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Chapter 1. Introduction

1. Introduction

1.1.Hydraulic transients in water distribution network

Water distribution Networks (WDNs) are complex, usually highly looped, sys-
tems with thousands of elements such as pipes, pumps, and valves. Most of
them in Europe { and in Italy { are really aged, and their structural integrity
and the actual degree of deterioration is often poorly known (Misiunas et al.,
2005). Aging infrastructures and their poor maintenance, corrosion, and ex-
cessive pressure resulting from operating errors are the maincauses of water
losses (Yusop et al., 2019; Puust et al., 2010), which lead to a reduction in the
energy e�ciency of the system, as well as losses from an economic andsocial
point of view (Puust et al., 2010; Colombo et al., 2009). Moreover, hydraulic
transients occur frequently in WDNs and they are not only due to
ow and pres-
sure control operations, but also to the almost continuous water consumption
variations. Traditionally, the e�ects of transients in WDNs are often underesti-
mated, in the belief that the generated pressure waves would exit through the
active consumers. Consequently, pipe breaks in WDNs are attributed to the
large mean pressure or, in case the pressure regime is considered appropriate,
the inaccurate installation of pipes, additional loads due to tra�c, and a large
number of connections.
However, in many cases, it is arduous to identify the actual cause of faults
occurring in only some parts of the WDN that exhibit no clear di�erences with
respect to other ones in terms of pipe material, maintenance practices, external
loads, as well as operating pressures, usually monitored at a low frequency. A
possible explanation of such a feature could derive from proper identi�cation
of the nature of the actually dangerous transients and the di�erent exposure to
them of individual parts of the considered WDN.
Nevertheless, in the few available papers based on physical experiments, tran-
sients are generated by maneuvers in the supply lines (e.g., pump trip-o�), and
their e�ects are analyzed in the main pipes. Such a phenomenon is very di�erent
with respect to the transients generated within the network (i.e., in the service

1



Chapter 1. Introduction

lines) due to water consumption variations, and very few papersexperimentally
analyze in detail their e�ects. These papers do not highlight the role of the
network topology or the location of the transient generation point, aswell as
of the entity and the simultaneity of water consumption changes, for a given
layout.
In recent years, hydraulic transients have been used for fault detection (e.g.,
leaks, partial blockages, wall deteriorations), and severaltechniques { the so-
called

00
Transient Test-Based Techniques

00
(TTBTs){, have been developed for

detecting system defects by monitoring the pressure waves. Apressure wave
travelling along a pipeline changes its characteristics whenit crosses a singu-
larity, i.e. a hydraulic device, a geometric variation, a partial blockage, a wall
deterioration, an air pocket, and a leak. In fact, part of the incident wave
can be re
ected or transmitted by the singularity (Brunone, 1999, Brunone
and Ferrante, 2001, Colombo et al., 2009, Covas and Ramos, 1999, Ferrante
et al., 2007, Ferrante et al., 2009a, Wang et al., 2001). The analysis of the
measured pressure signal can give useful information regardingthe characteris-
tics of the faults. However much of the research carried out has involved very
simple pipelines or simpli�ed systems (Brunone et al., 2022; Ayatiet al., 2019;
Capponi et al., 2020), and has little investigated the real leaks.
Moreover, an e�ective numerical model simulating the transient behaviour of
a WDN is very challenging. In particular, the implementation of atransient
solver for pressurized water pipe networks incorporating unsteady friction and
pipe wall viscoelasticity is important to better understand the behaviour of a
system, and to provide for unusual pressure variations under di�erent opera-
tional conditions (Carri�co et al., 2016; Covas and Ramos, 2010; Soares et al.,
2011).

1.2.Objectives

The research project aims to analyze the transient response of apolymeric
looped water distribution network, when transients are due todeterministic or
stochastic consumption variations. Both intact and damaged pipenetworks are
considered.
Speci�cally, this work aims to give a contribution to the analysis of the mech-
anism of propagation of a pressure wave in a looped network (two 100Ö 100
m square loops) with one or more active service lines in di�erent locations.
These experiments have been carried out at the Water Engineering Laboratory
(WEL) of the University of Perugia, Italy. The experimental results have been
examined by means of a Lagrangian model (LM), to point out the most excited
part of the system, both in the main pipe and in the service line,according
to the di�erent locations of the transient generation point. The e�ect of the

2



Chapter 1. Introduction

topology of the network, the location of the transient generation point, and
the entity of the water consumption variation, as well as the combined e�ect
of simultaneous active users have been highlighted.
Furthermore, numerical simulations of pressurized pipe systems in unsteady
state conditions have been carried out, incorporating both unsteady friction
and viscoelasticity. The viscoelastic parameters have been calibrated and the
e�ect of the service line and a leak has been analysed. An excellent �tting has
been observed.

In summary, the thesis objectives are:

� to develop an extensive literature review for identifying the gaps of the
knowledge in the WDN transient behaviour analysis;

� to perform an extensive experimental programme in a complex WDN
composed of two loops;

� to identify the most excited part of the system, both in the main pipe
and in the service line;

� to understand the e�ect of the topology of the network, the location of
the transient generation point, and the entity of the water consumption
variation, as well as the combined e�ect of simultaneous active users;

� to identify the reasons for the high occurrence and severity of faults in
some portions of WDNs;

� to calibrate the main parameters in hydraulic transient solvers in viscoelas-
tic pipes also in the case of damaged WDN.

.

1.3.Thesis outline

The present thesis is organized into eight chapters.
In addition to this Chapter,Chapter 2presents an extensive review of the ar-
ticles that numerically and experimentally analyze the transient behavior of a
WDN. Moreover, the state of the art of TTBTs for leak and blockage detection
is introduced. The main gaps of knowledge in the literature review are high-
lighted.
In Chapter 3, the governing equations for one-dimensional, transient 
ow within
a closed conduit are exposed.
Chapter 4introduces a description of the experimental set-up, a breakdown of
the laboratory transient tests, and it introduces the key quantities that charac-
terize the network transient response.

3



Chapter 1. Introduction

Chapters 5, 6, and 7 show the main research carried out on the transient re-
sponse of the laboratory WDN, with numerical and laboratory tests, and some
important results that could help the water utility companiesin understanding
the occurrence of faults in some parts of the network will be obtained.
In more detail, inChapter 5and Chapter 6, the occurrence of cavitation in
the service line, the e�ect of the end-user discharge variations during the �rst
phases of the transients and in time, the combined e�ect of simultaneous con-
sumers, the e�ect of the network topology and the transient generation point
are highlighted.
Moreover,Chapter 7aims at the analysis of the transient behaviour of the net-
work also in the presence of a leak and at the calibration of main parameters
in hydraulic transient solvers in viscoelastic pipes. A transient solver developed
for pressurized water pipe networks incorporating both unsteady friction and
pipe wall viscoelasticity is also used, and the main associated uncertainties are
discussed.
In Chapter 8, an overview of the developed work is illustrated and the main
achievements of this research are outlined. Moreover, the research areas that
need further investigations are identi�ed.

4



Chapter 2. State of the art

2. State of the art

2.1.Introduction

In order to understand the dynamic behavior of WDNs an extensive literature
review has been executed.
Speci�cally, the literature review relates to papers dealing with transients caused
by variations in the functioning conditions (i.e., due to 
ow andpressure control
operations and the almost continuous water consumption variations). More-
over, in order to get a comprehensive perspective, the review isalso extended
to papers dealing with controlled transients for fault detection, generated de-
liberately with Transient Test-Based Techniques (TTBTs).
It is worth noting that the review focuses mainly on physical experiments (lab-
oratory and �eld tests), and that it has given priority to journal articles, since
conference articles, research reports and doctoral theses,in most cases, include
preliminary results of data published in subsequent journal articles.
All the works considered belong to the Scopus and/or Web of Sciencedatabases.
The background review was essential to evaluate the state of theart in the re-
search area and to identify further investigations to carry out.This chapter
includes contributions given in four already published papers.

2.2.Transients in water distribution network

This section partially corresponds to:

Meniconi, S.,Maietta F. , Alvisi, S., Capponi, C., Marsili, V., Franchini, M.,
Brunone, B. (2022). Consumption change-induced transients in a water dis-
tribution network: Laboratory tests in a looped system. WaterResources Re-
search, 58, e2021WR031343. DOI: 10.1029/2021WR031343.

5
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Meniconi, S.;Maietta F. ; Alvisi, S.; Capponi, C.; Marsili, V.; Franchini, M.;
Brunone, B. (2022). A Quick Survey of the Most Vulnerable Areas of a Wa-
ter Distribution Network Due to Transients Generated in a Service Line: A
Lagrangian Model Based on Laboratory Tests. Water 2022, 14, 2741. DOI:
10.3390/w14172741.

2.2.1.Introduction

In pipe networks, pressure plays a key role and, in particular, pressure variations
due to transients can induce additional stresses not only on pipes but also on
the other components, such as junctions and devices.
Traditionally, in transmission mains, attention is focused on the e�ects of a
valve maneuver, carried out to set an appropriate discharge, orpump trip that
can give rise to severe overpressure (Liou and Wylie, 2016, Meniconi etal.,
2021a, Meniconi et al., 2018). Very di�erent is the approach with respectto
transients in Water Distribution Networks (WDNs) which are the topic of this
work. Precisely, the e�ects of the transients in WDNs are oftenunderestimated
in the belief that such systems are always intrinsically self-protected against
them. Such a conviction is based on the assumption that a large partof the
generated pressure waves would exit through the consumers that, when active,
behave as pressure relief valves. Thus, pipe breaks in WDNs are attributed
to the large value of the steady-state pressure regime and/or to large, even if
infrequent, overpressures caused by, as an example, pump switch-o�. As an
example, in Mart��nez Garc��a et al. (2020) the role of the high pressure values
is shown to be correlated to the frequency of pipe breaks. In accordance with
such assumptions, in most cases, the only preventive action is the installation
of pressure-reducing valves (e.g., Prescott and Ulanicki, 2008; Meniconi et al.,
2017). In case the pressure regime is considered appropriate, the inaccurate
installation of pipes, additional loads due to tra�c, and the large number of
connections that undermine the integrity of the system.
Posed the question in these terms, in many cases it is arduous identifying the
actual cause of the large leakage that characterizes only some parts of a WDN
that exhibit no clear di�erences with respect to other ones in terms of pipe
material, maintenance, external loads, as well as the pressure values, usually
monitored at a low frequency. A possible explanation of such a feature could
derive from proper identi�cation of the nature of the actually dangerous tran-
sients and the di�erent exposure to them of individual parts of the considered
WDN. It is quite arduous for the water utility companies to suppress all leaks
or prevent all pressure variations in WDNs. They usually install conventional
surge protection devices (e.g., air vessels) in the main pipes todamp the more
extreme pressure variations (e.g., the ones due to pump failure). However, the
sources may be within the plumbing systems of the end-users andout of the
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regulatory control of the water utilities (Gong et al., 2018b). In fact, transients
generated by users' consumption variations may be dangerous because of their
very high frequency (Marsili et al., 2020): such small, but incessant, pressure
changes can, in fact, increase the failure rate (Kwon and Lee, 2008;Rezaei
et al., 2015). Furthermore, the frequent occurrences of transients due to the
daily pump operation for system management can result in the deterioration of
infrastructure safety and life cycles in the long term (Xing and Sela, 2020).
With the aim of explaining the results achieved by this work and pointing out
the open questions and urgent matters to address, a literature review is o�ered
below.

2.2.2.Numerical tests

Numerous papers analyze numerically the transient behaviourof a WDN. More
in details, the numerical papers deal with four main aspects:(i) the use of
transients for detecting an anomaly (V��tkovsk�y et al., 2000b; V��tkovsk�y et al.,
2003; Misiunas et al., 2006; Haghighi and Ramos, 2012; Shi et al., 2020; Che
et al., 2022) or treating bio�lm (Zeidan and Ostfeld, 2022), (ii) the performance
of di�erent numerical models (Axworthy and Karney, 1997, 2000; Filion and
Karney, 2002; Wood et al., 2005; V��tkovsk�y et al., 2011; Zecchin et al., 2014;
Nault and Karney, 2016; Creaco et al., 2017; Nault et al., 2018; Pal et al., 2021;
Ulanicki and Beaujean, 2021) with particular regard to the e�ect ofthe layout
simpli�cation { skeletonization { (Jung et al., 2007; Huang et al., 2017,0; Meni-
coni et al., 2021b), and uncertainties in the pipe properties and actual state of
the system (Kazemi and Collins, 2018a; Kazemi and Collins, 2018b; Edwards
and Collins, 2014); (iii) the e�ect of boundaries, and control devices(Karney
and McInnis, 1992; Jung and Karney, 2006); and (iv) the identi�cation of the
most severe scenarios in terms of pressure variations: e.g., water consumption

uctuations (Haghighi, 2015), pump trip (Huang et al., 2020a) or transients
generated in the supply line (Bohorquez et al., 2020b) for a real-time control
(Prescott and Ulanicki, 2008; Creaco et al., 2019), by evaluating the optimal
sensor location for capturing fast pressure variations (Zecchin et al., 2022).

