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Abstract:

Extended partial blockages are common in pressurized water pipelines and can result in the
wastage of energy, the reduction in system carrying capacity and the increased potential for
contamination. This paper investigates the transient wave-blockage interaction and its
application to extended blockage detection in pipelines, where blockage-induced changes to the
system resonant frequencies are observed. The frequency shifting is first inspected and explained
in this study through wave perturbation analysis, providing a theoretical confirmation for the
result that unlike discrete blockages, extended blockages cause resonant frequency shifts in the
system. Furthermore, an analytical expression is derived for the relationship between the
blockage properties and the resonant frequency shifts and is used to detect the blockages in this
study. The obtained results are validated through both numerical applications and laboratory
experiments, where the accuracy and efficiency of the developed method for extended blockage

detection are tested.
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1. Introduction

Pressurized conduits transporting fluids such as freshwater, seawater, storm-water, wastewater,
oil, and blood often experience partial blockages during their lifetime. The blockages begin in
the form of a small increase in the wall roughness that grows with time from physical or
chemical processes and can eventually block a sizeable portion of the pipe cross sectional area
(Stephens, 2008). These blockages result in the wastage of energy, a reduction in the pipe
carrying capacity and the increased potential for contamination. In addition, the severely
throttled flows from blockages cause flow redistribution in the pipe network and can result in the
overpressure of pipes and the development of leaks. It is therefore of paramount importance to
detect blockages so that they are dealt with in a timely manner.

Transient-based methods, where a transient signal is injected into the conduit and the
response measured at specified locations, is a promising approach for detecting defects in pipes
and have been used in the detection of discrete blockages, leaks, and assessment of pipe wall
condition (Liggett and Chen, 1994, Brunone, 1999, Brunone and Ferrante, 2001, Vitkovsky et al.,
2000, Wang et al., 2002, Wang et al., 2005, Ferrante and Brunone 2003, Covas et al., 2004,
Mohapatra et al., 2006, Sattar et al., 2008, Lee et al., 2004, Lee et al., 2006, Lee et al., 2008,
Stephens, 2008, Duan et al., 2011a, Duan et al., 2011b, Duan et al., 2012, Duan et al., 2013,
Mohapatra and Chaudhry, 2011, Meniconi et al., 2009, Meniconi et al., 2011 and Meniconi et al.,
2013). The tenet of this approach is that a measured pressure wave signal in a conduit is

modified by, and thus contains information on, the conduit properties.



Stephens et al. (2005), Brunone et al. (2008) and Duan et al. (2012) proposed that
blockages in pipes are divided into two categories—discrete and extended blockages—according
to its relative length to the total pipeline length. In the context of discrete blockages, Contractor
(1965) shows that a discrete partial blockage causes a partial reflection of a waterhammer wave
where the amplitude of the reflected wave provides information on the severity of the
constriction and the arrival time of the reflected wave provides the location of the blockage. The
findings in Contractor (1965) have been confirmed and used for blockage detection by Wang et
al. (2005) and Meniconi et al. (2009, 2011 and 2012). Wang et al. (2005) showed that a discrete
blockage in a pipe system introduces a frequency dependent damping to the transient signal and
developed a technique for locating and sizing discrete blockages based on this damping.
Mohapatra et al. (2006), Sattar et al. (2008) and Lee et al. (2008 and 2013) found the effect of
the blockage in time translates to a pattern being imposed onto the amplitudes of the resonant
responses from the system and this pattern can be used to detect and locate the discrete blockages
in the frequency domain.

Field tests by Stephens et al. (2005) and laboratory experiments by Meniconi et al. (2012)
found that extended blockages have significantly different impacts on the system responses
compared to discrete blockages and discrete blockage detection techniques are not applicable for
extended blockages. Stephens et al. (2005) shows that severe wall deterioration is often
associated with a reduction in the pipe flow area as well as wavespeed, with nearly 40%
reduction in both parameters observed in the field. Similarly, extended changes in pipe wall
thickness and material was found to produce changes in the wavespeed in the laboratory studies
of Hachem and Schleiss (2011, 2012a and 2012b) and Tuck et al. (2012). Duan et al. (2012) and

Tuck et al. (2012) show that extended blockage changes the amplitude as well as the position of



resonant responses from the system. An analytical expression for the blockage-induced changes
in the system resonant frequencies was derived in Duan et al. (2012) and was used for detecting
extended blockages in pipelines. To determine the properties of the blockage, an optimization
process coupled with a Genetic Algorithm (GA) was used to fit the observed resonant
frequencies with the theoretical expression. This approach was verified using numerical as well
as experimental results in Duan et al. (2012, and 2013) and Meniconi et al. (2013). It was found
from these studies that the solution process is time consuming and its efficiency decreases
significantly with the number of blockages in the system. A simplified form to the original
analytical equations was developed in Duan et al. (2013) and the computational efficiency was
increased by sacrificing the accuracy of the solution.

This paper further investigates the effect of extended blockages on the system frequency
response and proposes an improvement to the frequency domain method for detecting extended
blockage in pipes. The frequency shifts due to wave-blockage interaction is inspected using wave
perturbation analysis and the expression for the resonant frequencies shifts proposed in Duan et
al. (2012) is simplified using a first order approximation and the result is validated numerically

and experimentally.

