to 0.20 m, which means the blockage becomes less severe. The Tc curves of
these three tests are plotted in Fig. 11(a). It shows that the overall trend of these three curves is the
same except for the Tc values at a specific frequency. Specifically, for a fixed incident wave frequency,
more energy is transmitted through the non-uniform blockages as the blockages become less severe.
This is obvious since less severe blockages should have a less blocking effect on the propagation of
transient waves.

The resonant frequency shift patterns of bounded pipeline systems, with the same system
parameters as Tests T1, T2, and T3, adapted from a previous study of the authors (Che et al., 2018b)
are plotted in Fig. 11(b). The normalized resonant frequency shift of the m-th resonant peak is defined
as dwm = omp — wmi' (like Fig. 9), where wmi’ = the m-th normalized resonance frequency of the
intact pipeline system; wmp” = the m-th normalized resonance frequency of the pipeline system with
non-uniform blockages. As shown in Fig. 11(b), the fluctuation of resonant frequency shift patterns
induced by non-uniform blockages becomes less evident as the incident wave frequency increases. A
reasonable explanation for this is that non-uniform blockages, as shown in Fig. 11(a), have a less
blocking effect on the propagation of higher frequency waves, thus the resonant frequency shifts in
Fig. 11(b) induced by non-uniform blockages become less evident.

The influence of non-uniform blockage length on the energy transmission coefficient Tc of
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unbounded pipeline systems is also investigated. As shown in Table 4, the minimum radius Rc (i.e.,
severity) of the blockages in Tests T1, T4, and T5 is fixed. The length of the non-uniform blockages
gradually decreases from 100 m to 1 m. As shown in Figs. 12(a) and 12(b), the obtained Tc curves (for
unbounded system) and resonant frequency shift patterns (for bounded system) are similar with
previous tests. Moreover, both Tc curves and resonant frequency shift patterns of these three tests
almost coincide with each other. This means that the non-uniform blockage length has a limited
influence on the amount of energy transmitted through non-uniform blockages. Thus, these three tests
with various blockage lengths have the same blocking effect on the propagation of transient waves.
Preliminary Applications to Interpreting Laboratory Data

As shown in Fig. 13, two types of irregular blockages, made of aggregate or coir, have been
investigated in the laboratory by the authors for their influences on transient wave behavior (Duan et
al., 2017). But the influence of exponential non-uniform blockages has not yet well verified due to the
difficulty of constructing perfectly exponential non-uniform blockages in laboratories. Therefore, as a
preliminary application, the irregular blockage made of coir (with a mean roughness height of 3 mm)
used in Duan et al. (2017) is selected and approximated by uniform and exponential non-uniform
blockages (see Fig. 13). Then, the validity of two blockage approximation methods for transmission
coefficient estimations is studied and discussed. Note that these two approximated uniform and
non-uniform blockages have the same blocked volume. The experiment system consists of an
upstream reservoir, a pipeline with irregular blockages (like A to E in Fig. 8), and a downstream
discharge tank. Detailed system parameters are listed in Table 5, where Ip, Ro, and a are the length,
average radius, and average wave speed of the blocked section, respectively. More detailed
experimental settings and operations are reported in Duan et al. (2017).
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Because the experimental data in the frequency domain become relatively noisy for higher

harmonics, only the first ten peaks are selected to calculate the energy transmission coefficient Tc

based on Eq. (16). The Tc curves of the bounded pipeline system with irregular blockages (Eq. (16))

as well as corresponding unbounded pipeline systems with two approximated blockages (Eq. (12)) are

plotted in Fig. 14. As shown in Fig. 14(a), when the irregular blockage is simplified into a uniform

blockage, the periods (i.e., 1.00 and 1.16) of two Tccurves agrees well, but the energy transmission

estimation is quite inaccurate. In contrast, according to Fig. 14(b), the approximation in exponential

non-uniform blockages has a relatively good estimation of energy transmission, but the period

agreement is relatively poor (i.e., 0.58 and 1.00). This can be attributed to the simplicity of current

approximations, and detailed physical mechanisms of the interaction between transient waves and

irregular blockages cannot be wholly represented by these two simplified blockages.