2.2.3.Laboratory and �eld tests

The lack of space and a large number of possible combinations of loops (e.g.,
number, diameter distribution, and layout) make more attractive, also from an
economic point of view, numerical experiments with respect to the laboratory
ones. The need of monitoring a large number of sections in terms of not only
pressure but also discharge { to control the users' random water consumption
and all boundary conditions { makes the execution of signi�cant tests in real
WDNs very arduous. Then, very few papers deal with transient laboratory and
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�eld tests.
With regard to the laboratory tests, the most active research group is the one
at the University of Adelaide, Australia. However, the overwhelming part of
such experiments concerns a single, quite short (with a length ofabout 40 m),
and small diameter (about 20 mm) copper pipe. Such a circumstance makes
these papers out of topic for the analysis provided in this thesiswork. The only
exception is the paper by Zeng et al. (2021) in which the mentioned copper pipe
{ with two arti�cial leaks { is connected to the Adelaide watermain through a
polymer hose and a copper pipe at each side for anomaly detection. However,
the transients carried out in the real WDN are not of interest forthe present
analysis as they fall within what the Authors call \background noise", a feature
that must be reduced to better localize the leaks. A further contribution is
o�ered by the research group at the University of She�eld, UK, in the confer-
ence paper by Hampson et al. (2014), where the transient source location has
been detected in a 25 mm MDPE pipe network with a single 20x20 m square
loop and two branches by comparing the experimental arrival time of transient
pressure primary wave fronts and those estimated by the graph theory.
The literature is slightly more extensive for �eld tests. Speci�cally, the useful-
ness of acquiring the pressure signals at a low frequency (15 minutes) or higher
frequencies is discussed in Mounce et al. (2012); Machell et al. (2014); Mounce
et al. (2015). Furthermore, an example of the application of the transient
test-based techniques for a leak survey in a WDN is o�ered in Meniconi et al.
(2015), where transients are generated by a pump trip. In addition,Stephens
et al. (2011) check the performance of unsteady models for transients generated
by the closure of a small valve, installed at two separate locations, with pres-
sure measured only at three sections. The considered system is asmall-town
WDN { with 2 loops and several branches supplied by a tank { comprising 4
km of pipe of homogeneous material (asbestos cement, with a diameterranging
from 96 mm to 231 mm). However, also these tests are of limited relevance in
the light of the present paper: transient tests are carried out during the night,
just to reduce the impact of water consumption (see below). The analysis of
two transient tests carried out in a real WDN with three loops of pipes of dif-
ferent material and diameter (cast iron pipes with a diameterfrom DN80 to
DN250, and PVC pipes with a diameter from DN100 to DN200) is reported
in Gong et al. (2018b) to verify the damping e�ect of a plastic pipe replacing
an old metallic one in a relay program. The transients are generated by the
opening and closing of a solenoid valve installed in the plastic pipe, and then
characterized by a lower impedance with respect to the other WDN pipes, and
pressure is measured only in four measurement sections at the main pipes. In
the conference papers by Starczewska et al. (2014), Starczewska et al. (2015a),
and Starczewska et al. (2015b), the transient behavior of WDNs is analyzed.
Speci�cally, in Starczewska et al. (2014) transient tests, due to pump trip,
show no decrease in the transient upsurges amplitude despiteprogression from
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trunk to distribution pipes. The Authors notice that the pressure waves do
not damp because of the presence of several contractions and dead ends. In
Starczewska et al. (2015a) tests are carried out in two areas of a WDNdomi-
nated by industrial user and pump activity, respectively. The data are used to
demonstrate the validity of a methodology that quanti�es the pressure changes
experienced by pipes and evaluate the �ngerprint in terms of pressure gradient.
In Starczewska et al. (2015b), a high frequency pressure monitoring is carried
out for two weeks in two sections of �ve di�erently supplied sites of WDNs.
These have been chosen to represent the complexity of the water network with
looped and branched connections included. The aim is to correlate the severity
of transients to pipe material, diameter, age, WDNs complexity, and types of
users. A conclusive result has not been achieved, with only the percentage of
plastic pipes, and the source of the transient (e.g., pumps, commercial users)
proven to be signi�cant. The Authors highlight the need to betterunderstand
the widespread occurrence of transients within complex WDNs.Such a conclu-
sion reinforces what explicitly pointed out in the pioneering paper by McInnis
and Karney (1995), where the results of a single �eld test are reported. Pre-
cisely, it is stated that \the results are not su�cient to generalize about the
transient behavior of pipe networks. On the contrary, experience gained from
this �eld test indicates that more rigorous �eld-testing programs are necessary
if we are to isolate and understand the nature of transient 
ow in complex
pipe systems." In fact, in most cases, in real WDNs, very few tests (or just a
single test) are carried out for several reasons, with the main being the evident
non-repeatability of the tests. This circumstance makes veryhard to generalize
the obtained results. In complex systems, as WDNs, the cause-and-e�ect link
is not clear: a given measured overpressure could be due to several causes also
because several are the possible paths of the pressure waves. More successful
is the correlation between the varying pressure and the main failure highlighted
in Rezaei et al. (2015) for data acquired in forty-eight District Metered Areas
(DMAs) feeding a total population of approximately 100,000 people in UK.

2.2.4.Conclusions

From the above literature review it emerges that in the few available papers
based on physical experiments, transients are generated by maneuvers in the
supply lines (e.g., pump trip) and their e�ects are analyzed in the main pipes.
Such a phenomenon is very di�erent with respect to the transients generated
within the network (i.e., in the service lines) due to water consumption varia-
tions. Indeed, such transients are very frequent, one could say\almost continu-
ous", and very few papers analyze in details their e�ects experimentally (Marsili
et al., 2020; Marsili et al., 2022; Lee et al., 2012; Lee, 2015).
As a premise to properly analyze the characteristics of transients in WDNs, it is
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important to make a distinction between the main pipes and service lines, that
usually meet at a junction. The former are the municipal pipesand form the
distribution network, whereas the latter connect the main pipes to the internal
plumbing systems of individual users. Such a distinction is motivated in two
respects. The �rst respect is of an administrative nature: the municipal pipes
and service lines (up to the curb stop or water meter) are maintained by the
utility company, whereas the remaining part of the service lines is under the
user's responsibility. The second respect concerns the characteristics of these
two components, with the diameter of the main pipes being signi�cantly larger
than the one of the service lines. In Marsili et al. (2020,0), the pressure sig-
nals acquired in a real WDN in ordinary operational conditions (i.e., with no
maneuvers on pumps or valves in the main pipes) indicate that the short term
pressure variations occurring in the main pipes are due to thewater consump-
tion changes. In Lee et al. (2012), laboratory experiments concern alimited
(i.e., six) number of tests on a tree layout system. Transients from both outside
(i.e., generated in the main pipe), and inside (i.e., within the plumbing system)
are considered. The main goal of these tests is to point out the possible occur-
rence of negative pressures, and related back-
ow phenomena, in the plumbing
system. Accordingly, pressure traces are not acquired in the main pipes. In Lee
(2015), the main aims are to check whether transients generated inthe main
pipes are responsible for the failure in the service lines anda leak in the service
line may attenuate pressure waves. However, the few carriedout tests do not
allow drawing general conclusions and highlighting the role of the location of
the transient source, as well as of the entity and the simultaneity of water con-
sumption changes, for a given layout.
Because of the lack of experimental data and their often poor quality, a reliable
criterion on the actual behavior of transients in WDNs is stronglydesired by
water companies.
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2.3.Transient Test-Based Techniques for leak detection

This section corresponds to the following research paper:

Brunone B.,Maietta F. , Capponi C., Keramat A., Meniconi S. (2022) A review
of physical experiments for leak detection in water pipes through transient tests
for addressing future research, Journal of Hydraulic Research, 60:6, 894-906,
DOI: 10.1080/00221686.2022.2067086.

2.3.1.Introduction

In recent years there has been increasing attention on the maintenance of ad-
equate water resources and the condition of pressurized pipe systems. Water
distribution networks (WDNs) and transmission mains (TMs) play an essential
role in the delivery of water resources to the population. However, in many
cases, pipe systems are degraded infrastructures since theyoften have been in
service for many years, far beyond their life-cycle (Filion etal., 2004). The
aging of pipe systems re
ects in several aspects. A �rst example is the in-
crease of frictional resistance { due to processes as internalcorrosion, bio-�lm
formation, and tubercolation { must be mentioned (Sharp and Walski, 1988).
Such a feature increases the electricity consumption in pumping systems, re-
duces the carrying capacity of gravity pipelines, and e�ciency of hydro-power
plants (Abbasi and Abbasi, 2011). Furthermore, deteriorating pipe systems ex-
perience the temporal increase of leakage that implies not only the wastage
of a precious resource but also other important downsides. Theseare the risk
of compromising water quality { because of the possible back-
ow phenomena
{ and undermining roadways and building foundations { because ofthe ero-
sion of the underlying soil (Colombo and Karney, 2002). Finally, energycosts
increase more than proportionately with leakage (Nogueira Vilanova and Per-
rella Balestrieri, 2015; Ghorbanian et al., 2017). The economic impactof the
e�ciency from the energy point of view is given by the fact that the 2-3 %
of the worldwide electricity consumption is used for pumping inwater systems
(Nogueira Vilanova and Perrella Balestrieri, 2014).
For the above reasons, leakage management is a clear priority of water system
managers because of the evident crucial importance of the drinkable water from
both the social and economic point of view.
The suitability of leak detection techniques depends on the characteristics of
the test pipe systems. WDNs and TMs are di�erent in their layoutand number
of users. WDNs have much more complex layout; they are organized in loops to
increase the system resilience without making construction una�ordable. The
number of users is much smaller for TMs than for WDNs, as they convey the
resource from the production area to a reservoir. These di�erences are re
ected
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in the accessibility of the system, with almost every user of a WDN being a
possible access point. Due to the greater accessibility of WDNs there has been
more progress in recent years in leak detection for these systems than for TMs.
In the last two decades, transient test-based techniques (TTBTs) have been
investigated because the pressure waves generated during transient tests allow
TMs to be studied despite their poor accessibility.
A discussion about the proper procedure to follow within TTBTs for an e�ective
leak detection as well as the most appropriate techniques for the analysis of the
acquired pressure traces is beyond the scope of this paper. In these regards,
existing literature may help the interested reader (Colombo et al., 2009; Liu and
Kleiner, 2013; Abdulshaheed et al., 2017; Xu and Karney, 2017; Ayati et al.,
2019; Duan et al., 2020; Che et al., 2021). The aims of this paper are instead
di�erent, and very focused ones. Firstly, it wants to give a picture, as complete
as possible, of the available experimental data concerning theuse of transient
tests for locating and sizing leaks. Then it wants to make a contribution for
orienting future research by indicating \categories" { e.g., pipe system layout,
materials, diameters, 
ow conditions and leak characteristics { that need further
experiments. In this light, this paper must be considered as a service paper.
To achieve these tasks, it was very important identifying rational criteria for
selecting the papers, and related experimental results, from literature. The
reasons for excluding the papers from such a review are six. (1) Studies of
acoustic waves are not included as their mechanisms of dissipation are very
di�erent from those of pressure waves. (2) Studies of burst formation are not
included as the pressure wave is not caused by a dedicated manoeuvre but
leak formation itself generates the transient; this implies acompletely di�erent
experimental approach. (3) If the frequency acquisition is smaller than some
tens of Hz the study is excluded, as some important features of the transient
response are not captured properly. (4) When the pipe break is dueto fatigue
phenomena the study is not included. In this case, as for bursts, transients are
not used for detecting an existing leak, but they are the causeof the leak, and a
di�erent experimental approach is followed. (5) Studies investigating back-
ow
phenomena are excluded, as attention is focused not on the pipe system's re-
sponse to a dedicated transient but on the mechanisms of interaction with the
surrounding environment through the leak. As a consequence, collected data
are not appropriate for leak detection. (6) Finally, the exclusion of conference
papers, research reports and PhD theses is due to the fact that, in most cases,
they include preliminary results with the complete series of data published in
successive journal papers. As a result, 49 papers have been selected, published
between 1994 and 2020. In this review, tests executed by Joukowsky at the
sunset of the 19th century have been deliberately excluded since they merit a
separate analysis within an appropriate historical framework.
A timeline of the published papers is reported in Fig.2.1. Such a �gure indicates
a constant behavior { about two/three papers per year { with few exceptions
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when more papers have been published (2007 and 2011, 2012, and 2019 with
5 and 4 papers, respectively). For the sake of clearness and tonot weight the
text with many citations per section, in Table2.2 all the selected papers are
listed with their main characteristics indicated according to the categories below
identi�ed.

Fig. 2.1: Number of papers per year with experiments on leak detection by transient
tests.

Table 2.1: Categories identi�ed for the analysis of the experimental tests.

Category (#) Title

1 complexity of the test system
2 modality of transient generation
3 pipe material
4 pipe diameter
5 pre-transient pressure regime
6 inserted pressure wave
7 pre-transient 
ow regime
8 leak simulation
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Table 2.2: Selected papers with the main characteristics of the executed experimental
tests.

Paper number Type Lay. Mod. Mat. D h � h Re no.
leaks

Leak
size

Al-Khomairi (2008) L SP MV Cu D2 { { Re 3 1 L5,
L6,
L7

Amin et al. (2014) L SP MV PE D2 h2,
h3

{ Re3 1 L10

Asada et al. (2020) L SP MV Fe D2 { � h1 Re1 1 L1

Beck et al. (2005)
L BS MV Cu D6 { { { 1 L11

L N MV Cu D8 { { { 1 L11

Beck et al. (2006) L BS HD Cu D6 { { { 1 L11

Brunone (1999) L SP HD PE D3 h1 � h2 Re1 1,2 L3

Brunone and Ferrante (2001) L SP MV PE D3 h1,
h2

� h2,
� h3

Re3 1 L3,
L4

Brunone and Ferrante (2004) L SP MV PE D3 h2 � h4 Re3 1 L3,
L4

Brunone et al. (2008b) L SP OD PE D3 h2 � h1 Re2 1 L10

Brunone et al. (2015) L SP MV PE D3 h2,
h3

� h2 Re3 1 L3,
L4

Capponi et al. (2017) L BS MV PE D7 h3 � h1,
� h3

Re3 1 L4

Covas et al. (2004a)
L SP MV PE D3 h4 � h3 Re3 1 L2

F SP MV PE D4 h1 � h3 Re3 1 L13

Covas and Ramos (2010)
L SP MV PE D3 h4 � h3 Re2,

Re3

1,2 L3

F SP MV PE D4 h1 � h3 Re3 1 L13

Ferrante and Brunone (2003) L SP MV PE D3 h2 � h3 Re3 1 L10

Ferrante et al. (2007) L SP MV PE D3 h2,
h3

� h3,
� h5

Re3 1 L10

Ferrante et al. (2009a)
L BS HD PE D7 h3 � h1,

� h3

Re2,
Re3

1 L10

F BS HD Fe D7 h2 � h4 Re3 1 {

Ferrante et al. (2009b) L SP MV PE D3 h1,
h2

� h4 Re3 1 L7,
L8

Ferrante et al. (2014) L SP MV PE D3 h1,
h2,
h3,
h4

� h3 Re3 1 L3,
L4

Ghazali et al. (2011) L SP HD PE D3 h3 { Re3 1 L10

Ghazali et al. (2012) F N HD Fe D9 { { { 1 L15

Gong et al. (2016) L SP HD Cu D2 { � h3 Re2 1 L10
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Guo et al. (2012) L SP MV Fe D5 h1 � h1,
� h2

Re3 1 L5

Haghighi et al. (2012) F SP HD Fe D5 h5 � h1,
� h3

Re3 1 L16

J•onsson (1994) L SP MV Cu D1 h2 � h4,
� h5

Re2 1 L5,
L6

J•onsson (1999) L SP MV Fe D3 h5 � h5 Re3 1 L7

J•onsson (2001a) L SP MV Fe D3 h4 � h5 Re2,
Re3

1 L5,
L6,
L7

J•onsson (2001b) L SP MV Fe D3 h4 � h4,
� h5

Re2,
Re3

1 L6,
L7

Keramat et al. (2019) L SP MV PE D3 h2 � h4 Re3 1 L8

Lee et al. (2006) L SP MV Cu D2 { � h4 Re3 1 L2

Lee et al. (2007a) L SP MV Cu D2 h3,
h4

� h1,
� h2,
� h3

Re3 1 L2

Lee et al. (2007b) L SP MV Cu D2 { � h1 Re3 1 L2

Liou and Tian (1995) F SP PO Fe D5 { { Re 1 1 {

Meniconi et al. (2011c) L SP HD PE D3 h2,
h3

� h1 Re2 1 L4

Meniconi et al. (2013a) L SP MV PE D3 h2,
h3

� h2,
� h3,
� h4

Re3 1 L10

Meniconi et al. (2015) F N PO Fe D10 h8,
h9

� h8 Re3 1 {

Meniconi et al. (2018) F N PO Fe D10 h8 � h8 Re3 1 {

Shucksmith et al. (2012)
F SP HD PVC D3 h5 { { 1 {
F SP HD Fe D3,

D4

h3,
h4,
h5

{ { 1 L14,
L15

F SP HD AC D4 h5 { { 1 L15

Soares et al. (2011) L N MV PVC D8 h6,
h7

� h6,
� h7

Re3 1 L9

Souza et al. (2000) L SP PO PVCD1 h1 � h4 Re2,
Re3

1 L7,
L9

Stephens et al. (2011) F N HD AC D9 h8,
h9

� h6,
� h7

Re1,
Re2,
Re3

1 L15

Sun et al. (2016) L SP MV Fe D2 h2 � h5 Re3 2 L10

Taghvaei et al. (2006) L BS HD Cu D6 { { { 1 L10,
L12

Taghvaei et al. (2007) L BS HD Cu D6 { { { 1 L10,
L11,
L12
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Taghvaei et al. (2010) L SP HD PE D3 { { Re 3 1 L8,
L9