2. System Frequency Response-Based Extended Blockage Detection

The analytical expression for the frequency response of extended partial blockage pipeline
system in Duan et al., (2012) is derived using the transfer matrix method, where the one-
dimensional (1-D) waterhammer equations are linearized in the frequency domain (Chaudhry,
1987). For the blockage-free pipeline in Fig. 1(a), Chaudhry (1987) defines the system resonant

frequencies as the solutions to the following equation,
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propagation coefficient, Ag = cross-sectional area of uniform (blockage-free) pipe, Do = pipe
diameter, Lo = pipe length, a; = acoustic wavespeed of uniform pipe, g = gravitational
acceleration, i =</~1, and R, =R_+R,, = friction damping factor, with R_andR,, representing
the steady and unsteady friction components respectively and the subscript “0” represents the
uniform system.

V ikovskyet al. (2003) derived the frequency domain expressions for unsteady friction

damping for laminar and turbulent flows based on Zielke (1968) and Vardy and Brown (1996).
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If neglecting the friction effect (i.e., R=0), the frequency corresponding to the k™ resonant

peak in a blockage-free (uniform) pipeline system in Fig. 1(a) can be obtained as,
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(2m—1)m,, where m is a real positive integer and w,, =27 4a|i is the theoretical or
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fundamental frequency of the uniform (blockage-free) pipeline system. The result shows that the
spacing between the resonant peaks in a blockage-free system is a constant and the resonant
peaks are spaced equally along the frequency axis.

The resonant frequencies for the system with an extended blockage in Fig. 1(b), are

determined by Duan et al. (2012 and 2013) as,
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of the blocked pipe case; and subscripts 1, 2, 3 denote pipe sections numbered from upstream to

downstream. For convenience, the frequency associated with the k™ resonant peak, @, (k) is

written as @, .

The result of Eq. (2) shows that the resonant frequencies of the system with an extended
blockage are different from the uniform pipe case of Eq. (1). These differences are functions of
the characteristic impedance Y and the wave propagation constant A of each pipe section, and are
related to the length, location and severity of the extended blockages. The system frequency
responses for both blockage-free and blocked systems are obtained using the procedure in Lee et
al. (2004 and 2008) and the results are plotted in Fig. 2. The figure shows clear differences in the
resonant peak frequencies as well as the magnitudes of the resonant peak responses between the
two cases.

Duan et al. (2012 and 2013) obtained the properties of the extended blockages by
inversely calibrating the resonant frequencies calculated in Eq. (2) to data obtained from the
numerical and experimental tests. Despite its success for detecting extended blockages, the
inverse calibration procedure demonstrated in Duan et al. (2012 and 2013) using Eqg. (2) is time
consuming and the efficiency is greatly reduced with an increasing number of blockages.
Moreover, as shown in Eqg. (2), the expression for the resonant frequencies in a system with an
extended blockage is complicated and the effect of the blockage length, location and severity on

the resonant frequencies cannot be clearly seen from the expression. Further analysis on the



result of EQ. (2) is required to address these issues.

It is necessary to point out that the determination of the resonant frequencies does not
require the system to be forced into a state of resonance and any signal with a wide range of
frequencies can give the resonant frequencies through analysis in the frequency domain. Details
on this frequency domain analysis approach can be found a recent state-of-the-art paper by Lee

et al. (2013).

3. Understanding the Properties of Extended Blockage Induced Frequency Shifting

While the blockage-induced shifts in the system resonant frequencies in Fig. 2 have been shown
in experimental data and numerical simulations (Stephens et al., 2005, Brunone et al., 2008,
Duan et al., 2012 and Duan et al., 2013), the physical understanding for this change remains
unclear. This effect is first investigated using wave perturbation analysis followed by the
quantitative derivation of the expression for the frequency shifting. The 1-D wave equation for a

conduit with varying pipe cross-sectional area is given in Duan et al. (2011c) as,
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where P = pressure response in the time domain; x = longitudinal coordinate along the pipeline
with x = 0 as the centre of the pipe system as well as the extended blockage; and t = time
coordinate. Note that a frictionless pipe with a constant wave speed is considered in this analysis

to highlight the interaction between the transient wave and blockage. Eq. (3) is first re-written as,
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where the difference between the blockage-free (i.e. rhs = 0) and extended blockage situations

(i.e. rhs # 0) is clearly shown as a function of the spatial variation of the flow cross-sectional area,
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. Furthermore, by considering an incident pressure wave with a certain frequency ()

impinging on the blockage from the boundary end, P=P(x,w)e ™ , where P(x,w)is the

amplitude of the propagating wave in the pipeline, Egs. (3) and (4) can now be simplified as,
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Thus, Eq. (5) is the well-known Sturm-Liouville type equation (Zettl, 2005) and can usually be
analyzed by the perturbation method (Mei et al., 2005).