Implications and Recommendations

In previous studies (Duan et al., 2014; Louati et al., 2018), the amplitude (equivalent to energy) of

transmitted and reflected waves of a uniform blockage in an unbounded pipeline system, as shown in

Fig. 3(a), was obtained by applying the mass and momentum conservation at pipe junctions (i.e.,

Junctions B and D in Fig. 3(a)). However, the cross area of a pipeline system with non-uniform

blockages, as shown in Figs. 3(b) and 3(c), changes continuously along its axial direction. This means

that the cross areas of intact and blocked pipe sections are the same at pipe junctions. Therefore, the

previous method (Duan et al., 2014; Louati et al., 2018) cannot be used for calculating the energy

transmission coefficients Tc of a pipeline system containing non-uniform blockages. Based on the

overall transfer matrix in Eq. (10), this paper proposes a new approach that is suitable for calculating

the energy transmitted through non-uniform blockages in an unbounded pipeline system. In addition,
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the derived result in Eq. (12) can be also applied to unbounded pipeline systems with multiple

blockages, which are more practical, once the system overall transfer matrices are determined.

The results and findings above demonstrate that two physical mechanisms govern the overall

pattern of energy transmission coefficient Tc in Fig. 4: (1) the Bragg’s law; and (2) the impedance

mismatch between intact and blocked pipe sections. The fluctuation of these Tc curves is due to the

Bragg’s law, and the fluctuation extent is determined by the impedance mismatch between intact and

blocked pipe sections. The impedance of exponential non-uniform blockages is frequency dependent,

which becomes smaller for higher frequency waves. This means that the higher the incident wave

frequency, the smaller the impedance mismatch between intact and blocked pipe sections. On this

occasion, higher frequency waves would feel a less blocking effect from exponential non-uniform

blockages. Therefore, more energy of higher frequency waves is transmitted through the non-uniform

blockages, and the induced resonant frequency shifts become less evident.

In practical applications of non-uniform blockage detection, it is a preferable and labour-saving

way to place the transient wave receiver at the same accessible point with the generator.

Understanding the energy transmission coefficient Tc curve of incident waves with various

frequencies provide valuable insights into the blocking effect of non-uniform blockages on transient

waves. It is useful for the selection of incident wave frequency and bandwidth to ensure that the

reflected waves contain enough energy for the pressure transducer (i.e., receiver) to measure.

Otherwise, the reflected waves, which have limited energy, may be buried by the background noises.

In this case, the useful resonant frequency shifts of this measured signal may be less evident that

cannot be used to detect non-uniform blockages accurately.
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The preliminary application of the derived result in the laboratory indicates that approximations

of the irregular blockage into a single uniform or exponential non-uniform blockage only have a

reasonable estimation in either the phase or the amplitude of the real energy transmission coefficients.

This is due to the relatively simple geometry of two approximated blockages, which is unable to

capture the complex interaction between transient waves and irregular blockages. Therefore, it is

necessary to further investigate the transient wave behaviour in a series of jointed non-uniform

blockages (i.e., irregular blockage) and its influence on energy transmission coefficients. In this

regard, the derived transmission coefficient in Eq. (12) is also applicable to an appropriate

combination of multiple and different non-uniform blockages, which may form as a more realistic

irregular blockage (like Fig. 1(c)), once the overall transfer matrix of this combination is determined.

Conclusions

This paper explains the resonant frequency shift pattern induced by non-uniform blockages in

pressurised water pipelines from an energy perspective. First, the overall transfer matrix of a pipeline

system containing exponential non-uniform blockages is analytically derived based on the 1D plane

wave solutions. The overall transfer matrix is then used to derive the energy transmission coefficient

of the unbounded pipeline system, which is numerically validated by the method of characteristics.

Finally, the resonant frequency shift pattern of bounded pipeline systems with non-uniform blockages

is explained by energy transmission curves of unbounded pipeline systems.

The results indicate that the exponential non-uniform blockages have a less blocking effect on

the propagation of higher frequency waves. This is because the impedance of non-uniform blockages

is frequency dependent, which becomes smaller for higher frequency waves. Therefore, the

non-uniform blockage induced resonant frequency shifts become less evident for higher harmonics. In
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practical applications of non-uniform blockage detection, the frequency and bandwidth of the incident
wave should be selected carefully according to the energy transmission coefficient Tc curve to ensure
that the reflected wave contains enough energy for pressure transducers to measure.

The preliminary applications to interpreting laboratory data indicates that further experimental
and numerical verification of the derived result, as well as further investigation on the influence of
irregular blockages on transient wave behaviour are needed in the future work.

Appendix
Detailed Derivation Procedure of the Energy Transmission Coefficient
As shown in Fig. 2, at the upstream and downstream boundaries of the pipeline system (i.e., locations
A and E), the energy flow (i.e., power) passing through a unit cross-sectional area (termed as power
intensity) is defined as (Blackstock, 2000)

| = lJ‘T p'u’dt (17)

T Jo

where | = power intensity; T = 27/e for time-harmonic waves; p* = pressure deviation from the mean
in the time domain; u” = axial velocity deviation from the mean in the time domain; t = time.