V��tkovsk�y et al. (2007) L SP MV Cu D2 h2,
h3

� h1 Re2,
Re3

1,2 L1,
L2

Wang et al. (2002) L SP MV Cu D2 h3 { Re3 1 L2

Wang et al. (2019a) L SP MV PE D3 h4 � h1 Re2 2,3 L3

Wang et al. (2019b) L SP MV PE D3 h2,
h4

� h1,
� h4

Re3 1 L8,
L10

Yusop et al. (2019)
L SP MV PE D2 { { { 1 {
L SP HD PE D2 { { { 1 {

Table 2.3: Meaning of the abbreviations used in Tab.2.2

Category #1: complexity of the test system

Complexity of the system layout Symbol

Single pipe SP
Branched system BS
Network N

Complexity of the functioning condition Symbol

Laboratory tests L
Field tests F

Category #2: modality of transient generation

Maneuver valve MV
Pump operation PO
ad hoc device HD

Category #3: pipe material

Material Symbol

Polyethilene PE
Copper Cu
Steel, iron, cast iron Fe
Polyvinyl chloride PVC
Asbestos cement AC

Category #4: pipe diameter, D

Complexity of the test system Symbol D Range [mm]

SP D1 D < 20
SP D2 20 � D < 50
SP D3 50 � D < 100
SP D4 100 � D < 200
SP D5 D � 200
BS D6 D < 20
BS D7 D � 20
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N D8 D < 100
N D9 100 � D < 300
N D10 D � 300

Category #5: pre-transient pressure regime, h

Complexity of the test system Symbol h Range [m]

SP - BS h1 h < 10
SP - BS h2 10 � h < 20
SP - BS h3 20 � h < 40
SP - BS h4 40 � h < 60
SP - BS h5 h � 60
N h6 h < 20
N h7 20 � h < 40
N h8 40 � h < 60
N h9 h � 60

Category #6: inserted pressure wave, � h

Complexity of the test system Symbol � h Range [m]

SP - BS � h1 � h < 5
SP - BS � h2 5 � � h < 10
SP - BS � h3 10 � � h < 20
SP - BS � h4 20 � � h < 30
SP - BS � h5 � h � 30
N � h6 � h < 10
N � h7 10 � � h < 30
N � h8 � h � 30

Category #7: pre-transient 
ow regime, Re

Complexity of the test system Symbol Re Range [{]

SP - BS - N Re1 Re < 2000
SP - BS - N Re2 2000 � Re < 8000
SP - BS - N Re3 Re � 8000

Category #8: leak simulation

Complexity of the functioning condition Symbol Range [ m2]

L L1 Csv AL < 5 10� 7

L L2 5 10� 7 � Csv AL < 5
10� 6

L L3 5 10� 6 � Csv AL < 5
10� 5

L L4 Csv AL � 5 10� 5

Complexity of the functioning condition Symbol q=Qin and AL =A
Range [%]

L L5 q=Qin < 5
L L6 5 � q=Qin < 10
L L7 10 � q=Qin < 20
L L8 20 � q=Qin < 30
L L9 q=Qin � 30
L L10 AL =A < 5
L L11 5 � AL =A < 10
L L12 AL =A � 10
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Complexity of the functioning condition Symbol Range [ m2]

F L13 Csv AL � 1 10� 4

Complexity of the functioning condition Symbol Range [L/s]

F L14 q < 0.5
F L15 q � 0.5

Complexity of the functioning condition Symbol Range [%]
F L16 AL =A = 40

Selected papers have been grouped into eight categories, each of them labelled
by a progressive number; precisely: # 1 - complexity (layout) of the test system
(abbreviated in Table2.2 to \Lay."); # 2 - modality of transient generation
(abbreviated in Table2.2 to \Mod."); # 3 - pipe material (abbreviated in Table
2.2 to \Mat."); # 4 - pipe diameter ( D); # 5 - pre-transient pressure regime
(abbreviated in Table2.2 to \ h") ; # 6 - inserted pressure wave (abbreviated in
Table 2.2 to \� h"); # 7 - pre-transient 
ow regime (abbreviated in Table2.2
to \Re"), and # 8 - leak simulation (with in Table 2.2 indicated the number
and size of the leaks). Moreover, as illustrated below, an acronym is used to
indicate the sub-categories, identi�ed for each category. Asan example, with
regard to category # 1 (complexity of the test system), three sub-categories
have been identi�ed: single pipe (indicated with the acronym \SP"), branched
system (BS), and network (N); the meaning of the abbreviationsused in this
table is reported in Table2.3. If in the experiments both a single pipe and a
network have been investigated, the paper is included in both the SP and N
sub-categories. As a further example, if in a given paper two di�erent pipe
materials have been used, the paper is included in both the related two sub-
categories. Moreover, in the choice of the categories, both dimensional and
dimensionless quantities have been considered. The reason is that a dimen-
sional quantity, when incorporated in a dimensionless parameter, in
uences an
aspect of the transient, whereas, if taken individually, it highlights other critical
issues of the physical experiments. As an example, the pre-transient Reynolds
number, pipe diameter, and the inserted pressure wave, evenif linked together,
have been considered separately. The reasons of such a choice areseveral.
Firstly, the pre-transient Reynolds number in
uences remarkably the unsteady-
state mechanisms of the energy dissipation. For its part, the value of the pipe
diameter, and then the cross-sectional area, compared to leak size, is important
for evaluating the relative relevance of the leak. Finally, the value of the inserted
pressure wave { linked to the pre-transient mean velocity and then Reynolds
number if a closure maneuver is executed { is a measure of the potential of the
method. In fact, for all given quantities, the larger the inserted pressure wave,
the smallest the detectable leak. As a further example, a category has been
devoted to the pre-transient pressure regime that, in a given system, is linked
to the 
ow regime. The reason is that, beyond leak size and inserted pressure

18



Chapter 2. State of the art

wave, the detectability of a given leak increases with decreasing the pressure
at the leak (Liou, 1998). For each category, the explored range of variability
is divided into an appropriate number of ranges. As an example, with regard
to the diameter, D, the experiments executed in the laboratories have been
divided (see the below # 4) in the following �ve ranges: i)D1: D < 20 mm;
ii) D2: 20 mm � D < 50 mm; iii) D3: 50 mm � D < 100 mm; iv) D4: 100
mm � D < 200 mm; and v)D5: D � 200 mm.
Di�erently from the other critical points that will be highlighted in the below
sections, two points merit special attention with the aim of allowing the scien-
ti�c community to use the acquired data for other purposes. The �rst point to
be mentioned concerns the need of including dimensional plots of the measured
quantities. In fact, particularly when the analysis of the experimental results is
executed in the frequency domain, often only the moreelegant dimensionless
plots are presented. From such plots it can be quite di�cult to \extract" the
measured quantities. The second point relates to the importance of indicating
very precisely all the characteristics of the experimental set-up and possibly in-
cluding a sketch.
As mentioned, each section of this chapter section is devoted to oneof the
mentioned categories. For each category, a description of the executed tests
is given by pointing out main features, critical issues, and possible objectives
for future research. In the Gaps of knowledge, some of the possibleissues to
address by means of further experimental tests are synthesized, as well as the
need for a more e�cient sharing of the existing data is pointed out, with a
possible solution.

2.3.2.Laboratory and �eld tests

The available physical experiments are analysed referringto the categories re-
ported in Table2.1.

Category #1: complexity of the test system (layout)

The complexity of the system concerns two important features: the layout and
functioning conditions. In terms of layout complexity, three sub-categories have
been identi�ed: single pipe (SP), branched system (BS), and network (N), with
the latter type being characterized by at least one loop. Fig.2.2 shows that in
the vast majority of papers (n. 38, i.e., about 76 %), tests have been executed
on single pipes, whereas almost the same number of papers concernsbranched
systems and networks (n. 6, i.e., about 12 %). For the sake of clarity, as much
as possible, in the successive plots data concerning single pipes are depicted in
green, whereas those of branched systems and networks are in purple and grey,
respectively.
An evident reason for such a feature is the lack of space in most of laboratories.
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However, it cannot be ruled out that a large number of possible combinations of
branches (e.g., location, and size with respect to the main pipe) and loops (e.g.,
number, and layout) makes more attractive, also from the economical point of
view, numerical experiments with respect to laboratory ones. As an example,
in Meniconi et al. (2021b) a comprehensive analysis of the transient response
of a branched system has been executed by means of numerical experiments by
changing all the characteristics of the branch in such an extensively way that
it would have been impractical in a lab even for a small part of the considered
layout changes.
In terms of the complexity of the functioning conditions, two sub-categories
clearly emerge: laboratory (L) and �eld (F) tests. In fact, inthe former the
functioning conditions are absolutely controlled and known during the experi-
ments, whereas in the latter they depend on the behavior of the users in a quite
uncontrollable way. Fig.2.2 points out clearly that most of the experiments
(n. 43, i.e., about 81%) have been executed in the lab. Again, for thesake of
clarity, as much as possible, in the successive plots data concerning laboratory
tests are depicted in blue, whereas those of �eld tests are in orange.
With the aim of investigating the role of the system complexity, inthe future
two issues could be addressed by research groups: to increase the number of the
physical experiments in branched and looped systems and thosein real systems.
In the writers' opinion, these issues are justi�ed by several clear reasons. The
�rst reason is the fact that in branched/looped systems the overlapping of the
pressure waves coming from di�erent sections may complicate theprocedures
for leak identi�cation. In fact, the dynamics of the pressure wave interaction
has direct consequences on the uniqueness of the solution unless an adequate
number of measurement sections is arranged. The second reason is that the
choice of the section where the transient is generated { the so called pressure
wave insertion point{ plays a more important role than in a single pipe. In fact,
the e�ectiveness of a given pressure wave in terms of the smallest detectable
leak depends remarkably on the number of the singularities (e.g., changes of
diameter and/or material, branches) placed between the pressure wave insertion
point and the leak. In other words, the transient response of the leak can be
obscured by other features interacting with the pressure waves generated by the
transient. Finally, the changes in the boundary conditions, that in real systems
may happen during transient tests, can be a hard testing for all methodologies
used for the analysis of the pressure signals (Meniconi et al., 2021a).

Category #2: modality of transient generation

In TTBTs a pressure wave is inserted into the test system. Thepressure wave
can be generated by changing the mean velocity or pressure head. The �rst
modality is the most frequent one since the idea itself of the water hammer
waves is inextricably linked to the closure of a valve and then an abrupt change
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Fig. 2.2: Category #1: test system complexity. Number of papers in terms of layout
complexity { single pipe (SP), branched system (BS), and network (N) { and function-
ing condition complexity { laboratory (L) and �eld (F) tests.

.

of the mean velocity.
Fig. 2.3 classi�es papers by the modality used for generating transients in the
experiments. In most of cases (n. 35, i.e., about 64 %), transients have been
generated by maneuvering a valve (VM). Precisely, valve closure and impulse
maneuver in the 86 % and 14 %, respectively, whereas in very few cases (n.
4, i.e., about 7 %) through pump operation (PO). In a conspicuous number of
experiments (n. 16, i.e., about 29 %), anad hoc device (HD) has been used.
The latter is, as an example, the case of the connection of the Portable Pressure
Wave Maker (PPWM) to the test pipe (Brunone et al., 2008b,Brunone et al.,
2021).
The large number of cases in which transients have been generated by closing
a valve is due to the extreme simplicity of such a maneuver. In 77% (12 %)
of the cases, the maneuver valve is placed at the pipe downstream (upstream)
end section; in 11 % of tests, transients have been generated by closing a side
discharge valve. On the contrary, the cause of the fact that in a real system the
valve impulse has never been used is that such a maneuver is considered with
suspicion{ maybe unjusti�ed { by water company technicians. As far as the
writers are concerned, unspeci�edresonance phenomenaare usually worried.
Moreover, a bit unexpected is the limited use of pump operation forgenerating
transients. However, a reason could be the usual long period of time required
by the pump shutting o�. Such a feature implies that the generated pressure
wave is not sharp enough for an accurate leak location in a large part of the
test system.
As the valves installed in real systems are usually too large to be closed quickly,
a prescription for the future research activity is to re�ne alternative devices for
generating controlled sharp pressure waves. In this regard, thespark generator
developed at the University of Adelaide looks promising (Gong et al., 2018a).
On the contrary, it seems appropriate to discourage the use of hydrants as pres-
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sure wave insertion points. In fact, the quality of the pressurewave generated at
a hydrant may be poor because of the interaction between the conduit connect-
ing the hydrant to the main pipe and the main pipe itself. Suchan interaction
happens very close to the pressure wave insertion point, the generated pressure
wave is corrupted very soon. The use of hydrants within TTBTs isan exam-
ple of the wrong extension to very di�erent 
ow conditions of a device that
gives positive results in another hydrodynamic context (i.e., within steady-state
measurements).

Fig. 2.3: Category #2: modality of transient generation. Number of the papers for
each modality { valve closure and valve impulse (VM), pump operation (PO), and ad
hoc device (HD) { and functioning condition complexity { laboratory(L) and �eld (F)
tests).

Category #3: pipe material

The e�ect of the pipe material re
ects in two main features: i)the value of
the pressure wave speed { that, in turn, in
uences the inserted pressure wave {
and ii) the stress-strain relationship. Such features are strongly linked since the
retarded strain component characterizing polymeric pipes is one of the causes
of the smaller value of the pressure wave speed with respect to elastic (e.g.,
metallic and cement) pipes.
Fig. 2.4, where the percentage of papers for each pipe material is shown, in-
dicates that most of the tests have been executed in polyethilene (PE) (43 %)
and copper (23 %) pipes. As pointed out in Fig.2.5, polyethilene pipes are
used both in laboratory and �eld tests whereas copper (Cu) pipes { always with
a small diameter (see the below category # 4) { are installed onlyin labs.
Moreover, in very few tests cement (C) and polyvinil chloride (PVC) pipes have
been used.
Some of the plausible reasons of this situation are reported below. About the
large use of copper pipes in the labs, tradition plays an important role. Pre-
cisely, it can be traced back to the times when the �rst tests were executed
for the analysis of water-hammer phenomena (Contractor, 1965; Holmboe and
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Fig. 2.4: Category #3: pipe material. Percentage of the papers in terms of pipe
material: steel/iron/cast iron (Fe), cement (C), polyethylene (PE), polyvinil chloride
(PVC), and copper (Cu).

Rouleau, 1967). Since small diameter copper pipes can be arranged easily
around a drum, long pipes take up little space. Moreover, the factthat copper
pipes are mostly used in heating systems explains why no testson copper pipes
have been carried out in real water pipe systems. The wide use ofpolyethilene
pipes has at least three main reasons. The �rst is their low weight and high

exibility, making these pipes easy to carry and adaptable tosmall labs; the
second positive element is their quite small cost. Moreover, it iseasy to cut
polyethilene pipes to install short devices simulating a leak at any section along
the pipe. In the face of such positive aspects, the use of polymeric pipes may
make more di�cult leak detection and sizing when a procedure based on the
Inverse Transient Analysis is followed. In fact, for polymeric pipes the number
of parameters to be calibrated for simulating properly the transient response is
much larger than for elastic pipes. Precisely, beyond the pressure wave speed
and unsteady friction decay coe�cient, the parameters describing the viscoelas-
tic behavior of the pipe material must be evaluated in the preliminary calibration
phase (Pezzinga et al., 2016). Finally, it can be hypothesized thatthe rigidity
of PVC, iron/cast and cement pipes { for the last two also the heavy weight {
discouraged their use in the lab.
According to the above discussion, in terms of pipe material, a fruitful inte-
gration of the existing experimental data would be given by further tests in
steel/iron (Fe), cement (C), and polyvinyl chloride (PVC) pipes.