To investigate the effect of an extended blockage on the wave propagation, the pipeline
in Fig. 1(b) is used and reflections from the either ends of the pipeline are ignored to highlight
the effect the blockage on the wave propagation (i.e. reflection-free end boundaries). A similar
derivation has been carried out by Mei et al. (2005) for open channel flows. Eq. (5) is first solved
by wave perturbation analysis and for each section of the pipeline, Eq. (5) is satisfied as,
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where kj:% is wave number, and j = 1, 2, 3 identifies the pipe sections shown in Fig. 1(b).

]

Under this condition, the pressure head responses for the three pipe sections from an incident
wave with amplitude Py and frequency ay originating from +oo are obtained as follows (note that

x = 0 corresponds to the middle of the extended blockage in Fig. 1b):
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where |, here refers to the length of blockage section in Fig. 1(b); | and R are amplitudes of
incident and reflected waves. Therefore under the conditions of reflection-free end boundaries, I3
= Py since the incident wave in this pipe section is the known wave originating from the
downstream boundary at x = +o0. In addition, since the reflection from the upstream boundary is
ignored, Ry = 0. This produces four remaining unknowns (I, Iz, Rz, and R3) in the solutions given
by Eq. (8). These unknowns are evaluated from the enforcement of mass and momentum

conservation at the pipe junctions (i.e., x = 0.5l, and x = -0.5l;) and leads to:

P=pP at x=—-0.5l,

oP oP
L= 2 at x=-0.5
A OX A oX ’ )
P=P at x=051
P P
2 = > at x=0.51
A OX A OX ’
Combining Eqg. (8) and Eq. (9) gives,
— [(1+312)(1_523)92ik2|2 +(1_312)(1+323)] (10)
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where s, :El—ﬁz and s,, ::zz—ii. If a single blockage is considered (i.e., A; = Azand a; = ag),

which implies k; = ks and s, =s,,. As aresult, Eq. (10) becomes:
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where & is a measure of the radial constriction imposed by the blockage. It is instructive to
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consider a blockage with small radial constriction (i.e.,

.

<<1) which simplifies Eq. (11a) to:
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Substituting Eq. (11b) into Eq. (8), the pressure head at downstream pipe section (i.e., for

x>0.51) is:
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in which the term (a) represents the wave propagation in a blockage-free pipeline while term (b)
represents the effect of the extended blockage on the wave field. In particular, the presence of the

—2ik,

e 2" n term (b) clearly shows that the blockage induces a frequency shift, while the

presence of £ shows that the blockage induces a change in wave amplitude. In addition, since

e 1 as I,tends to zero (or more precisely as k | tends to zero), the expression provides a

theoretical proof that a discrete blockage (blockage with a negligible length) causes a change in
the wave amplitude but no phase shift. This result is consistent with Wang et al. (2005),
Mohapatra et al., (2006), Lee et al. (2008 and 2013) and Sattar et al., (2008), where a blockage of
a sufficiently short length can be approximated as a lumped local loss (discrete blockage), which
changes the amplitude of the system resonant responses but not their frequencies. The quantity of

this frequency shifting by the extended blockage is further analyzed in the next section.

It is insightful to investigate Eq. (11) further. Since, kI, = &Izand, a)ozzl_—”a0 , where Ly
a

2 0

and ag are the wave length and speed of the incident wave, then k.|, = Znil—z. The blockage

a L

2 0

. - . a | . .
induced variations of wave amplitude and phase angle versus D _ —°L—2 are investigated for the
®, a

2 2 0
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small blockage case of

.

<<1, and the results are plotted in Fig. 3. The results demonstrate that

. . - : | .
the reflected wave amplitude and frequency varies periodically with D - EL_Z . As a result, it
®, a

is clear that the blockage selectively reflects some waves more than others and highlights that the
detection methods that focus on using wave generation mechanisms of limited frequency content
are only effective for blockages with certain lengths. In fact, according to Eq. (11), maximum
reflection occurs if

2k2|2:(2m_1)72':>i|_2:&:M,
a L w 4

2 0 b

(13)

where m is an integer. This condition is referred to in the gravity waves literature as resonance

condition (e.g., Mei et al., 2005).

4. Analytical Derivation of Extended Blockage Induced Frequency Shifting

The numerical and experimental studies in Duan et al. (2012 and 2013) have shown that both
steady and unsteady friction do not shift the system resonant frequencies and the assumption of R
= 0 is therefore justified in the following derivation to highlight the effect of the extended
blockage. The full effect of friction is taken into account for the comparisons with numerical and

experimental data later in the paper. For the case of a single extended blockage in Fig. 1(b),

Y=Y, =YY=t y=-"2 =2 A= 3=-= andA=—2. (14)
gA) gAZ aO aZ a'O a'O

By defining the changes in the characteristic impedance and wave propagation coefficient

imposed by the extended blockage section as oY =Y,-Y, and A =(4 + 4, +A1,)-4, , the

following results can be obtained,
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where ¢, and &, = the changes of the characteristic impedance and wave propagation coefficient

relative to the values of original blockage-free case respectively. Furthermore, by defining,

g_@_A)—AZ I o _a —a,

A g =—-,and ¢, =— , (16)
A) & LO aO aO
gives,
g = £27% and £, =& & | (17)
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where ¢,, ¢, and ¢, represent the pipe area, pipe length and pipe celerity changes imposed by
the extended. Previous studies such as Stephens et al. (2005) and Stephens (2008) have found
that areas of severe wall deterioration are often associated with a reduction in the pipe flow area
as well as wavespeed, with nearly 40% reduction in both parameters observed in the field. The
results of Eq. (15) through to Eq. (17) demonstrate that the changes in the system parameters
imposed by the extended blockage (&4, &, and &) result in changes in the pipe characteristic
impedance and wave propagation coefficients (&y and ;). That is, a severe blockage that imposes
a significant change in cross-sectional area (&), wavespeed (&) or has a long blockage length (&)
produces large values of & and/or ¢;.