In classical acoustics, including water hammer problems focused on herein, it is often assumed
that p” and u” are time-harmonic waves (Chaudhry, 2014; Che et al., 2018b)

p'=pe”, u =ue“ (18)
where p and u are complex amplitude. Specifically, let u = |ule”’, where |u| = amplitude; & = phase.

In the transient pipe flow analysis, the specific impedance is usually used for describing the
transient wave propagation characteristics in specified pipelines, which is defined as

2, =P - P_Re(z,)+iim(z,)=[z, ¢ (19)

u u

z

sp

where Zg, = specific impedance; “Re” = real part; “Im” = imaginary part; Re(Zs,) = resistance; Im(Zsp)
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= reactance; ¢ = phase angle between p~ and u”. Substituting Eq. (19) into Eq. (17), it becomes

I = 22 ;ﬂ/wRe(Zspu*)Re(u*)dt
7

@ (27le

=1, |u|2 cos (ot +60+¢)cos(wt+6)dt
z

Z,

(20)
|2

1
2

o|COSP

~ I Re(2,)
As shown in Fig. 2, for the upstream (i.e., location A) and downstream (i.e., location E) boundaries
with a cross-sectional area Sy, the energy flow passing through this area is
W =18, =2 Re(Z,)5, 1)
where W = energy flow; Sy = the pipe cross-sectional area of intact junctions.

The energy transmission coefficient Tc of a blocked pipeline system with anechoic boundaries
(i.e., located at A and E), as shown in Fig. 2, is defined as the ratio between the energy flow
transmitted through the non-uniform blockage (W) and that incident on the blockage (Win).

T, =—& (22)
The general solutions of p for the 1D wave equation in intact Pipe 1 and Pipe 4, as shown in Fig. 2,
are (Duan et al., 2014)
p = Me "% 4+ Ne'o* (23)
where M and N are amplitude of the incident and reflected waves, respectively.
Substituting Eq. (23) into the frictionless 1D water hammer model, the following general

solutions of U can be obtained

1
PoBy

U=

(Me—ikox _ Neikux) (24)
where po = fluid density. The energy flow generated at the downstream boundary (i.e., located at E) is

1

_ M|
2p,8,

S, (25)
2

|ME|2Re(ZSp)SO =

in
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where Mg = amplitude of the incident wave generated at the downstream boundary (i.e., located at E).
Similarly, the energy flow transmitted through the non-uniform blockages (i.e., measured at A) is

L

o re(z,)s, - Mols, @)
0

r =

where My = amplitude of the transmitted wave recieved at the upstream boundary (i.e., located at A).

Therefore, the energy transmission coefficient Tc of the unbounded blocked system in Fig. 2 is

2

W,

_ W

M

—A

M

C W.

n

27

E

The amplitude of a progressive wave keeps constant as it travels along a uniform pipe section (Munjal,
2014). Therefore, as shown in Fig. 2, Ma and Mg can be measured at any point along Pipe 1 and Pipe
4, respectively. To simplify the calculation, pipe lengths |; and 4 can be taken as zero if necessary.

The overall transfer matrix (in terms of U and p) of a blocked pipeline system, as shown in Fig. 2,
is

(4% ol
Pl Vo Vo lP),

where Vjj” = elements of the overall transfer matrix (in terms of u and p).

Based on the general solutions in Egs. (23) and (24), the p and u at two locations A and D can be

expressed as (note that Na = 0)

P.=M,+N, =M, (29a)
U, = (M, ~N,)=a (29b)
Loy Pody
Pp =M, +N; (29¢)
1
u, = M. —N (294d)
° poao( e~ Ne)

From Egs. (29a) to (29d)
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M. = Pp + £,Up _ (Vz*luA +V2*2 Pa ) + Pody (VljuA +V1§ pA)

. 2 2
M M (30)
[VZ*I A +V;2 M A J + poao [VS A +V12 M A J
_ P8 £,
2
The ratio between M and Mg is

My _ 2 G

M A . .