Category #4: pipe diameter

For practical reasons, the diameters,D, used in laboratory tests on a single
pipe (SP) have been divided in �ve ranges: i)D1: D < 20 mm; ii) D2: 20 mm
� D < 50 mm; iii) D3: 50 mm � D < 100 mm; iv)D4: 100 mm� D < 200
mm; and v)D5: D � 200 mm. Such an analysis points out that the most used
diameter range (n. 24, i.e., about 53 %) is the third one (D3: 50 mm � D <
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Fig. 2.5: Category #3: pipe material. Number of the papers for each pipe material
and system layout { single pipe (SP), branched system (BS), andnetwork (N) { for:
(a) laboratory (L); and (b) �eld (F) tests.

100 mm). Another another range used quite frequently is the second one D2:
20 mm� D < 50 mm (n.11, i.e., about 24 %). On the contrary, the diameter
ranges rarely used are:D1: D < 20 mm, D4: 100 mm� D < 200 mm, and
D5: D � 200 mm, with a percentage equal to 5 % (i.e., n. 2), 11 % (i.e., n.
5) and 7 % (i.e., n. 3), respectively. In terms of the number of papers (Fig.
2.6), such a result is con�rmed for tests executed in the labs whereas for those
executed in real systems (not shown), the most considered diameter range is
the fourth one (D4: 100 mm� D < 200 mm).
Because of the smaller number of papers, for tests executed in branched systems
(BS) and networks (N), less diameter ranges have been considered. Precisely,
two for the branched systems: i)D6: D < 20 mm, and ii)D7: D � 20 mm,
and three for the networks: i)D8: D < 100 mm,D9: ii) 100 mm � D < 300
mm, and iii) D10: D � 300 mm. For the tests executed in branched systems,
the most frequent diameter range isD7: D � 20 mm (n. 4, i.e., about 57 %),
whereas for those in the networks, it isD9: 100 mm� D < 300 mm (n. 3, i.e.,
about 43 %). The other diameter ranges for the networks have a percentage
equal to about 28 % (n.2, forD8: D < 100 mm) and 29 % (n. 2 forD10: D �
300 mm).
The fact that in the labs small diameter pipes have been used much more
frequently can be ascribed to the already mentioned lack of space. Moreover,
for a given supply head, large diameters allow large values of thedischarge.
This implies a more powerful pumping group and a larger recycling system. For
obvious reasons, experiments in the �eld have concerned larger diameter pipes.
An option to take into account for further research is to increase the number
of tests in large diameter pipes. This would allow evaluating the possible e�ect
of the ratio between the leak e�ective area and the pipe cross-sectional area in
the range of small values (i.e., a small leak in a large pipe, see also the below
category # 8).

Category #5: pre-transient pressure regime

Notwithstanding the mentioned problems of \extracting" pressuredata when
only non-dimensional graphs are presented, some useful information about the
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Fig. 2.6: Category #4: pipe diameter, laboratory and �eld tests executed in a single
pipe (SP). Number of the papers for the �ve diameter ranges.

explored pre-transient pressure regimes are available in literature.
In this context, data have been divided in two groups: the single pipe and
branched system data and the network ones. The reason of such a di�erent
choice is that in networks the value of the pressure may change signi�cantly
from one zone to another. This implies that in some cases a single value,
representative of the whole system, is di�cult to de�ne. As a consequence,
pre-transient pressure data for networks must be consideredas purely indicative.
For tests executed in single pipes and branched systems, �ve pressure ranges
have been considered: i)h1: h < 10 m; ii) h2: 10 m � h < 20 m; iii) h3: 20
m � h < 40 m; iv) h4: 40 m � h < 60 m; and v)h5: h � 60 m, with h being
the pre-transient pressure head. As shown in Fig.2.7a, in most cases (n. 36,
i.e., about 35 %),h ranges between 10 m and 20 m (h2); only for few tests (n.
19, i.e., about 18 %) it is smaller than 10 m (h1). The other pressure ranges
have a percentage equal to 20 % (n. 21 forh3: 20 m � h < 40 m andh4: 40
m � h < 60 m) and 7 % (n. 7 forh5: h � 60 m).
For tests executed in networks, four pressure ranges have beenconsidered: i)
h6: h < 20 m (n. 2, i.e., about 12 %); ii)h7: 20 m � h < 40 m (n. 8, i.e.,
about 50 %); iii) h8: 40 m � h < 60 m (n. 3, i.e., about 19 %); and iv)h9:
h � 60 m (n. 3 , i.e., about 19 %). Fig.2.7b indicates that for most of the
tests (i.e., about 50 %), the pre-transient pressure ranges between 20 m and
40 m (h7).
From the above description of the available data, the need for executing tests
with extremepre-transient pressure emerges. Precisely, it would be of interest
to check the transient response for bothh1: h < 10 m andh > 60 m. In
fact, these further experiments would allow examining in detail the role of the
pre-transient pressure at the leak that, according to Liou (1998), in
uences the
value of the leak re
ection coe�cient. It is worth noting that the mentioned
large values ofh are not typical of WDNs but they may occur in TMs, according
to the orography of the area crossed by the pipeline.
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Fig. 2.7: Category #5: pre-transient pressure range,h. Number of the papers for:
(a) single pipe and branched system, and (b) network.

Category #6: inserted pressure wave

As mentioned, within TTBTs, the value of the inserted pressurewave, � h,
plays a very important role in leak detection. In fact, given allquantities, the
larger � h, the larger the pressure wave re
ected by the leak. Accordingly, the
larger � h (e.g., in meters of water column), the more accurate the detection
of a given leak.
For tests executed on a single pipe and branched system, the values of � h have
been bundled in �ve groups: i) �h1: � h < 5 m (n.15, i.e., about 19%); ii)
� h2: 5 m � � h < 10 m (n.11, i.e., about 14%); iii) �h3: 10 m � � h < 20 m
(n.25, i.e., about 32%); iv) � h4: 20 m � � h < 30 m (n.12, i.e., about 16%);
and v) � h5: � h � 30 m (n.15, i.e., about 19%). The analysis (Fig.2.8a)
indicates that in most of the papers (i.e., about 32%), the inserted pressure
wave ranges between 10 m and 20 m (�h3).
For tests concerning networks, three ranges have been considered : i)� h6:
� h < 10 m; ii) � h7: 10 m � � h < 30 m; and iii) � h8: � h � 30 m. In
most of these tests (i.e. n.10, about 62% ), �h ranges between 10 m and 30
m (Fig. 2.8b), whereas both the other two �h ranges, have a percentage equal
to 19%, with n. 3 tests.

Fig. 2.8: Category #6: inserted pressure wave, �h. Number of the papers for: (a)
single pipe and branched system, and (b) network.

According to the available data, further tests should investigate the performance
of transients giving rise to a very small pressure wave (i.e., �h of the order of
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few meters) that are very attractive from the pipe system management point of
view. In fact, they imply very safe test conditions for the investigated system
and exclude the occurrence of pipe breaks. However, it is worthnoting that the
smaller � h the higher the required quality of the measurement equipment.

Category #7: pre-transient 
ow regime

The pre-transient 
ow regime has been characterized through the value of the
Reynolds number, Re =V D

� , with V = pre-transient mean 
ow velocity, and
� = kinematic viscosity. Irrespective from the system layout, tests have been
divided in the following three groups: i)R1: Re < 2000 (n. 14, i.e., about 10
%); ii) R2: 2000 � Re < 8000 (n. 13, i.e., about 9 %); and iii)R3: Re �
8000 (n. 113, i.e., about 81 %). The executed analysis (Fig.2.9) indicates
that most of the tests have been executed in a turbulent 
ow regime, whereas
very few in laminar conditions. From such a result, it automatically descends
that low Reynolds number pre-transient conditions should be explored more
extensively. This would allow deepening the possible e�ects ofthe viscosity
on the dynamics of the generated pressure waves in terms, as an example, of
their damping while travelling along the test pipe (Martins etal., 2017; Martins
et al., 2018). Moreover, since small values of the pre-transient Re usually imply
small values ofV and then of � h, such a feature reconnects to the mentioned
need of further tests with small values of the inserted pressure wave.

Fig. 2.9: Category #7: pre-transient 
ow regime. Number of the papers for the
identi�ed ranges of the Reynolds number, Re, for all the considered system layouts.

Category #8: leak simulation

In this section, the expressionleak simulationconcerns both the characteristics
of the device simulating the leak and its size.
The �rst result of the analysis indicates that the 95 % of the executed tests
concerned a pipe with one leak, in seven cases there were two leaks whereas in
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one case there were three leaks. Moreover, it is worth of noting that tests with
multiple leaks have been executed only in labs.
In the 45 % of the tests, the leak has been simulated by means of a �xed ori-
�ce, in the 13 % and 35 % by means of a short pipe and a valve, respectively;
only in the 7 % real leaks have been considered. With regard to thecondition
downstream of the leak, only in the 15 % of the tests, the leak is submerged.
With respect to the size, leaks are characterized on the basisof the value of
the following quantities: i) leak e�ective area,CsvAL , ii) percentage of lost
discharge,q=Qin, and iii) leak percentage area,AL=A; with Csv = leak coe�-
cient of discharge,AL = leak area,A = pipe cross-section area,q = discharge
through the leak, andQin = discharge in the pipe upstream of the leak. In the
below statistics, attention has been focused on tests executed on pipes with
one leak; in case more than one quantity has been given to quantify leak size,
the leak e�ective area has been chosen as a reference quantity.
With regard to the tests executed in the labs on a pipe with one leak, in terms
of the leak e�ective area,CsvAL , papers have been grouped by considering the
following four ranges: i)L1: CsvAL < 5�10� 7 m2; ii) L2: 5�10� 7 m2 � CsvAL <
5�10 � 6 m2; iii) L3: 5�10� 6 m2 � CsvAL < 5�10� 5 m2; and iv) L4: CsvAL �
5�10� 5 m2 (Fig. 2.10 a).
For papers where leak size has been characterized by means of the percentage
lost discharge,q=Qin, the following �ve ranges have been considered: i)L5:
q=Qin < 5 %; ii) L6: 5 % � q=Qin < 10 %; iii) L7: 10 % � q=Qin < 20 %;
iv) L8: 20 % � q=Qin < 30 %; and v)L9: q=Qin � 30 % (Fig. 2.10 b).
Finally, with regard to the leak percentage area,AL=A, papers have been as-
cribed to the following three ranges: i)L10: AL=A < 5 %; ii) L11: 5% �
AL=A < 10 %, and iii)L12: AL=A � 10 % (Fig. 2.10 c).
According to the above graphs, it results that in most casesCsvAL is larger
than 5�10� 5 m2, q=Qin ranges between 10 % and 20 %, andAL=A < 5 %.
With regard to tests on a pipe with more than one leak,CsvAL ranged between
5�10� 7m2 and 5�10� 5m2, whereasAL=A was smaller than 5 %.
With regard to the �eld tests, less information are available.Precisely, nine
tests concern a leaky pipe withCsvAL < 1�10� 4 m2 (L13); in terms of q, in
ten tests it wasq < 0.50 L/s (L14), whereas in two it wasq � 0.50 L/s (L15);
�nally, for one test a leak withAL=A = 40 % (L16) was considered.
In terms of leak simulation, future research could address theextremevalue of
the leak size, however it is characterised. In fact, very small leaks point out
the accuracy of the method whereas very large leaks may change totally the
transient response of the system with respect to the leak-freeone. It is obvious
that tests on pipes with multiple leaks would be very welcome.
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Fig. 2.10: Category #8: leak simulation. Number of the papers for laboratory systems
with one leak for ranges of: leak e�ective area,CsvAL ; b) percentage lost discharge,
q=Qin ; and c) leak percentage area,AL =A.
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2.3.3.Conclusions

Since the 1990s, transients test-based techniques gained attention of technicians
as a viable tool for fault (e.g., leak) detection in pressurisedpipes. However, a
systematic analysis of the results obtained both in laboratories and real systems
has not been o�ered yet in literature. The intention of this work was to �ll this
gap in two ways: the �rst by presenting in an organic manner the experimental
results from selected papers, the second by identifying desirable developments
of future research.
With this aim, tests have been grouped by considering eight categories: com-
plexity of the test system (layout), modality of transient generation, pipe mate-
rial, pipe diameter, pre-transient pressure and 
ow condition, inserted pressure
wave, and leak characteristics; moreover, each category has been divided in
several sub-categories (Table2.2). For each category, the main characteristics
of the relevant tests have been discussed, as well as the possible speci�c issues
to address for future research have been proposed. For the sakeof clarity, such
issues are synthesised in Table2.4.

Table 2.4: Characteristics of future tests for each category to improve the knowledge
about the transient response of leaky pipes.

Category (#) Title Future tests should concern

1 complexity of the test system branched and looped systems,
real systems

2 modality of transient generation innovative devices for generating
transients

3 pipe material steel/iron/cast iron and PVC
pipes

4 pipe diameter large diameters (D > 500 mm)
5 pre-transient pressure regime small (h < 10 m) and large (90

m � h < 100 m) pressures
6 inserted pressure wave �h of the order of few meters
7 pre-transient 
ow regime laminar regime
8 leak simulation extreme leak sizes; multiple

leaks

To conclude, three general issues are worthy of the research community's at-
tention.
The �rst issue concerns the great need of executing tests in realsystems where
the uncertainty about the boundary conditions plays a key role in the analysis
of the results of the transient tests.
The second issue is about the need for a stable over time large experimental
setup with large diameter and very long pipes where to test alsohybrid systems
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(i.e., with di�erent pipe materials) and looped systems. Something quite close
to this idea has been active for some years at the Imperial College (Covas and
Ramos, 2010), but with no loops.
The third issue concerns the creation of a global database as a repository of all
the available experimental data. Such a project, that could befunded by water
utilities, is fully in line with the new policy of almost all international Journals,
requiring the availability of the used experimental data. Moreover, such an
initiative would bridge the gap between the community of the researchers in the
�eld of the pressurised pipe system management and the other research com-
munities in terms of the methodologies for sharing the availableexperimental
results (see, as an example, the Copernicus European Union's Earth observation
programme).
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2.4.Transient Test-Based Techniques for partial blockages detection

This section corresponds to the following research paper:
Brunone, B.; Maietta F. ; Capponi, C.; Duan, H.-F.; Meniconi, S. Detection
of Partial Blockages in Pressurized Pipes by Transient Tests:A Review of the
Physical Experiments. Fluids 2023, 8, 19.
https://doi.org/10.3390/
uids8010019

2.4.1.Introduction

Faults in pressurized pipe systems may a�ect several features, resulting in dif-
ferent consequences in terms of functioning conditions. Leaks, as an example,
imply not only resource loss but also energy waste. The corrosion of the pipe's
internal wall, as a second example, not only reduces the mechanical strength,
but also facilitates biological processes at the wall that, forwater pipes, may
compromise potability. Moreover, over time, corrosion has externalevidence,
since it can lead to leakage. However, maybe the most insidious fault to detect
and manage is the partial obstruction, the technical term for which is a "partial
blockage"|hereafter referred to as a PB|which does not provide anyexternal
evidence. Indirect "symptoms" of a PB are a decrease in carryingcapacity and
pressure rise. However, such symptoms do not allow localizingnor viably char-
acterizing PB by means of, as an example, steady-state measurements. In the
case of water, PBs may result from the deposition of sand and excesscalcium
and hydrates, whereas in pipes carrying re�ned and crude oil,para�ns and
asphaltene may obstruct the cross-section. Moreover, in the subsea pipelines,
wax particles in the oil may crystallize and deposit on the innersurface be-
cause of the cold temperature (Alnaimat and Ziauddin, 2020). Plaques and
clots behave as PBs in the venous and arterial systems. In all cases, "natural"
PBs start from small growths in the roughness of inner pipe walls, and if not
detected early, protrude transversely (in many cases, radially and then with a
circumferential shape) and longitudinally, occluding progressively the internal
pipe cross-sectional area (Duan et al., 2015). A PB can be also assimilated by
an in-line valve negligently set as partially closed.
In liquid-�lled pipelines, on which attention is focused in this chapter section,
several methods have been proposed for detecting PBs (an earlydetection is
the best action!): vibration analysis (Lile et al., 2012), pulse echo methodol-
ogy (Duan et al., 2015), acoustic re
ectometry (Papadopoulou et al., 2008),
steady-state (Yang et al., 2019) and unsteady-state (Meniconi et al., 2011a;
Duan et al., 2014; Louati et al., 2017) pressure measurements. An analysis
of the characteristics of these methods, as previously explained, is beyond the
scope of this work where attention is focused on the methods usingunsteady-
state pressure measurements { the so called transient test-based techniques
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(TTBTs) { and, speci�cally, on the review of the available physical experimen-
tal data. The main reasons for such a choice is that the technicians responsible
for large and long pipelines (i.e., those conveying water and oil)must be able to
execute the diagnosis of the system whenever they need it to assure continuity
and e�ciency of service. Indeed, this is the case of TTBTs that are based
on the clear properties of the pressure waves propagating in a pressurized pipe
(see the next section) and do not need nor using an extremely sophisticated
equipment nor the presence of external personnel.
As in Brunone et al. (2022), rational criteria for selecting the papers have been
preliminary identi�ed. Speci�cally, reasons for exclusion are:

ˆ conference papers, research reports and PhD theses (in most cases, they
include preliminary results with the complete series of data published in
successive Journal papers);

ˆ only experiments on \rigid" PBs are considered, with the consequent
exclusion of tests where PB is due to an air pocket;

ˆ papers where not complete information are provided about the experi-
mental layout, modality of transient generation, and PB simulation.