By defining o, =w,, +Aw, (or Aw, =, —o,,) and by combining Eq. (14) through

Eq. (17) where Aw, is the size of the shift in resonant frequency between the uniform and

blocked cases for a particular resonant peak, the result of Eq. (2) can be rewritten in terms of &4,

&, a and Aw, . Using a first order approximation and after trigonometric transformations and

rearrangements, the resonant frequency shift normalized by the theoretical frequency of the

12



uniform pipeline can be expressed as,

Ao, =—, (18)

where C, and Cq are coefficients relating to the extended blockage parameters defined as Eq. (A4)
in the appendix of the paper.
It is necessary to note that under most practical situations the blockage causes a reduction

in the pipe celerity and ¢, is normally much smaller than 1 with & ~ 0.4 observed in the literature

for extreme cases (e.g., Hachem and Schleiss, 2012a, Hachem and Schleiss, 2012b, Stephens et
al., 2005 and Stephens, 2008). Based on &, <<1, Eq. (18) can be further simplified with regard to

&nand g as,

Ao, 22, {sin(z/la) )-sin(22.0, )—28’* sin(2¢, 4, )} (192)
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Or in terms of the resonant peak number (m) as,

A0, (2 ¢, {sin[(4m ~2)Aw,,|-sin[4m-2)Le,, |- —Z2—sin[(4m - 2)5/10%0]}
@y, wTL—€&, —&,
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(19b)
The detailed derivations for Eq. (19), Eq. (19a) and Eq. (19b) are shown in the appendix
of the paper. The simplified result of Eq. (19) shows that the resonant frequencies are shifted in a
periodic pattern and that the pattern is dependent on the size, length and location of the extended
blockage (&a, aand A3). This result is consistent with the findings of Duan et al. (2012 and
2013). Furthermore, when the longitudinal length of the blockage is very small (i.e., I, ~ 0) such

that & tends to zero, the magnitude of the frequency shift also approaches zero according to Eq.
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(19b) and is a further confirmation for the behavior of discrete blockages previously shown using
Eq. (12). Moreover, once its accuracy is confirmed, Eq. (19) provides an efficient alternative to
the complicated Eq. (2) for determining the blockage properties through an inverse calibration
process. In the following sections numerical and laboratory experiments are conducted and used

for the verification of Eq. (19).

5. Numerical Validation and Results Analysis

The single pipeline systems in Figs. 1 (a) and (b) are used for validating the results of Eq. (19a)
and Eq. (19b). The reservoir head at the upstream end of the system is fixed at 50m and the valve
at downstream end is initially fully open. The reservoir and boundary valve are connected by a
single pipeline of 1000m length and 0.5m diameter. The steady state flowrate in the pipeline is
0.1m%/s and the transient signal is caused by the sudden and full closure of the end boundary
valve. The pressure head trace is measured at the upstream face of the valve. A total of 6
blockage cases (labeled as cases no. N1 through to N6) with a wide range of 4 and & values are
tested numerically and the parameter settings are shown in Table 1.

To initially highlight the impact of different blockage constriction severities on the shift
pattern of Eq. (19), the wavespeeds for all sections (original and constricted) are fixed at
1000m/s (i.e., & =0 but & #0). That is, the effect of &4 is first inspected in this section while the
effect of & will be tested later in the paper. The numerical tests are conducted by a 1-D method
of characteristics (MOC) model (Wylie et al., 1993 and Ghidaoui et al., 2005), with the pipeline
discretized into 200 sections. The Darcy-Weisbach formula with friction factor f =0.015 and the
weighting function based unsteady friction model by Vardy and Brown (1996) are used for

representing the steady and unsteady components of wall shear during the transient events. The
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time domain head traces collected at the upstream face of the valve are converted into frequency
response functions using the technique described in Lee et al. (2006 and 2008). The frequencies
of the resonant peaks are then extracted from the resultant spectrum, normalized by the
fundamental frequency of the original uniform pipe and plotted in Figs. 4 and 5 for all cases.
Note that Fig. 4 shows the impact of small blockage severities (with £4<0.5) whereas Fig. 5
shows the impact of large blockage severities (£4>0.5). The results are labeled as “numerical -
MOC” in the figures and they display shifting patterns for the resonant frequencies that are
consistent with the periodic form of Eq. (19).