. 24V, +Vi, + 03V,

Loy

Therefore, the energy transmission coefficient Tc can be represented by the overall transfer matrix

elements Vj;" (in terms of u and p)

(32)

V * * *
2+, VY + gV,
Pody

In terms of discharge g and pressure head h, the overall transfer matrix of the unbounded pipeline

system in Fig. 2 is

{Q} {UIZ U{ZHQ} (33)
h D U;l U;Z h A

Writing Eq. (33) in the equation form

S,u, =US,u, +U; P (34a)
P09
p * *
> =U,S,u, +U,, Pa (34b)
£o9 £o9

where Sa and Sp are the pipe cross-sectional areas at two boundaries A and D in Fig. 2, respectively.

Rewrite Egs. (34) as

u, = E_AUI*I Uy + Y Pa (353)
Sp P85y
; —
VII VlZ
Pp = pogSAU; N +U;2 PaA (35b)
vy V.

in which Sp = Sp = Sy. Therefore, the energy transmission coefficient Tc can be represented by overall
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transfer matrix elements Ui (in terms of g and h)

(36)
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Notations

A = A(X) = pipe cross-sectional area (m?);

ao = wave speed (m/s);

“exp” = is short for “exponential”;

g = gravitational acceleration (m/s%);

h = pressure head deviation in the frequency domain (m);

| = power intensity (kg/s®);

“Im” = imaginary part;

i = imaginary number;

k = wave number;

Ko = wave number in intact pipe sections;

k' = group wave number in the exponential non-uniform blockage;
I, = length of the n-th non-uniform blockage (or pipe) (m);
M, N = constants;

P = pressure in the time domain (Pa);
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P = dimensionless pressure in the time domain;

Pin = the incident wave pressure at the generator (Pa);

Po = the initial pressure in the pipeline (Pa);

p" = pressure deviation from the mean in the time domain (Pa);

p = pressure deviation from the mean in the frequency domain (Pa);
q = discharge deviation in the frequency domain (m%/s);

R = radius of an intact pipe (m);

“Re” =real part;

Rc = pipe radius at Junction C (m);

r = r(x) = pipe radius (m);

Sy = pipe cross-sectional area of intact junctions (m?);

Sh = pipe cross-sectional area at Junction n (m?);

S = a coefficient that determines the radius changing rate of non-uniform blockages;
Tc = energy transmission coefficient;

t =time (s);

Ujj = transfer matrix elements;

Ujj" = system overall transfer matrix elements;

Vij* = system overall transfer matrix elements (in terms of U and p);
u” = axial velocity deviation from the mean in the time domain (m/s);
u = axial velocity deviation from the mean in the frequency domain (m/s);
W = energy flow (kg'm?/s?);

X = distance along the pipeline (m);
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Z = impedance (Pa-s/m?);

dw” = normalized resonant frequency shift induced by blockages;

po = fluid density (kg/m?);

= angular frequency (rad/s);

" = dimensionless angular frequency;

¢ = angular central frequency of the incident wave (rad/s);

weut = cutoff frequency of the exponential non-uniform blockage (rad/s).
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Figure Caption List

Fig. 1. (a) Random and non-uniform blockages in real water pipelines (reprinted from Che et al.,
2018b, © ASCE); (b) sketch of a real pipeline with random and non-uniform blockages; (c) sketch of
a simplified pipeline with exponential non-uniform blockages used for analytical analysis.

Fig. 2. An unbounded pipeline system containing two symmetrical exponential non-uniform
blockages (with a wave generator and a wave receiver).

Fig. 3. Unbounded pipeline systems with (a) uniform blockages; (b) exponential non-uniform
blockages; and (c) linear non-uniform blockages.

Fig. 4. Energy transmission coefficients Tc of intact and blocked pipeline systems.

Fig. 5. (a) Measured pressure signals in the time domain (e = 1); (b) corresponding pressure signals
in the frequency domain (¢ = 1).

Fig. 6. Measured pressure signals in the time domain (a) w:" = 0.5, (¢) . = 1.5, (e) wc = 2.5;
corresponding pressure signals in the frequency domain (b) w¢ = 0.5, (d) w¢" = 1.5, (f) wc = 2.5.

Fig. 7. Numerical validation of the derived energy transmission coefficient Tc.

Fig. 8. A bounded reservoir-pipeline-valve system.

Fig. 9. Transient frequency responses of bounded pipeline systems with both steady and unsteady
friction.

Fig. 10. Energy transmission coefficients Tc of bounded and unbounded pipeline systems.

Fig. 11. (a) Energy transmission coefficients Tc of unbounded non-uniform blocked pipeline systems;
(b) resonant frequency shifts of bounded systems induced by non-uniform blockages.