With regard to such a last feature, an exception is made for the paper by
Contractor (1965), a sort of milestone in the �eld, where regretfullyvery few
information are given about the carried out experiments. As a result, 18 papers
have been selected, published between 1965 and 2020.
The time-history of the published papers is reported in Fig.2.11. Such a �gure
anticipates one of the results of this review: very few experimental papers deal
with PB detection by means of transient tests with respect to those concerning
leak detection (Brunone et al., 2022). In such a bleak scenario, the long gap
between 1965 and 2005 (40 years!) with no contribution must be noticed as
well as 2013 as a standing out year with four papers. For the sake of clearness
and to make the paper easy to read, selected papers have been grouped into
six categories, each of them labelled by a progressive number (Table 2.5). For
some categories, sub-categories have been identi�ed. For category \# 6 - PB
simulation", as an example, four subcategories have been considered: in-line
valve, ori�ce, small bore pipe, and \other types". Moreover, to make clear
the classi�cation criterion, it is worthy of pointing out that if,as an example,
in a paper two di�erent devices have been used for simulatinga PB, such a
paper is included in both the related two sub-categories. In Table 2.6, all the
selected papers are listed with their main characteristicsindicated according to
the identi�ed categories. Finally, in Table2.7 the meaning of the abbreviations
used in Table2.6 is given.
According to the aims of this work, in section2.4.2 the mechanisms of inter-
action between a pressure wave and a PB are synthesized. Each sub-section
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of section2.4.3 concerns one of the above mentioned categories and includes
a description of the main features, critical issues, and possible objectives for
future research. In the Gaps of knowledge, some general comments onthe lit-
erature review and hopes for the scienti�c community of the �eldare reported.

Fig. 2.11: Number of papers per year with physical experiments for partial blockage
(PB) detection by transient tests.

Table 2.5: Categories identi�ed for the analysis of the physical experimental tests.

Category (#) Title

1 complexity of layout and modality of transient generation (CLM)
2 pipe material
3 pipe diameter
4 pre-transient pressure and 
ow regime
5 inserted pressure wave
6 partial blockage simulation
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Table 2.6: Selected papers with the main characteristics of the executed physical
experimental tests.

Paper number CLM Mat. D h Re � h Type Size Lb � tb

Contractor (1965) L,
SP,
VC

- - h1,
h3

Re1,
Re3

� h3,
� h4

O - - -

Duan et al. (2013) L,
SP,
VC

Fe D2 - Re1,
Re3

- SBP B1 from
6.06
to
12.07

-

Duan et al. (2017)
L,
SP,
VC

Fe D2 - Re2,
Re3

- SBP B1 5.59 0.0085

L,
SP,
VC

Fe D2 - Re2,
Re3

- OT B3 5.54,
5.59

0.0106,
0.0110

Lee et al. (2015) L,
SP,
VC

Fe D2 - Re2 - SBP B1 12.2480.0181

Louati et al. (2017) L,
SP,
PPWM

PE D2 h2 Re0 � h1 SBP B1 3.6,
24

0.0185,
0.1234

Massari et al. (2015) L,
SP,
VC

PE D2 h2 Re3 � h3 SBP B1 3.56 0.0180

Meniconi et al. (2011a)
L,
SP,
VC

PE D2 h2 Re3 � h3,
� h4

IV B1 - -

L,
SP,
VC

PE D2 h2 Re3 � h4 O B1 - -

Meniconi et al. (2011b) F,
BS,
VC

Fe D3 h2 Re3 � h5 IV - - -

Meniconi et al. (2011c)
L,
SP,
PPWM

PE D2 h2 Re0 � h1 SBP B1 7.06 0.036

L,
SP,
PPWM

PE D2 h2 Re0 � h1 IV - - -

Meniconi et al. (2012a) L,
SP,
VC

PE D2 h2 Re3 � h3 SBP B1 from
0.06
to
100

from
0.0003
to
0.5141
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Meniconi et al. (2013b) L,
SP,
VC

Fe D2 - Re1 � h1 SBP B1 from
6.06
to
12.07

from
0.088
to
0.0176

Meniconi et al. (2016)
L,
SP,
VC

PE D2 h2 Re3 � h3,
� h5

IV B2 - -

L,
SP,
VC

PE D2 h2 Re3 � h3,
� h5

SBP B1 0.48 0.0025

L,
SP,
VC

PE D2 h2 Re3 � h3,
� h5

OT B1 0.12,
0.48

0.0006,
0.0025

Sattar et al. (2008) L,
SP,
OM

Cu D1 - Re3 - - B4 - -

Sun et al. (2016) L,
SP,
VC

Fe D1 h1 Re2,
Re3

� h5 SBP B2 5 -

Tuck and Lee (2013) L,
SP,
VC

Fe D2 h2 Re2 � h2 SBP B4 10.4070.0158

Tuck et al. (2013) L,
SP,
VC

Fe D2 - Re2,
Re3

- SBP B1,
B2

from
2.866
to
12.068

from
0.0045
to
0.0176

Wang et al. (2005) L,
SP,
VC

- D1 - Re2 - IV - - -

Zouari et al. (2020)
L,
SP,
PPWM

PE D2 h2 Re0 � h3,
� h4

SBP B1,
B3

24 0.1206,
0.1234

L,
SP,
VC

PE D2 h2 Re3 � h3 SBP B1,
B3

24 0.1206,
0.1234

Table 2.7: Meaning of the abbreviations used in Table2.6.

Category #1: CLM

Complexity of the functioning conditions Symbol

Laboratory tests L
Field tests F

Complexity of the test system Symbol

Single pipes SP

36



Chapter 2. State of the art

Branched systems BS

Modality of transient generation Symbol

Valve closure V C
Portable Pressure Wave Maker or Other Maneuver P P W M=OM

Category #2: material (Mat.)

Type Symbol

Steel - Cast iron F e
Copper Cu
Polyethylene P E

Category #3: pipe diameter ( D)

Symbol Range [mm]

D1 20 � D < 50
D2 50 � D < 100
D3 D � 100

Category #4: pre-transient pressure ( h) and 
ow regime ( Re number)

Symbol Range [m]

h1 h < 20
h2 20 � h < 50
h3 h � 50

Symbol Range [-]

Re0 Re = 0
Re1 Re < 2000
Re2 2000 � Re < 8000
Re3 Re � 8000

Category #5: inserted pressure wave ( � h)

Symbol Range [m]

� h1 � h < 5
� h2 5 � � h < 10
� h3 10 � � h < 20
� h4 20 � � h < 50
� h5 � h � 50

Category #6: partial blockage simulation

Partial blockage type

Type Symbol

In-line Valve IV
Ori�ce O
Other type OT
Small Bore Pipe SBP

Partial blockage size

Symbol Range [%]

B1 B < 25
B2 25 � B < 50
B3 50 � B < 75
B4 B � 75
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Partial blockage extension (only for SBP and OT)

Length, Lb [m]
Characteristic time, � tb = 2 Lb=ab [s]

2.4.2.Interaction between pressure waves and partial blockage

In one-dimensional 
ow in pressurized pipes { with the conduit wall and the

uid being linearly elastic { for the case of slightly compressible 
uids and low
velocities, the continuity equation can be written as

@h
@s

+
1
g

@V
@t

= 0 (2.1)

and, if the friction term is neglected, the equation of motion is:

g
a2

@h
@t

+
@V
@s

= 0 (2.2)

whereh = piezometric head,g = gravity acceleration,V = mean 
ow velocity,
a = pressure wave speed,t = time, and s = spatial co-ordinate (Wylie and
Streeter, 1993; Swa�eld and Boldy, 1993).
The D'Alembert general solution of Eqs. (2.1) and (2.2) is given by:

h � h0 = F
�

t +
s
a

�
+ f

�
t �

s
a

�
(2.3)

V � V0 = �
g
a

h
F

�
t +

s
a

�
� f

�
t �

s
a

�i
(2.4)

where the arbitrary functionsF
�
t + s

a

�
and f

�
t � s

a

�
may be interpreted as a

pressure wave (in meters of 
uid column) propagating in the� s and +s di-
rection, respectively. In Eqs. (2.3) and (2.4), the subscript 0 and +s indicate
the pre-transient values and 
ow direction, respectively. These equations de-
scribe the transient whereF

�
t + s

a

�
is the generated pressure wave, whereas

f
�
t � s

a

�
is the re
ected one due to a change in the boundary condition, as

illustrated later in this section. For the sake of simplicity,hereafterF
�
t + s

a

�

and f
�
t � s

a

�
are indicated asFi and fi , respectively, with the subscript refer-

ring to the part of the pipe where these pressure waves happen.It is worth
noting that the frictionless hypothesis implies that the solution given by Eqs.
(2.3) and (2.4) provides reliable results only in the �rst phases of the transients
(e.g., Pezzinga et al., 2014), precisely those considered in this paper.
With the aim of highlighting clearly the basic principles of TTBTs, below the
\genesis" of the re
ected pressure wave,fi , is discussed for the speci�c case of
PBs. Precisely, it is discussed the interaction of the incomingpressure wave,
Fi , with boundaries, i.e. with \something" di�erent in terms of geometry or

ow condition with respect to the pipe with uniform characteristics in which
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Fi is propagating. In such a context, notwithstanding the consideredanalyt-
ical approach can be found in several textbooks and papers (e.g.,Wylie and
Streeter, 1993; Swa�eld and Boldy, 1993; Contractor, 1965) it is presented here
in a unitary form. As a con�rmation of the obtained relationships providing fi ,
a comparison with physical experimental results is o�ered. This also allows
pointing out the di�erence between \discrete" and \extended" PBs. Such a
distinction can be based on their transient response. If a singlere
ected pres-
sure wave characterizes the pressure time history at the measurement section
{ or, if the maneuver is not instantaneous, a single train of re
ected pressure
waves { this is the case of \discrete" PBs. On the contrary, if several re
ected
pressure waves { or several trains of pressure waves { are identi�ed, this is the
case of \extended" PBs. It is worth noting that in capturing the pressure waves
generated by the PB, for given pipe characteristics, the valueof the sampling
frequency at the measurement section plays a crucial role. Accordingly, two
cases are examined below: the in-line ori�ce (Figs.2.12) and small bore pipe
(SBP) (Fig. 2.13), as examples of \discrete" and \extended" PBs, respectively
(the subscriptb refers quantities to the PB).

d u Vu,0
Fd

Fig. 2.12: Sketch of discrete partial blockage: in-line ori�ce.

For an in-line ori�ce (Fig.2.12), diameter reduction (Fig.2.13b), and expansion
(Fig. 2.13c), it can be written:

hd;t � hd;0 = Fd + fd

hu;t � hu;0 = Fu

since no re
ected wavefu is generated yet (the subscriptsu and d indicate the
upstream and downstream branch, respectively), and

Vd;t � Vd;0 = �
g
a

(Fd � fd )

Vu;t � Vu;0 = �
g
a

Fu

For the in-line ori�ce, which behaves as a partially closed in-line valve for a
given opening degree, a minor loss occurs Contractor (1965):

hu;0 � hd;0 = � 0
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DbD

Vu,0

D

u DbFd D Vd,0 d

Vu,0DudFd Db

(a)

(b)

(c)

=

+
Vd,0

Fig. 2.13: Sketch of extended partial blockage: a) small bore pipe (SBP),as an ideal
sum of b) diameter reduction (shrinkage), and c) diameter increase (expansion).

and

hu;t � hd;t = � t

Moreover, as it isAd = Au, and there is no storage in the ori�ce, it isVd;0

= Vu;0 and Vd;t = Vu;t . Assuming that the velocity behindFd is zero or very
nearly zero (� t = 0), as in the case when the incomingFd is generated by a
complete closure, the pressure wave re
ected by the ori�ce is given by

fd =
1
2

� 0 (2.5)

According to Eq.(2.5), an in-line ori�ce, and then a partially closed in-line valve,
generates a positive re
ected pressure wave. Such a feature iscon�rmed by
the pressure signal reported in Fig.2.14b whereyP B characterizes the transient
response of the PB at the measurement section M. The shape of the pressure rise
due to the arrival of the re
ected pressure wave is linked to oneof the maneuver
generating the incoming pressure wave. Precisely, an instantaneous (or nearly
instantaneous) maneuver generates a single wave, whereas a maneuver with a
given duration gives rise to a train of pressure waves.
A junction between two pipes (Ayed et al., 2023), where the diameter decreases
(Db<D) in the direction of theFd propagation (case of shrinkage - Fig.2.13b),
behaves as the downstream part of a small bore pipe simulatingan extended PB.
Assuming that the two pipes have the same Young's modulus and neglecting
the e�ect on the pressure wave speed of the deposited material that reduces
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Fig. 2.14: Partially closed in-line valve simulating a discrete partial blockage: a) sketch
of the experimental setup at the Water Engineering Laboratory(WEL) of the University
of Perugia, Italy (MV = maneuver valve, M = measurement section, PB = (discrete)
partial blockage, R = reservoir), and b) pressure signal duringthe transient generated
by the complete closure of MV (modi�ed from Meniconi et al. (2016)).]
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the diameter toDb, it can be assumeda = ab. At the junction, continuity of

ow and commonality of the piezometric head (if the local loss is neglected)
allow writing:

Fd + fd = Fu

A(Fd � fd ) = AbFu

As a consequence, the re
ection coe�cient,C0
RJ

, de�ned as the ratio between
the re
ected, fd , and incoming,Fd , pressure wave, is given by the following
relationship:

C0
RJ

=
fd
Fd

=
A � Ab

A + Ab
(2.6)

According to Eq. (2.6), a junction with a diameter decreasing in the direction of
the generated pressure wave is characterized by a positive re
ection coe�cient.
On the contrary, for the case of a junction with the diameter increasing in the
direction of theFd propagation (case of expansion - Fig.2.13c), following a
procedure similar to that for Eq. (2.6), the following expression is obtained for
the re
ection coe�cient:

C00
RJ

=
Ab � A
A + Ab

(2.7)

Then, a junction with a diameter increasing in the direction of the generated
pressure wave is characterized by a negative re
ection coe�cient.
As a consequence, in a small bore pipe, the mechanisms of interaction synthe-
sized by Eqs. (2.6) and (2.7) give rise to a bell-shaped feature, linked toLb, in
the pressure signal. Precisely, �rstly a pressure rise happens due to shrinkage,
and then the expansion gives rise to a pressure decrease. Such afeature is con-
�rmed by the experimental pressure signal reported in Fig.2.15b whereyP B is
the maximum value in the pressure signal due to the PB at the measurement
section M.
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Fig. 2.15: Small bore pipe simulating an extended partial blockage: a) sketch of the
experimental setup at the Water Engineering Laboratory (WEL) of the University of
Perugia, Italy (MV = maneuver valve, M = measurement section,PB = (extended)
partial blockage, R = reservoir), b) pressure signal during thetransient generated by
the complete closure of MV (modi�ed from Meniconi et al. (2012a)).
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2.4.3.Laboratory and �eld tests

As anticipated, in this section the available physical experiments are analysed
referring to the categories reported in Table2.5.