To examine the validity of Eq. (19), the extended blockage properties are determined by
inversely fitting the observed resonant peak shifts with the analytical form of Eq. (19). The fitted
result for each case is plotted and labeled as “predicted - Eq. (19)”. The relative error of the
estimated blockage parameters is calculated for each case and listed in Table 2. The relative error
of prediction in Table 2, y, is defined as the difference between the predicted result and the real
value normalized by the real value.

The results from Table 2 show that Eqg. (19) can be used in an inverse procedure to
accurately locate and size the blockage in the pipeline for a wide range of &4, with the maximum
prediction errors for the blockage location, length and severity at 0.3%, 2.3% and 4.9%
respectively. It is also important to note that the computation efficiency has been increased in
this procedure using Eq. (19) compared to original Eq. (2). The usage of Eq. (19) only requires
10% of the computation time needed when Eq. (2) is used and yet Figs. 4 and 5 demonstrate that
the EQ. (19) can correctly reproduce the patterns of frequency shift.

The relationship between the amplitude of the frequency shift patterns and the severity of

the blockage constriction, ¢4, is plotted in Fig. 6 for values of ¢4 from mild blockages (e.g.,
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~0.0) to severe blockages (e.g., ~1.0). The results show that the shift pattern amplitudes of all six

cases are monotonously increasing with the value of ¢4 and is consistent with Eq. (19) where the

gA
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maximum frequency shift size (i.e., max | |——
(4

tho

J) Is increasing with a factor of
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Another impact from an extended blockage on the pressure response is the change in the
pipe wave celerity within the blockage section. The variation of wavespeed in water piping
system from pipe deterioration has been studied in the field and up to 37% reduction in
wavespeed is observed in extreme cases (Stephens et al., 2005). From this point of view, the &
values for most practical cases are expected to be significantly smaller than 1 (i.e., &<<1) and
the impact of a large wavespeed variation is studied to test the accuracy of Eq. (19) under
extreme conditions. Two different cases (cases N2 and N5 in Table 1) are used for this
illustration. The wavespeed of the blockage section for case N2 is changed by 20% and 50% for
case N5. Other parameters of the blockage are kept the same as in Table 1. The size of the
wavespeed change covers the range of extreme cases presented in the literature (Stephens et al.,
2005, Stephens, 2008, Hachem et al., 2011, Hachem et al., 2012a and Hachem et al., 2012b). The
results are shown in Fig. 7. Compared to the previous results with & = 0, Fig. 7 shows that
despite a small difference in the magnitude of the shifting pattern, the variation of & value (from
0 to 0.5) caused by the extended blockage has little influence on the accuracy of Eq. (19). This

result also validates the first order simplification with regard to &, in deriving Eq. (19).

6. Experimental Verification and Discussion
The experimental data used for the verification of Eq. (19) are retrieved from Duan et al. (2013)

and Tuck et al. (2012, 2013). Details of the experimental system information are shown in Table
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3 and in total 6 experimental tests are considered, labeled as cases no. E1 to E6. Detailed
descriptions of the experimental system and measurement procedures can be found in the
original publications. The results of the resonant frequency shifts for cases E1 to E3 are shown in
Fig. 8 and cases E4 to E6 are shown in Fig. 9.

The predicted results from Eq. (19) are also plotted for comparison. The results show that
Eq. (19) can accurately capture the phases of the frequency shift patterns but significant errors
exist for capturing the amplitudes of some resonant peaks. This error is due to the violation of the
linear approximation by the large blockage severities used in these experimental cases (e.g., & =
0.91 and 0.56) and the inability of the current models for capturing the frequency dependent
behaviors at higher modes.

Table 4 shows the accuracy for predicting the location and length of an extended
blockage (I1~I3) is higher than the accuracy for predicting the constriction severity (&a). The
maximum errors in predicting the blockage lengths and locations are 5.8% and 7.9%, while this
value increases for blockage severity to 22.6%. In other words, the prediction of blockage
severity is easily affected by the model uncertainties and experimental errors. Moreover, the
prediction accuracy was found to decrease with the blockage length and is likely caused by the
highly unsteady and multiple dimensional turbulence effect at the blockage junctions. These
effects, which are currently approximated as quasi-steady in 1-D models, play a more significant
role as the blockage length decreases (Zhao et al., 2013).

The experimental tests also show that a high number of resonant frequency peaks is
required for the application of the proposed method. For example, to obtain the frequency shift
pattern for these experimental cases, at least 6 peak points have to be retrieved from the

frequency response data (e.g., case E2). The number of resonant peaks observed in the data is a
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function of the speed of the original valve operation and the results indicate that rapid maneuvers,
with broad frequency content is most appropriate for the application of the blockage detection

technique.

7. Conclusions

This paper investigates the effect of transient wave-blockage interaction on the system frequency
responses and confirms the possibility of using the changes (shifts) of resonant frequencies for
extended blockage detection in pipes. Particularly, the wave-blockage interaction process and
physical insights for resonant frequency shifting in blockage pipe system are inspected using
wave perturbation analysis in the paper. Further analytical analysis is conducted in this study to
produce a simplified relationship between the blockage parameters and the nature of the shifting
pattern. Both numerical and experimental tests with a wide range of blockage constriction
severities are used to validate the analytical results. These numerical and experimental tests
confirm the ability of the proposed method to be used to detect extended blockages provided a
sufficient number of resonant responses are obtained from the test data.