Fig. 12. (a) Energy transmission coefficients Tc of unbounded non-uniform blocked pipeline systems;
(b) resonant frequency shifts of bounded systems induced by non-uniform blockages.
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741  Fig. 13. Sketches of the irregular blockage and its uniform and exponential non-uniform

742  approximations.

743 Fig. 14. The irregular blockage is approximated as (a) uniform blockage; (b) exponential non-uniform

744  blockages.

745
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746 Tables

747
748
749 Table 1. Detailed pipeline system parameters for energy transmission coefficient Tc calculations
Blockage type I (m) I, (m) I3 (m) l4 (m) R (m) Is| Rc (m)
intact 300 100 100 500 0.25 0 0.25
uniform 300 100 100 500 0.25 0 0.2
exp non-uniform 300 100 100 500 0.25 4.64E-03  0.1572
linear non-uniform 300 100 100 500 0.25 1.00E-03 0.15
750
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754

Table 2. Detailed system parameters for numerical validation

Blockage type

|1 (m)

|2 (m)

|3 (m)

l4 (m)

R (m)

Is|

Rc (m)

ao (m/s)

exp non-uniform

300

100

100

500

0.25

4.64E-03

0.1572

1000
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Table 3. Detailed pipeline system parameters

Pipeline system I (m) I> (m) I3 (m) l4 (m) R (m) Rc (m) [s] f
bounded 399 1 1 599 0.25 0.15 5.11E-01 0.02
unbounded 399 1 1 599 0.25 0.15 5.11E-01 0
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Table 4. Detailed pipeline system parameters of bounded and unbounded pipeline systems

Test no. Iy (m) I> (m) I5 (m) l4 (m) R (m) Rc (m) [s]
TI 300 100 100 500 0.25 0.15 5.11E-03
T2 300 100 100 500 0.25 0.175 3.57E-03
T3 300 100 100 500 0.25 0.20 2.23E-03
T4 390 10 10 590 0.25 0.15 5.11E-02
T5 399 1 1 599 0.25 0.15 5.11E-01
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Table 5. Settings of the experimental test system (Duan et al., 2017)

Blockage type

|1 (m)

|b: |2+ |3 (m)

ly (m)

R (mm)

ao (m/s)

Re (mm)

ap (m/s)

rough coir

15.58

5.54

20.41

36.6

1180

29.8

1010
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Figures

Fig. 1. (a) Random and non-uniform blockages in real water pipelines (reprinted from Che et al., 2018b,
© ASCE); (b) sketch of a real pipeline with random and non-uniform blockages; (c) sketch of a simplified

pipeline with exponential non-uniform blockages used for analytical analysis.
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Fig. 2. An unbounded pipeline system containing two symmetrical exponential non-uniform blockages

(with a wave generator and a wave receiver).



Fig 3 Click here to access/download;Figure;Fig 3.pdf %

(a) ,
!a h e b gehsy) A N
- 1 ——

(b)
T

- + 4+ /\/\/
P N
(c)

= + .‘_

=

Fig. 3. Unbounded pipeline systems with (a) uniform blockages; (b) exponential non-uniform blockages;

and (c) linear non-uniform blockages.



Click here to access/download;Figure;Fig 4.pdf %

Fig 4

&} W /] Ay . N /s \/
=708 ! |

'l -~ Intact

07 i -‘U.nlform )
4 - Linear non-uniform

06 A4 ‘ —Exp non-uniform

0 1 2 . 3 4 5
[
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Fig. 6. Measured pressure signals in the time domain (a) o, = 0.5, (¢) w. = 1.5, (e) w. = 2.5;

corresponding pressure signals in the frequency domain (b) w.” = 0.5, (d) w.” = 1.5, (f) w. =2.5.
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Fig. 7. Numerical validation of the derived energy transmission coefficient 7c.
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Fig. 8. A bounded reservoir-pipeline-valve system.
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Fig. 9. Transient frequency responses of bounded pipeline systems with both steady and unsteady friction.
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Fig. 10. Energy transmission coefficients 7¢ of bounded and unbounded pipeline systems.
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Fig. 11. (a) Energy transmission coefficients 7¢ of unbounded non-uniform blocked pipeline systems; (b)

resonant frequency shifts of bounded systems induced by non-uniform blockages.
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Fig. 12. (a) Energy transmission coefficients 7¢ of unbounded non-uniform blocked pipeline systems; (b)

resonant frequency shifts of bounded systems induced by non-uniform blockages.
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Fig. 13. Sketches of the irregular blockage and its uniform and exponential non-uniform approximations.
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Fig. 14. The irregular blockage is approximated as (a) uniform blockage; (b) exponential non-uniform
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