Category #1: complexity of layout and modality of transientgeneration
(CLM)

The relevance of such aspects merits a speci�c section even if avery narrow
range of types of experimental setups has been explored. In fact,94 % of the
tests has been executed in a laboratory (L) and on a single pipe (SP). One paper
(Meniconi et al., 2011b) concerns �eld (F) tests carried out in a branched sys-
tem (BS). In most papers (n.14, equal to 78%) the valve closure (VC) has been
considered, whereas in one paper (Sattar et al., 2008) a sinusoidal oscillation
has been used (OM - Other Maneuver). In two papers, the pressure waves have
been inserted by means of the Portable Pressure Wave Maker (PPWM) device,
re�ned at the Water Engineering Laboratory (WEL - http://welabpg.com) of
the University of Perugia, Italy. In one paper, transients are generated by both
valve closure and PPWM (Zouari et al., 2020).

Category #2: pipe material

Within TTBTs, the e�ect of the pipe material re
ects mainly inthe value of
the pressure wave speed,a. Such a quantity in
uences the value of the inserted
pressure wave, �h, and requirements of the data acquisition system. Precisely,
the largera (e.g., as in metallic and concrete pipes), the larger �h (for a given
velocity change), the larger the sampling frequency needed tocapture the be-
havior of the traveling pressure waves. As shown in Fig.2.16, the available
experiments share almost equally between metallic (with very few tests in cop-
per pipes) and polyethylene pipes, whereas no tests have beenexecuted in PVC
and concrete pipes. The lack of experiments with PVC pipes can be assigned
to the fact that they are usually assimilated to the polyethylene ones. The lack
of experiments with concrete pipes is due to the fact that almostall available
tests have been executed in laboratories where concrete pipes cannot be used
because their diameter is usually quite large.

Category #3: pipe diameter

The diameters used in laboratory and �eld tests have been divided in the fol-
lowing three ranges (Table2.7): i) D1: 20 mm � D < 50 mm; ii) D2: 50 mm
� D < 100 mm; and iii)D3: D � 100 mm (note that in some cases the value
of the internal diameter is given whereas in some others the nominal diameter

44



Chapter 2. State of the art

Fig. 2.16: Category #2: pipe material. Percentage of the papers in terms of pipe
material: steel/cast iron (Fe), polyethylene (PE), and copper (Cu).

is provided). Fig. 2.17, where the percentage of such ranges are reported,
indicates that most tests (76 %) have concerned theD2 range. As for the pipe
material, the lack of tests in large diameter pipes is due to thefact that very few
tests have been executed in real systems. Moreover, the use of large diameter
pipes implies large values of the discharge, a feature quite di�cult to achieve
in the laboratories.

Fig. 2.17: Category #3: pipe diameter. Percentage of the papers for the three
diameter ranges.

Category #4: pre-transient pressure and 
ow regime

According to the executed tests, four pressure ranges have been considered
(Table 2.7). Most of tests (82 %) have been carried out in the rangeh2 (20 m
� h < 50 m); much less (12 %) in the rangeh1 (h < 20 m) and very few (6
%) in the h3 (h � 50 m) one. For eight tests, the pre-transient pressure is not
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reported (the main reason is that only dimensionless plots are included).
The value of the Reynolds number,Re = V0D

� , with � = kinematic viscosity,
characterizes the pre-transient 
ow conditions. The available tests have been
divided in the following four groups: i)Re0: Re = 0; ii) Re1: 0 < Re <
2000; iii) Re2: 2000 � Re < 8000; and iv)Re3: Re � 8000. The related
percentages, reported in Fig.2.18, indicate that most tests (50 %) have been
carried out in turbulent conditions; in tests withRe = 0 the PPWM has been
used. According to Brunone et al. (2021), where it is shown that thesmaller
Re the more stable the pressure signal and then the easier the detection of
the pressure waves re
ected by any fault, it is of interest to execute further
tests in laminar conditions. Moreover, to identify the possible mechanisms of
interaction with the pressure waves, the characteristics insuch conditions of the

ow �eld around a PB { particularly downstream of it { must be investigated
by means of appropriate tools (e.g., three-dimensional Computational Fluid
Dynamics (CFD) models (Yang et al., 2019; Martins et al., 2021)).

Fig. 2.18: Category #4: pre-transient Reynolds number,Re. Percentage of the papers
for the four ranges.

Category #5: inserted pressure wave

Within TTBTs it is quite evident that the larger the inserted pressure wave, �h,
the more e�ective the fault detection. In other words, the larger � h, the smaller
the minimum detectable fault and/or the larger the number of detectable faults
for given pipe system characteristics and measurement section. However, since
TTBTs stand for being an \on demand" procedure (i.e., whenevera fault is
suspected, transient tests are executed), small �h should be inserted to avoid
fatigue phenomena. As a consequence, the value of �h is the result of a series
of compromises. In line with this consideration (Fig.2.19), for most the avail-
able tests it is � h < 20 m.
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Fig. 2.19: Category #5: inserted pressure wave, �h. Percentage of the papers for
the �ve ranges.

Category #6: Blockage simulation

In this section, the characteristics of the devices used in theexperiments to
simulate PBs are described. In the available experiments (Table 2.6), four
types of devices have been identi�ed (Fig.2.20): i) in-line valve, ii) ori�ce, iii)
small bore pipe, and iv) \other" (i.e., irregular rock aggregate orrough coconut
coir (Duan et al., 2017), very short PB and longitudinal body PB (Figs.3 and
4 in Meniconi et al. (2016), respectively). As shown in Fig.2.20, the most
used device is the small bore pipe that captures indeed the characteristics of the
real \extended" PBs (Brunone et al., 2008a). Fig.2.21 shows that most tests
have been executed in polyethylene pipes with the PB simulated by a small bore
pipe.

Fig. 2.20: Category #6: types of the devices used for simulating PBs.

In terms of the PB severity, three parameters have been considered. The �rst
one, B, is given by the ratio between the cross-sectional area of the PB,Ab,
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Fig. 2.21: Pipe material and PB type.

and the pipe,A (B = Ab=A). For each setup with a small bore pipe or an ori-
�ce, Ab is a constant value whereas when the PB is simulated by means of an
in-line valve, di�erent values ofAb have been considered for a given valve. The
analysis of the executed tests indicates that most of them (= 65 %)has been
executed forB = B1(< 25%), i.e., for the most favourable conditions from the
experimental point of view (the smallerAb the easier the PB detection). This
implies that experiments concerned mainly PBs at a late stage (i.e., Ab � A).
As a consequence, future experiments should be carried out in pipe systems
with a larger value ofB, i.e. with PBs at an early stage. The second and third
parameters { appropriate only for \extended" PBs { are de�ned interms of the
length, Lb, and time interval, � tb; the latter is a sort of PB characteristic time
(� tb = 2Lb=ab). In other words, � tb is the time interval that the pressure
wave takes to travel along the PB and be re
ected back. It gives an idea of
the frequency of acquisition needed to capture the length,Lb, of the PB. In
terms of Lb, most experiments concerned quite \short" PBs (i.e., withLb of
the order of few meters); in terms of �tb, it is � tb;min = 0.0003 s and � tb;max

= 0.5141 s; such values can guide future research.

2.4.4.Conclusions

In the last decades, transients test-based techniques (TTBTs) established as a
viable tool for fault detection, particularly in the poorly inaccessible pressurized
transmission mains (e.g., Meniconi et al., 2022). Although TTBTs are based
on the well known properties of the pressure waves generated during transients,
to be considered as a practicable procedure, it has been necessary that many
experiments validated them. Accordingly, papers reviewingand analysing the
available experimental results may help reassuring pipe system managers about
the performance of the TTBTs. This is hopefully the case, for the leaks, of
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Brunone et al. (2022) and this paper for partial blockages (PBs).
The �rst outcome of the review of the available physical experiments presented
in this paper is the quite small number of papers focused on the use of the pres-
sure waves for detecting PBs with respect to those concerning leak detection
(18 vs 49). A possible reason is the underestimation of the problem represented
by PBs that have no external evidence and make their e�ect felt in the long
run and, more importantly, through indirect manifestations. Precisely, the in-
crease of the energy consumption and decrease of the carrying capacity in the
rising mains and gravity systems, respectively, are the result of the progressively
growth of PBs. In most cases, when such indirect e�ects are evident, the PB
size and length can be very severe and, maybe, di�cult to counter with simple
actions. In other words, it is too late and the pipe branch in question must be
replaced.
The second outcome of this review is the extremely small number of tests ex-
ecuted in real systems. Such a feature causes the fact that noexperiments
have been carried out in large diameter pipes. As a further consequence, no
experiments have been carried out in concrete pipes.
The third outcome concerns the lack of experiments in pipe networks both in
the laboratories and, as mentioned above, real systems. This is a serious short-
coming since the multiple re
ections of the pressure waves and their overlapping
in complex pipe systems could highlight possible weak points of the TTBTs.
The fourth outcome is that there is no test executed in systems with \multiple"
faults { e.g., a combination of several PBs and/or leaks { which is very frequent
in real systems (the three ori�ces in series considered in Contractor (1965) were
so close that they behaved as a unique PB).
To conclude this chapter section could encourage researchers to devote them-
selves to physical experimentation as a necessary action in parallel with the
development of numerical methods for PB detection. In addition tothe recom-
mendation to present the results in dimensional quantities and with an accurate
description of the experimental setup, two issues must be pointed out. The �rst
one is that there is a need to re�ne reliable devices for generating fast transients
that give rise to sharp pressure waves (easier to analyse). The second issue is
that the time is ripe to �ne-tune guidelines for carrying out transient tests in
an optimal way within TTBTs.
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3. Transients modelling

3.1.Introduction

Unsteady 
ows in pressure conduits are usually generated by sudden changes in

ow rate, due to the operation of a regulating device that is placed in a generic

ow section.
The change in 
ow rate propagates across the 
ow as a wave, which causes
changes in the pressure, speed, and 
ow rate, in space and time. Such distur-
bance (hydraulic transient) moves from one section to another of the 
ow with
a speed { called pressure wave speed { which is a function of the characteristics
of the 
uid and the pipeline.
Moreover, the hydraulic transient propagating along the 
ow is modi�ed and
re
ected in correspondence with each variation of the boundary conditions:
changes in pipe diameter, pipe-wall thickness, pipe-wall material, leak water,
partial blockage, and also devices.
In this chapter, the one-dimensional di�erential equations of continuity and
motion of the 
uid are presented, as well as the assumptions necessary for the
water hammer analysis, which takes into account the unsteadyfriction losses,
and also the linear-viscoelastic behaviour of the pipe-wall.Such a feature is of
considerable importance in plastic pipes.

3.2.Classic waterhammer problem

Classic waterhammer analysis is normally used in the design ofwater pipeline
systems since describes adequately pressure 
uctuations.
The hypotheses at the basis of the problem are (Covas, 2003):

(i) Mono-phase, homogenous and compressible 
uid. During transientevents,
density and temperature changes are neglected with respect topressure
and 
ow rate changes.

(ii) The 
ow is one-dimensional with a velocity pro�le uniform in each cross-

50



Chapter 3. Transients modelling

section of the pipe, whereas the head losses are calculated by common
friction formulae of the steady-state.

(iii) The pipe material is linear elastic. The dynamic 
uid-pipeline interaction
is neglected, and the pipe is straight and uniform with a constant cross-
section, without 
ow variation.

The equations that describe unsteady-state 
ow in pressurized pipes (Wylie and
Streeter, 1993) are the continuity equation:

dH
dt

+
a2

0

gA
@Q
@s

= 0 (3.1)

and the momentum equation:

@H
@s

+
1

gA
dQ
dt

+ hf = 0 (3.2)

where:
Q = 
ow rate; H = piezometric head;a0 = elastic wave speed, which depends
on the 
uid compressibility and physical properties of the pipe;g = gravity
acceleration;A = pipe cross-sectional area;s = axial coordinate;t = time; hf

= the friction term.
By the Eurelian rule of derivation, the total derivative of a generic quantity G
is written as:

dG
dt

=
@G
@t

+
@G
@s

ds
dt

Therefore, in most engineering applications, neglecting the convective term, the
continuity equation, and the momentum equation can be simpli�ed:

@H
@t

+
a2

0

gA
@Q
@s

= 0 (3.3)

@H
@s

+
1

gA
@Q
@t

+ hf = 0 (3.4)

Integrating numerically1 the Basic Equations3.3 and 3.4, with appropriate
boundary conditions, the unsteady-state 
ow in pressurized pipes is modelled.
For linear-elastic pipes the elastic wave speed,a0, can be described by the
following formula (Meniconi et al., 2012b; Covas, 2003):

a0 =

vu
u
t

K
�

1 + �D
e

K
E0

(3.5)

1The partial di�erential equations are usually solved with the Method of Characteristics,
Finite-di�erence method, and Finite-element method. The Method of Characteristics (MOC)
is extensively used for the solution of 1-D hydraulic transients, and a section (3.4) will be
dedicated to it in this chapter.
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in which E0 = Young's modulus of elasticity of pipe walls;K = bulk modulus
of elasticity of 
uid; � = 
uid density; D = pipe internal diameter;e = pipe-
wall thickness;� = dimensionless parameter that depends on the pipe axial
constraints. There are several formulae to estimate� parameters for various
pipeline conditions (Wylie and Streeter, 1993).
The formula3.5, due to the uncertainty associated with the pipe's characteris-
tics, only provides an estimate of the wave speed.

3.3.Unconventional waterhammer problems

The classical analysis of waterhammer doesn't take into account the following
problems:

{ unsteady friction;

{ non-linear elastic behaviour of the pipe;

{ transient cavitation and water column separation;

{ 
uid-structure interaction;

{ distributed lateral 
ow

which can occur in particular situations and change the transient response of a
pipe system (Covas, 2003).
In this section, we will only discuss the unsteady friction losses and non-elastic
and viscoelastic behaviour of the pipe material.