It is also necessary to point out that the study is conducted on a single extended blockage
of uniform characteristics. While the findings of this study are validated by numerical tests and
preliminary laboratory experiments in this paper, more verification work will be required in the
future to identify practical issues associated with the application of this technique in the field,
such as the problem of data measurement and pre-processing, the detection of multiple extended

blockages and the impact of other system complexities.
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Appendix — Analytical Derivation for Eq. (19)

By applying Eg. (13) and Eq. (14), Eq. (2) can be rewritten as,

(2 +¢&, )(2 +¢&, )COS[(1+ g, )ﬂowm ]+ &, (2 +¢g, )COSK1+ g, - Z%Jﬂoa)ﬁb}

, (Al)
—¢,(2+¢, )cosHu £, —2 %}m} —(&,) cosﬁu £ —2 %}m} =0

0 0

where o, =o,, +Ao, wWith o,,o,, = resonant frequency of the blocked section and the
uniform pipeline respectively, Aw, = magnitude of the resonant frequency shift between the

uniform and blocked cases, &y, &, = extended blockage induced variations of characteristic
impedance and wave propagation coefficients in the pipeline.
By considering the first order approximation using the Taylor series expansion, the co-

sinusoidal functions in Eg. (A1) can be expanded about axf in general form as,
cosaa, | = cos|aa,, |- asinjaw,, Ao, + O[(Aa)rf ¥ ]+ . (A2)
where o = coefficient of the resonant frequency terms in the co-sinusoidal functions of Eq. (Al).

Expanding the co-sinusoidal function related terms and substituting Eqg. (14) through Eg. (16),

and carrying out trigonometric transformations and rearrangements give,

Ao, ==+, (A3)

where C, and Cq are coefficients relating to the extended blockage parameters, and
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C, :(Z—gA—ea)z

i |:( L jﬂ’oa)rfo:| (SA _ga)(z_gA —Ea)Sin|:[8L _L-i_ 2/11 Jﬂ“oa)rro:|
1—5a l1-¢, 4

—(e,-¢)2-¢, —ga)sianL S 2/1 Jﬂoa)m} (e, —¢) Sin{[&gL S j/loa)m}
l1-¢ /1 l-¢,

a 0

(2—gA—ga)z(1—gL+ L cos{ & JO rm}
1-¢, 1

+(e,—e)2-¢, ¢ )1-¢ + & _24 cos| | &, & +221 1,0,
l-¢, 2 1-¢ A

0

—&,—e \2—-¢, - )1-6 +——— coS -——+—= 1w
R e Y e
l-¢, A 1-¢, A
—(EA—83)2(38L— & ]COSHS&L— ]/Ioa)m}
1-¢, 1-¢,

Published literature has shown that the variation of wavespeed (&) imposed by an

(Ad)

extended blockage in most practical pipelines is usually much smaller than 1. Therefore, the
coefficients of C, and Cq in Eq. (A4) can be simplified by assuming & <<1. By considering &
<<1in Eqg. (4A), C, and C4 becomes,

C,=¢,(2-¢,)sin(24m,,)-¢,2-¢,)sin210,,)- (¢, ) sin2s 40,,).,

u 3 f0

C,=(2-¢) +&,(2-¢,)4 -2 ]cos(24m,,)-,(2— &, X4, — 24, )cos(22,m,, ) e
~2s(e,) COS(Zgla) ) - )

L7077 rfo

Result of Eq. (15) shows that the frequency shift size (Aw,) is dependent on the blockage

constriction severity (&a), blockage length (&) and blockage location (4). Furthermore, since
en<l, 11<4p and A3 <A, C4 in EQ. (A5) can be approximated as,

C,=42-¢,). (A6)
Therefore, the resultant frequency shift size in dimensionless form (i.e., normalized by the
fundamental frequency of blockage free case, ano) becomes,
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2_ 1770 _ L0 rfo
®, T2-¢ g,

Ao, 2_&, {sin(&a) )-sin(24, ,fo)—ng sin(2¢, .0 )] (A7)

Or in terms of the resonant peak number (m) as,

Ao, 2 &, {sin[(4m ~2)Aw,,|-sin[(4m-2)Le, |- —22—sin[(4m - Z)ELEOCOM]}
@y T 2_8A RN
= (-1 4_e, sin[(2m —l)gL/loa)M(sin[(Zm ~1)(4, - 4o, , |- —22—cos[(2m -1)gL,10a>m]j
T2- g, 2— €,
(A8)
Notations

The following symbols have been used in the paper:

a = wavespeed,;

A = pipe cross-sectional area;

c = shear decay coefficient in unsteady friction model;
Ch = amplitude of boundary wave;

Co = amplitude of incident pressure wave;

D = pipe diameter;

f = friction factor;

g = gravitational acceleration;

i = imaginary unit for complex number;

I = amplitude of incident wave;

k = wave number;
L = pipe length;
m = integer number;
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Ry

Re

&a
En

L

&

pressure head;

discharge;

amplitude of reflection wave;

friction damping factor;

Reynolds number;

time;

longitudinal distance;

characteristic impedance of pipeline;
relative error of prediction;

operator of variation;

change of wavespeed,

change of pipe cross-sectional area;
longitudinal blockage range;

change of characteristic impedance;
change of wave propagation coefficient;
wave number;

wave propagation coefficient;
kinematic viscosity;

coefficient relating to the blockage size;
density of fluid,

resonant frequency of pipe transients;
theoretical frequency of a pipe system;

shift size of resonant peak frequency;
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Subscripts and Superscripts

quantity of blockage pipe case;

o
1

s, U = quantity of steady and unsteady state;
0 = quantity of uniform pipe case;

12,3 = section indexes of blockage pipeline.
References

Brunone, B., 1999. Transient test-based technique for leak detection in outfall pipes. ASCE
Journal of Water Resources Planning and Management, 125(5), 302-306.

Brunone, B., Ferrante, M., 2001. Detecting leaks in pressurized pipes by means of transients.
IAHR Journal of Hydraulic Research, 39(5), 539-547.

Brunone, B., Ferrante, M., Meniconi, S., 2008. Discussion of ‘detection of partial blockage in
single pipelines’ by P.K. Mohapatra, M.H. Chaudhry, A.A. Kassem, and J. Moloo. ASCE
Journal of Hydraulic Engineering, 134(6), 872-874.

Chaudhry, M.H., 1987. Applied hydraulic transients, 2" ed. Van Nostrand Reinhold, New York.

Contractor, D.N., 1965. The reflection of waterhammer pressure waves from minor losses.
Transactions of ASME Journal of Basic Engineering, 87, 445-451.

Covas, D., Ramos, H., Brunone, B., Young, A., 2004. Leak detection in water trunk mains using
transient pressure signals: field tests in Scottish Water. The proceedings of 9" International
Conference on Pressure Surges, BHR Group, Chester, England, UK.

Duan, H.F., Lee, P.J., Ghidaoui, M.S., Tung, Y.K., 2011a. Essential system response information
for transient-based leak detection methods. IAHR Journal of Hydraulic Research, 48(5), 650-

657.

23



Duan, H.F., Lee, P.J., Ghidaoui, M.S., Tung, Y.K., 2011b. Leak detection in complex series
pipelines by using system frequency response method. IAHR Journal of Hydraulic Research,
49(2), 213-221.

Duan, H.F., Lu, J., Kolyshkin, A., Ghidaoui, M.S., 2011c. “he effect of random inhomogeneities
on wave propagation in pipes. Proceedings of the 34th IAHR Congress, IAHR, 26 June — 1
July 2011, Brisbane, Australia.

Duan, H.F., Lee, P.J., Ghidaoui, M.S., Tung, Y.K., 2012. Extended blockage detection in
pipelines by using the system frequency response analysis. ASCE Journal of Water
Resources Planning and Management, 138(1), 55-62

Duan, H.F., Lee, P.J., Ghidaoui, M.S., Tung, Y.K., 2013. Extended blockage detection in pipes
using the system frequency response: analytical analysis and experimental verification.
ASCE Journal of Hydraulic Engineering, 139(7), 763-771.

Ferrante, M., Brunone, B., 2003. Pipe system diagnosis and leak detection by unsteady-state
tests-1: harmonic analysis. Advances in Water Resources, 26(1), 95-105.

Ghidaoui, M.S., Zhao, M., Mclnnis, D.A., Axworthy, D.H., 2005. A review of water hammer
theory and practice. Transactions of ASME Applied Mechanics Reviews, 58 (1), 49-76.

Hachem, F., Schleiss, A., 2011. A review of wave celerity in frictionless and axisymmetrical
steel-lined pressure tunnels. Journal of Fluids and Structures 27, 311-328.

Hachem, F. Schleiss, A., 2012a. Detection of local wall stiffness drop in steel-lined pressure
tunnels and shafts of hydroelectric power plants using steep pressure wave excitation and
wavelet decomposition. ASCE Journal of Hydraulic Engineering, 138(1), 35-45.

Hachem, F. Schleiss, A., 2012b. Effect of drop in pipe wall stiffness on water-hammer speed and

attenuation. IAHR Journal of Hydraulic Research, 50(2), 218-227.

24



Lee, P.J., Vikovsky J.P., Lambert, M.F., Simpson, A.R., Liggett J., 2004. Experimental
validation of frequency response coding for the location of leaks in single pipeline systems.
The practical application of surge analysis for design and operation, the 9th international
conference on pressure surges, BHR Group, Chester, UK, 24 — 26 March 2004, 239-253.

Lee, P.J., Lambert, M.F., Simpson, A.R., Vikovsky J.P., Liggett J., 2006. Experimental
verification of the frequency response method for pipeline leak detection. IAHR Journal of
Hydraulic Research, 44(5), 693-707.

Lee, P.J., Vikovsky J.P., Lambert, M.F., Simpson, A.R., Liggett J., 2008. Discrete blockage
detection in pipelines using the frequency response diagram: numerical study. ASCE Journal
of Hydraulic Engineering, 134(5), 658-663.