3.3.1.Unsteady friction losses

In presence of slow transients, frictional losses are commonly calculated by
steady-state formulae. During rapid transient events the instantaneous velocity
pro�le changes rapidly with signi�cant increase of the level of turbulence in the

ow. Therefore, to account for e�ects of the non-uniform velocity pro�le and
unsteady friction losses in 1-D transient 
ow, in the momentum equation (Eq.
3.4) the slope of the energy linehf is decomposed into two terms:

hf = hf s + hf u (3.6)

wherehf s and hf u are the steady-state and the unsteady-state friction compo-
nents, respectively.
The steady-state friction component, is calculated for turbulent 
ows by:

hf s = �
Q jQj

2gDA2 (3.7)
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or may be calculated by common steady-state formulae. Whereas, for laminar

ows is calculated by:

hf s =
32� 0

gD2

Q
A

(3.8)

where� = Darcy-Weisbach friction factor;D = pipe inner diameter;� 0 = kine-
matic 
uid viscosity.
The unsteady-state friction component, can be calculated by di�erent formu-
lations present in literature. In this thesis work,hf u is evaluated within an
instantaneous acceleration-based model by means of the following relationship
(Brunone et al., 1995; Pezzinga, 2000; Bergant et al., 2001; Meniconi et al.,
2012b):

hf u =
kd

2gA

�
@Q
@t

+ a0sign(Q)

�
�
�
�
@Q
@s

�
�
�
�

�
(3.9)

in which sign(Q) = +1 for Q � 0 or = -1 for Q < 0 .

3.3.2.Non-elastic and viscoelastic behaviour of the pipe material

Viscoelastic materials, in contrary to elastic materials that strain instanta-
neously by applying a stress and return to their original stateonce it is removed,
present a di�erent rheological behaviour. Their response to the application of
instantaneous circumferential stress does not follow Hooke's law, and the to-
tal strain is divided into two components: the instantaneous (" i ) and retarded
strain (" r ):

" = " i + " r (3.10)

In viscoelastic materials when the stress is held constant the deformation in-
creases or decreases over time, and occurs viscoelastic creep or viscoelastic
relaxation respectively. Moreover, the rate of application of theload a�ects
the e�ective sti�ness. Instead, a cyclic load leads to a phaselag (hysteresis)
followed by a reduction of mechanical energy. At last, in the viscoelastic pipe,
the pressure or acoustic waves experience a fast attenuation (Meniconi et al.,
2012b).
The total strain generated by a continuous application of a stress,� (t ), is:

" (t ) = J0� (t ) +
Z t

0
� (t � t 0)

@J(t 0)
@t0

dt0 (3.11)

in which J0 = instantaneous creep-compliance andJ(t 0) = creep function at
time t 0.
For linear-elastic materials, the creep complianceJ0 is equal to the inverse
modulus of elasticity,J0 = 1=E0.
Assuming that the pipe material (i) is homogeneous and isotropic, (ii) has linear
viscoelastic behaviour for small strains, and (iii) has a constant Poisson's ratio
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� so that the mechanical behaviour is only dependent on creep compliance, the
circumferential strain is:

" (t ) =
� 0�gD 0

2e0
[H(t ) � H0] J0+

+
� (t � t 0)�gD (t � t 0)

2e(t � t 0)

Z t

0

�
H(t � t 0) � H0

� @J(t 0)
@t0

dt0 (3.12)

where H(t) = piezometric head at time t;H0 = initial steady-state piezometric
head;J0 = instantaneous creep compliance; J(t) = creep compliance function
(obtained experimentally) de�ned byJ(t ) = "(t )=� for a constant circumfer-
ential stress� , � = � �gHD

2e ; D(t) and D0 = inner diameter at time t and t=0,
respectively; e(t) ande0 = wall thickness at time t and t=0, respectively;� (t)
and� 0 = pipe wall constraints coe�cient at time t and t = 0, respectively. The
�rst term of this equation corresponds to the elastic strain" i and the integral
part to the retarded strain" r (Covas et al., 2004c)
One of the physical model to simulate the viscoelastic behavior is the Kelvin-
Voigt model, where an elastic spring and viscous damper are placed in parallel.
This element is jointed to a simple elastic spring in series (with instataneous
Young's modulus of elasticityE0), (Meniconi et al., 2012b). The spring de-
scribes the elastic-instantaneous response of the material.
The creep compliance function can be expressed by the followingexpression:

J(t ) = J0 +
NX

k=1

Jk

�
1 � e

� 1
� k

�
(3.13)

where: J0 = creep-compliance of the �rst spring de�ned asJ0 = 1=E0, Jk

= creep compliance of the spring of the Kelvin-Voigt element k (Jk = 1=Ek ,
whereEk = modulus of elasticity of the spring of k-element),� k = retardation
time of the dashpot of k-element (� k = � k=Ek , where� k = the viscosity of
the dashpot of k-element).
A viscoelastic solid, as a polyethylene pipe, can be describedby an in�nite
number of elements (Fig.3.1).
The number and type of elements used improves the accuracy of thesolution
and the computational e�ort (Covas et al., 2004c).
If a single Kelvin-Voigt element is combined jointed to a simple elastic spring
in series, the instantaneous circumferential stress can also be written as:

� = Er " r + � r
d"r

dt
(3.14)

and the variation in time of" r is given by:

d"r

dt
=

1
� r

�
�

�gHD
2eEr

� " r

�
(3.15)
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Fig. 3.1: Generalised Kelvin-Voigt Model (Source �gure: Covas, 2003).

Taking into account the relationship between cross-section area, A, and total
hoop strain," :

dA
dt

= 2A
d"
dt

and the components of strain (Eq.3.10), the continuity equation (Eq.3.3) for
viscoelastic pipes becomes:

@H
@t

+
a2

0

gA
@Q
@s

+
2a2

0

g
d"r

dt
= 0 (3.16)

where the termd" r
dt is the rate of change in time of the retarded strain," r ,

and it takes into account the di�erent behavior of plastic pipes with respect to
metal and concrete ones (Meniconi et al., 2012b).
The Eq. 3.16 solved with Eq. 3.4 describes the pressure-
ow changes and
circumferential strain along a pressurised linear viscoelastic pipe.

3.4.Method of Characteristics

Method of Characteristics (MOC) has the attractive feature of allowing the
transformation of the set of equations (Eqs.3.16 and 3.4) into a system of
ordinary di�erential equations. Once the initial and boundary conditions have
been de�ned, it is possible to directly integrate the system. The simplicity of
programming and e�ciency of computations made it very popular (Covas et al.,
2004c).
Therefore, combining linearly the Eqs.3.16 and 3.4, using an unknown mul-
tiplier (� g

a ), we obtain the two total di�erential equations valid along the
characteristic linesds=dt = V � a0 (Wylie and Streeter, 1993; Covas, 2003):

C+ :

8
><

>:

dH
dt + a0

gA
dQ
dt + 2a2

0
g(V+ a0)

�
V d" r

dt + a0
@"r
@t

�
+ a0hf = 0

ds
dt = V + a0

(3.17)
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C� :

8
><

>:

dH
dt � a0

gA
dQ
dt + 2a2

0
g(V� a0)

�
V d" r

dt � a0
@"r
@t

�
� a0hf = 0

ds
dt = V � a0

(3.18)

Generally, 
uid velocity is negligible compared to the wave speed propagation
V � a0, leading to approximate straight characteristic lines, i.e. ds=dt = � a0,
and characteristic equationsC+ and C� can be further simpli�ed to:

C+ :

8
><

>:

dH
dt + a0

gA
dQ
dt + 2a2

0
g

� @"r
@t

�
+ a0hf = 0

ds
dt = + a0

(3.19)

C� :

8
><

>:

dH
dt � a0

gA
dQ
dt + 2a2

0
g

� @"r
@t

�
� a0hf = 0

ds
dt = � a0

(3.20)

Using a rectangular computational grid (Figure3.2),in which the pipe is di-
vided in sections of length �s, the following �nite di�erence scheme is used
valid along � s

� t = � a0 (Covas, 2003; Covas et al., 2004c):

C+ :

8
>>><

>>>:

(Hi ;j � Hi � 1;j � 1) + a0
gA (Qi ;j � Qi � 1;j � 1) + 2a2

0(� t )
g

� @"r
@t

�
i ;i � 1 +

+ a0(� t )hf = 0

� s
� t = + a0

(3.21)

C+ :

8
>>><

>>>:

(Hi ;j � Hi +1 ;j � 1) � a0
gA (Qi ;j � Qi +1 ;j � 1) + 2a2

0(� t )
g

� @"r
@t

�
i ;i +1 +

� a0(� t )hf = 0

� s
� t = � a0

(3.22)
In the Eqs. 3.21 and 3.22 the term hf is calculated as described in Sub-
section3.3.1, whereas the total retarded strain" r and the retarded strain time-
derivative @"r

@t are calculated as the sum of these partial terms for each Kelvin-
Voigt element k (Covas, 2003):

" r (i ;j ) =
X

k=1 :::N

" rk (i ;j ) (3.23)
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Fig. 3.2: Set of characteristic lines in time and space that constitutesa rectangular
grid (Source �gure: Covas, 2003.)

�
@"r
@t

�

(i ;j )
=

X

k=1 :::N

�
@"rk

@t

�

(i ;j )
(3.24)

The creep function (Eq.3.13) can be directly di�erentiated in time:

@J(t )
@t

=
@
@t

"

J0 +
NX

k=1

Jk

�
1 � e

� 1
� k

�
#

=
NX

k=1

Jk

� k
e

� t
� k (3.25)

Introducing this time-derivative in the retarded strain described by the second
term of the Eq. 3.12, the total retarded strain is:

" r (i ;j ) =
X

k=1 :::N

�
��gD

2e

Z t

0

�
H(s; t � t 0) � H0(s)

� Jk

� k
e

� t 0

� k dt0
�

(3.26)

and the retarded strain time-derivative is given by:
�

@"r
@t

�

(i ;j )
=

X

k=1 :::N

�
��gD

2e
Jk

� k
[H(s; t) � H0(s)] �

" rk (s; t)
� k

�
(3.27)

Then, the retarded strain for each Kelvin { Voigt element k is:

" rk (s; t) =
Z t

0
F(s; t � t 0)

Jk

� k
e

� t 0

� k dt0 (3.28)

with:

F(s; t) =
��gD

2e
[H(s; t) � H0(s)]
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The strain time-derivative derivative is calculated by theanalytical di�erentia-
tion of equation Eq.3.28. After mathematical manipulations, for each element
k, we obtain (Covas, 2003; Covas et al., 2004c):

@"rk (s; t)
@t

=
Jk

� k
F(s; t) �

" rk (s; t)
� k

(3.29)

" rk (s; t) = JkF(s; t) � Jke� � t
� t F(s; t � � t ) � Jk � k (1 � e� � t

� t )

F(s; t) � F(s; t � � t ))
� t

+ e� � t
� t " rk (s; t � � t ) (3.30)

3.4.1.Compatibility equations

The two Eqs. 3.21 and 3.22, can be written in the following simpli�ed linear
form (Covas, 2003):

C+ : Qi ;j = CP � Ca+ Hi ;j (3.31)

C� : Qi ;j = CN + Ca� Hi ;j (3.32)

where the coe�cients CN , Ca+ , CP and Ca� are known constants when the
equations are applied at locationi and time j (Covas, 2003).
The coe�cients depend on the numerical model used to describesteady-state
friction, unsteady friction and the rheological behaviour of the pipe. In a generic
form, these coe�cients are de�ned as follows (Covas, 2003):

CP =
Qi � 1;j � 1 + BH i � 1;j � 1 + C

0

P1 + C
00

P1 + C
000

P1

1 + C0

P2 + C00

P2

(3.33)

CN =
Qi +1 ;j � 1 + BH i +1 ;j � 1 + C

0

N1 + C
00

N1 + C
000

N1

1 + C0

N2 + C00

N2

(3.34)

Ca+ =
B + C

000

P2

1 + C0

P2 + C00

P2

(3.35)

Ca� =
B + C

000

N2

1 + C0

N2 + C00

N2

(3.36)

The coe�cients superscripts
0
,

00
and

000
refer to the steady-state friction, the

unsteady friction and the pipe mechanical behaviour component,respectively.
The numerical description of each coe�cient is presented in Table 3.1 (Covas,
2003).
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Table 3.1: Coe�cients CP1, CP2, CN1 and CN2 (Source: Covas, 2003)

Steady-state friction [0]

Frictionless
C

0

P 1 = C
0

P 2 = 0
C

0

N 1 = C
0

N 2 = 0

First-order accuracy
C

0

P 1 = R� t jQi � 1;j � 1j Qi � 1;j � 1

C
0

N 1 = R� t jQi +1 ;j � 1j Qi +1 ;j � 1

C
0

P 2 = 0
C

0

N 2 = 0

Unsteady friction [00]

No-unsteady friction
C

00

P 1 = C
00

P 2 = 0
C

00

N 1 = C
00

N 2 = 0

Vitkovsky formulation
C

00

P 1 = k0�Q i ;j � 1 � k0(1 � � )(Qi � 1;j � 1 � Qi � 1;j � 2) � k0sign(Qi � 1;j � 1) jQi ;j � 1 � Qi � 1;j � 1j
C

00

N 1 = k0�Q i ;j � 1 � k0(1 � � )(Qi +1 ;j � 1 � Qi +1 ;j � 2) � k0sign(Qi +1 ;j � 1) jQi ;j � 1 � Qi +1 ;j � 1j
C

00

P 2 = C
00

N 2 = k0�

Rheological behaviour of pipe-wall [000]

Linear-Viscoelastic

C
000

P 1 = � 2a0A� tC0
P

k =1 :::N

n
� k
� t

�
1 � e� � t=� k

�o

C
000

N 1 = � 2a0A� t
P

k =1 :::N f� C0
Jk
� k

Ht; 0 + C0
Jk
� k

h
1 � (1 � e� � t=� k ) ) � k

� t

i
H i ;0+

-C0
Jk
� k

h
(1 � e� � t=� k ) ) � k

� t � e� � t=� k

i
(H i ;j � 1 � Ht; 0) � e� � t=� k

� k
" r (i ;j � 1)g

C
000

P 2 = � C
000

P 1

C
000

N 2 = + C
000

N 1

C0 = � 0D0�g= (2e0)

ParameterB depends on the physical characteristics of the 
uid and the pipe:

B =
gA
a0

(3.37)

whereas R is the pipe resistance coe�cient, de�ned for turbulent 
ows by (Co-
vas, 2003):

R =
�

2gDA2 (3.38)

and for laminar 
ows by:

R =
32� 0

gD2A
(3.39)

Flow parameters at sectioni and time j , i ;j and Hi ;j , are calculated for all
interior sections of the pipes as follows (Covas, 2003):

Hi ;j =
CP � CN

Ca+ + Ca�
(3.40)
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Qi ;j = CN + Ca+ Hi ;j (3.41)

At the ends of each pipe, auxiliary equations are needed to describe the bound-
ary condition. Each boundary condition is solved independently of the other
boundary conditions, and independently of the interior point calculations (Wylie
and Streeter, 1993).
In this thesis work, only the boundary conditions used in the employed transient
solver (chapter7) are presented.

3.4.2.Boundary conditions

The piping systems are made up of di�erent elements: the pipes(de�ned as
Link-Elements) connected to each other by nodes, i.e. junctions, de�ned as
Node-Elements. In complex systems can also be present di�erent hydraulic
devices, such as valves, reservoirs and pumps, de�ned as Non-Pipe Elements,
which have a negligible length (Covas, 2003).
The Pipe Link-Element is composed of interior sections and two boundary sec-
tions at the extreme ends. Flow parametersQ and H are computed with the
Eqs. 3.40 and 3.41 at the interior sections, whereas additional equations have
to be speci�ed at the extreme ends of each pipe (Covas et al., 2004c).The
end condition are applied to adjacent pipes or other boundary elements. Also
in this case each boundary condition is treated independently ofthe others.