Lee, P.J., Duan, H.F., Ghidaoui, M.S., Karney, B.W., 2013. Frequency domain analysis of pipe
fluid transient behaviors. IAHR Journal of Hydraulic Research, accepted and available online:
doi:10.1080/00221686.2013.814597.

Liggett, J.A., Chen, L.C., 1994. Inverse transient analysis in pipe networks. ASCE Journal of
Hydraulic Engineering, 120(8), 934-954.

Mei C.C., Stiassnie M., Yue D.K.P., 2005. Theory and applications of ocean surface waves, part
1: linear aspects. World Scientific, Singapore

Meniconi, S., Brunone, B., Ferrante, M., 2009. In-line partially closed valves: how to detect by
transient tests. World Environmental and Water Resources Congress 2009, Great Rivers,
135-144.

Meniconi, S., Brunone, B., Ferrante, M., 2011. In-line pipe device checking by short period
analysis of transient tests. ASCE Journal of Hydraulic Engineering, 137 (7), 713-722.

Meniconi, S., Brunone, B., Ferrante, M., 2012. Water-hammer pressure waves interaction at

25



cross-section changes in series in viscoelastic pipes. Journal of Fluids and Structures, 33, 44-
58.

Meniconi, S., Duan, H.F., Lee, P.J., Brunone, B., Ghidaoui, M.S., Ferrante, M., 2013. Innovative
transient analysis approach vs. laboratory tests for partial blockage detection in plastic and
metallic pipelines. ASCE Journal of Hydraulic Engineering, 139(10), 1033-1040.

Mohapatra, P.K., Chaudhry, M.H., Kassem, A.A., Moloo, J., 2006. Detection of partial blockage
in single pipelines. ASCE Journal of Hydraulic Engineering, 132(2), 200-206.

Mohapatra, P.K., Chaudhry, M.H., 2011. Frequency responses of single and multiple partial
pipeline blockages. IAHR Journal of Hydraulic Research, 49(2), 263-266.

Sattar, A.M., Chaudhry, M.H., Kassem, A.A., 2008. Partial blockage detection in pipelines by
frequency response method. ASCE Journal of Hydraulic Engineering, 134(1), 76-89.

Stephens, M., Lambert, M., Simpson, A., Nixon, J., Vitkovsky, J., 2005. Water pipeline
condition assessment using transient response analysis. Proceedings of 47" New Zealand
Water and Wastes Association conference, Auckland, New Zealand, 1-21.

Stephens, M., 2008. Transient response analysis for fault detection and pipeline wall condition
assessment in field water transmission and distribution pipelines and networks. PhD thesis,
the University of Adelaide, Australia.

Tuck, J., Lee, P., Kashima, A., Davidson, M., Ghidaoui, M., 2012. Transient analysis of
extended blockages in pipeline systems. Proceedings of 11th International Conference on
Pressure Surges, Lisbon, Portugal, October 24-26, 2012, BHR Group, 101-112.

Tuck, J., Lee, P., Davidson, M., Ghidaoui, M., 2013. Analysis of transient signals in simple
pipeline systems with an extended blockage. IAHR Journal of Hydraulic Research, accepted

and available online: doi;10.1080/00221686.2013.814599.

26



Vardy, A.E., Brown, J.M.B., 1996. On turbulent, unsteady, smooth-pipe friction. The 7"
International Conference on Pressure Surges and Fluid Transients in Pipelines and Open
Channels, BHR Group, April, Harrogate, England, 289-311.

V ikovsky J.P., Lambert, M.F., Simpson, A.R., Bergant A., 2003. Frequency-domain transient
pipe flow solution including unsteady friction. International Conference on Pumps,
Electromechanical Devices and Systems Applied to Urban Water Management, VVolume 11,
Cabrera E. and Cabrera E. Jr. (eds), 22-25 April, Valencia, Spain, 773-780.

V ikovsky, J.P., Simpson, A.R., Lambert M.F., 2000. Leak detection and calibration using
transients and genetic algorithms. ASCE Journal of Water Resources Planning and
Management, 126(4), 262-265.

Wang, X.J., Lambert, M.F., Simpson, A.R., Liggett, J.A., V ikovsky, J.P., 2002. Leak detection
in pipeline systems using the damping of fluid transients. ASCE Journal of Hydraulic
Engineering, 128(7), 697-711.

Wang, X.J., Lambert, M.F., Simpson, A.R., 2005. Detection and location of a partial blockage in
a pipeline using damping of fluid transients. ASCE Journal of Water Resources Planning and
Management, 131(3), 244-249.

Wylie, E.B., Streeter, V.L., Suo, L.S., 1993. Fluid transients in systems. Prentice-Hall,
Englewood Cliffs, New Jersey.

Zhao, M., Duan, H.F., Ghidaoui, M.S., 2013. Transient wave and extended blockage interaction
in pipe flows. IAHR Journal of Hydraulic Research, in revision.

Zettl, A, 2005. Sturm-Liouville theory, Mathematical Surveys and Monographs, Vol. 121,
American Mathematical Society (AMS), Rhode Island, USA.

Zielke, W., 1968. Frequency-dependent friction in transient pipe flow. Transactions of ASME

27



Journal of Basic Engineering, 90(1), 109-115.

28