A Node-Elements hasNC convergent pipes andND divergent pipes and only
one Non-Pipe Element is linked to each node (Fig.3.3).
The same piezometric head (H) is assumed at the node at each instant of time:

Fig. 3.3: Representation of a Node-Element (Source �gure: Covas, 2003)

Hp1 = HpN (3.42)
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and the continuity equation must be satis�ed at each instant of time:

NCX

k=1 :::N

Qk;j �
NDX

k=1 :::N

Qk;j = QNP + QC (3.43)

whereQk;j is the 
ow from pipek at time stepj , QNP is non-pipe element 
ow
o leak,QC time-dipendent demand (Covas, 2003).
Introducing the Eqs.3.40 and 3.41 in the Eq. 3.43 for all pipe connected to
node, the node equation is:

HN =
EN � QNP

BN
(3.44)

in which the the constantsEN and BN are de�ned by:

EN =
NCX

k=1

CPk �
NDX

k=1

CNk � QC (3.45)

BN =
NCX

k=1

Ca+ k +
NDX

k=1

Ca� k (3.46)

Node-Elements are computed after the calculation of interior sections of the
pipes. These have two unknown parametersQNP and HN , de�ned by Equation
3.44. If QNP =0:

HN =
EN

BN
(3.47)

else, an additional equation is required to solve these parameters, i.e. the Non-
Pipe Element equation.

A Non-Pipe Element is any hydraulic device, such as a valve, pump, and reser-
voir (Covas, 2003). For these elements, negligible length, incompressible 
uid,

ow rate QP and piezometric headsHu upstream andHd downstream are as-
sumed (Fig.3.4).

The di�erence between piezometric heads at the upstream and the downstream
ends (both de�ned by Eq.3.44) is:

� HNP = Hu � Hd = EE + BEQNP (3.48)

where parametersEE and BE are:

EE = ENd � ENu (3.49)

BE = BNu + BNd (3.50)
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Fig. 3.4: Representation of a Non-Pipe Element (Source �gure: Covas, 2003)

An additional equation is necessary to the system:

F(Hu; Hd ; QNP ) = 0 (3.51)

or
Hu � Hd = f (QNP ) (3.52)

Introducing the Eq. 3.48 in Eq. 3.51 and 3.52 we obtain the characteristic
equation of a Non-Pipe Element (Covas, 2003):

f (QNP ) + BEQNP + EE = 0 (3.53)

This equation can be (i) a linear algebraic equation (e.g. reservoir), (ii) a
second-order algebraic equation (e.g. valve) or (iii) a non-linear ordinary equa-
tion that is solved by an iterative procedure (e.g. air vessel).

The reservoir is assumed to have an in�nite volume. The piezometric head
of this element is costantHN = HR, in which HR is the reservoir level. If the
reservoir level changes, this is de�ned from a sine function of an intermediate
level. The 
ow-rate QNP is calculated with Eq. 3.36, from which (Covas,
2003):

QNP = EN � BN HR (3.54)

The valve at downstream end of pipe is a valve that discharges tothe atmo-
sphere. In this case, the 
ow energy is equal to node elevation plus kinetic
energy, then the characteristic equation is (Covas, 2003):

�
C(t ) +

1
2gAsv(t )2

�
jQP E j QP E + BNuQP E + ( Z � ENu) = 0 (3.55)

whereAsv(t ) is the valve section at time t. The solution and the coe�cients
are (Covas, 2003):

CE = C(t ) +
1

2gAsv(t )2 (3.56)
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BE = BNu (3.57)

EE = Z � ENu (3.58)

The leak (Qleak) is solved as a Non-Pipe Element, analogous to an atmosphere-
valve. The di�erence is that the local head losses at this element are not
incorporated in C(t) but in leak e�ective areaALef (Covas, 2003):

�
1

2gA2
Lef

�
jQP E j QP E + BNuQP E + ( Z � ENu) = 0 (3.59)

whereALef = CsvAsv, andCsv is the discharge coe�cient, that depends on the
shape of the ori�ce, the size and distance from the pipe's wall ofthe contracted
section, and the local head losses. The solution and the coe�cients are (Covas,
2003):

CE =
1

2gA2
Lef

(3.60)

BE = BNu (3.61)

EE = Z � ENu (3.62)

If the pipeline contains a closed end we have a dead-end, where the 
ow
QNP = 0. The piezometric head at this element is obtained directly from
Eq.3.47 , where the coe�cients EN and BN are calculated for one pipe only
(Covas, 2003).

3.5.The Lagrangian Model

To better understand the dynamic behavior of the network during the executed
transient tests in the research project, a Lagrangian model (LM)simulating
the pressure wave propagation is used in the chapter6, (Keramat et al., 2019;
Ferrante et al., 2009a). Such a model is based on the solution of the dif-
ferential equations governing frictionless transients in pressurized elastic pipe
systems (Swa�eld and Boldy, 1993) and assumes an instantaneous maneuver.
Speci�cally, the momentum (Eq.3.4) and continuity (Eq. 3.3) equations can
be written:

@H
@s

+
1

Ag
@Q
@t

= 0 (3.63)

@H
@t

+
a2

0

gA
@Q
@s

= 0 (3.64)
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The omission of friction in Equation (3.63) is not limiting if, as in the chapter6,
only the �rst phase of the transient tests is considered. In fact, in such a period
of time, the e�ect of both unsteady friction and for polymeric pipes, viscoelas-
ticity, is quite negligible with respect to the evaluation of theextreme pressure
values (Duan et al., 2010; Brunone et al., 2018). Moreover, the inclusion of
the unsteady friction term in the momentum equation and the one simulating
the change of the pipe cross-sectional area due to viscoelasticity in the continu-
ity equation (Pezzinga et al., 2014) increases very signi�cantly the complexity
of the model from several points of view without a signi�cant returnin terms
of performance. First of all, the computational burden increases signi�cantly
and may imply an unacceptable computational time because of thevery large
number of pipes of the WDNs. Secondly, to re�ne the model, a complicated
preliminary calibration phase is needed for evaluating the unsteady friction and
viscoelastic parameters. In particular, the dependence of the latter on the pipe
material properties|often not known with su�cient accuracy|and geometri-
cal characteristics increases signi�cantly their number (Mitosek and Chorzelski,
2003; Pezzinga et al., 2016). On the contrary, as discussed below, the use of the
LM implies evaluating only the pressure wave speed and geometric parameters
of the singularities.
The LM allows following the propagation of the pressure waves generated by
the maneuver and their interaction with the successive singularities (i.e., junc-
tions, leaks, partially closed in-line valves, etc.). Accordingly, the paths of the
re
ected and transmitted pressure waves and their arrival times at any node
can be evaluated. In other words, the LM identi�es which pressure waves pass
the measurement sections and provides the instants of passage. Speci�cally,
the arrival of an incident pressure wave,Fj , travelling along a given pipe, say
pipe j , to a singularity generates a re
ected pressure wave,FR;j ,|propagating
backward|and a transmitted pressure wave,FT;i , in each of the pipes con-
nected downstream (withi 6= j). The coe�cients of re
ection, CR, and trans-
mission,CT , are de�ned as:

CR =
FR;j

Fj
(3.65)

and

CT =
FT;i

Fj
; i 6= j (3.66)

respectively, withi indicating the generic pipe connected to the singularity,
except pipej . Table 3.2 summarizes the values of such coe�cients for all the
singularities of the laboratory network, i.e., a constant headreservoir, a dead
end, and a generic junction connectingn pipes, each with its pressure wave
speed,a, and cross-sectional area,A.
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Table 3.2: The re
ection and transmission coe�cients given by the Lagrangian model
(LM) for the singularities of the network.

Singularity Re
ection Coe�cient,
CR

Transmission Coe�-
cient, CT

constant head reservoir � 1 0

closed valve/dead end 1 0

junction
A j =aj � (

P n
i =1
i 6= j

A i =ai )

P n
i =1 A i =ai

2A j =ajP n
i =1 A i =ai

3.6.Conclusions

Hydraulic transients have been widely described by classicwaterhammer theory
based on the assumptions of linear elastic behaviour of pipe-walls and quasi-
steady state friction-losses. However, when the hydraulic transients are gen-
erated by rapid changes in 
ow conditions, the hypotheses at the basis of the
theory are not su�cient to describe the phenomenon. Therefore it is neces-
sary to implement the unstable friction and the rheological behavior of the pipe
wall, not negligible in plastic pipes (e.g. PE) and important forthe accurate
description of transient events.
Typically the water hammer equations are solved using the Method of charac-
teristics, in which several boundary and internal conditions are imposed. This
method, as well as unsteady friction and linear viscoelasticbehaviour of the
pipe-wall, have been implemented in the solver (Hydraulic Transient Solver ),
used during the research project.
Finally, to better understand the dynamic behavior of the transients in the �rst
phase it is possible to use the Lagrangian model.
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4. Experimental data collection pro-
gramme

4.1.Introduction

From the literature review (Chapter2) it emerges that in the few papers based
on physical experiments, transients are generated by maneuvers in the supply
lines (e.g., pump trip) and their e�ects are analyzed in the main pipes; whereas
the role of the location of the transient source and the e�ects of thetransients
generated within the network (i.e., in the service lines) dueto water consump-
tion variations aren't analyzed.
To �ll this gap, this thesis work focuses on the experimental analysis of the
e�ects of transients due to changes in the users' water consumption, which are
surely the most frequent source of pressure variations in a WDN. The moti-
vation is that, for the intrinsic characteristics of WDNs, onlylaboratory tests
allow isolating and understanding the nature of the transients. In fact, in real
systems, since boundary conditions change in an uncontrolled way,repeatability
of tests is a very hard task to achieve and then it is quite arduous to examine
in detail the e�ect of each cause of transients.
The analysis is carried out considering transients due to both deterministic and
stochastic consumption variations. In the deterministic consumption variation,
just one consumption variation is imposed. This will allow distinguishing each
single pressure wave arriving from each singularity of the system. Consequently,
the response of the complex topological network could be interpretedwithout
any doubts. On the contrary, the stochastic consumption variation is generated
by randomly opening and closing three downstream end valves by following a
real pattern of consumption (Marsili et al., 2022). This will allow reproduc-
ing the real dynamic behavior of a WDN and, consequently, providing useful
information for detecting the most vulnerable parts of the network and their
management.
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The transient behavior of a looped WDN (two 100x100 m square loops) { with
one or more active service lines in di�erent locations { is analyzed via experi-
ments conducted in the Water Engineering Laboratory (WEL) at the University
of Perugia, Italy. During tests, pressure signals are acquiredboth in the main
pipes and service line, where the downstream end valve simulates an end-user
located downstream of the water meter. Transients are generated by the fast
and total closure of such a valve simulating the e�ect of rapid maneuvers of an
end-user. In the following, the experimental set-up, and the preliminary tests
for characterizing the end-user and the service line will bedescribed. Moreover,
a brief description of the laboratory transient tests and the key quantities that
will be used for the experimental test interpretation will bedone.

4.2.The experimental set-up

The experimental set-up at the Water Engineering Laboratory(WEL) of the
University of Perugia, Italy (Fig. 4.1) is a pipe network with two loops |
indicated as I and II| simulating a DMA (Fig. 4.2). All the pipes are high-
density polyethylene (HDPE) pipes and are supplied by a pressurized tank (Fig.
4.3a) in which the head is assured by a pump (Fig.4.3b). The two loops of
the DMA are supplied by a 42.3 m long pipe with an internal diameter, D,
equal to 93.3 mm, nominal diameter DN110, and wall thicknesse = 8.1 mm.
Loop I has four 100 m long pipes withD = 63.8 mm, DN75, ande = 5.6 mm,
whereas loop II has four pipes one in common with the �rst loop and theother
three ones withD = 42.6 mm, DN50,e = 3.7 mm, and a length of 100 m (Fig.
4.2b). In order to simulate a service line, a DN25 branch (D = 20 mm, and
e = 3 mm) with a length of 23.6 m has been alternatively or simultaneously
installed at sections 5, 6, and 7 (Table4.1).

To simulate the end-user, at the downstream end of the serviceline (i.e., at
nodes 5u, 6u, and 7u { Table4.1) a solenoid valve in series with a ball valve is
installed (Fig.4.4). The ball valve { equipped with a protractor to check the ac-
tual opening degree { allows simulating di�erent water consumption, whereas
the solenoid valve generates controlled, repeatable, and fast transients. It is
worthy of noting that fast transients imply sharp pressure waves. Such a re-
quirement for pressure waves is of great importance not only whenthey are
used for fault detection Brunone et al. (2021) but also for understanding the
mechanisms of interaction with the system component as in this thesis work.
In all the considered layouts of the system, the supplied steady-state discharge

is measured at section 2, located at a distance of 22.2 m from the tank, by
means of an elettromagnetic 
ow meter (Fig.4.2b). Pressure is monitored at
nodes 1, 4, 5, 6, 7, and 8, as well as at the measurement sections denotedwith
two numbers indicating the closest and the farthest junction,respectively (Fig.
4.2b). As an example, the measurement section 32 is located at a distance
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Fig. 4.2: The two-loop network at the Water Engineering Laboratory (WEL)of the
University of Perugia, Italy: (a) picture, and (b) layout with the pipe length and location
of the measurement sections indicated.
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Fig. 4.3: At WEL: (a) pressurized tank, (b) pump.
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Fig. 4.4: end-user (i.e. nodes 5u, 6u, and 7u).

of 8.4 m from node 3, whereas it is farther (= 11.7 m) from node 2. Finally,
each junction connected to the service line has been fully monitored by adding
a measurement section at a distance of 1 m in each main pipe connected to
it. As an example, for the node 5, very close to the junction pressure signals
are also acquired at nodes 58, 54, and 56 located 1 m from junction 5 along
the three main pipes connected to it (with the subscript indicating the closest
node); Figure4.5a indicates the location of the measurement sections around
junction 5 (shown in Figure4.5b).
To capture properly the features of the system transient response, during tests,

pressure is sampled at a frequency of 2048 Hz by a National Instrument cDAQ-
9188 data acquisition system with a maximum analog input single-channel sam-
pling rate of 51.2 kilosamples per second. Relative (G) piezoresistive pressure
transducers have been installed with a full scale (f s) variable from 6 bar G to
10 bar G in the network. To capture eventual relative negative pressure in the
service line, absolute (A) piezoresistive transducers are used from 15 bar A to
16 bar A. All these transducers have an accuracy of 0.25%f s. For all tests,
the water temperature is quite constant and equal to about 18� C.
It is worth noting that the experimental set-up has been designed in order to
be representative of real WDNs, on the one side, and allow an e�ective analysis
and comprehension of the phenomena, on the other side. Indeed, it has to be
pointed out that: (i) the loops of the experimental set-up consistof pipes of
di�erent diameters, thus allowing a proper analysis of the e�ects of the pipe
size on the system response to the user water consumption change, (ii) the
water consumption change can be physically modelled in parts of the system
with di�erent characteristics such as at connection of three pipes of di�erent
diameters, large and small diameters (see node 5) or at the connection of a
couple of pipes with the same diameter (both large or small, such as node 6
and 7, respectively), and (iii) given its topological structure, the system allows
taking into account transmission and re
ection of the pressure waves at nodes
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Fig. 4.5: (a) Location of the measurement sections around junction 5; and (b)junction
5 (as an example of the service line connection to the WDN).
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featuring di�erent geometrical characteristics (number of the connected pipes,
ratio of the diameters of the pipes), as in real systems. Furthermore, pipe
lengths and diameters, as well as the types of connection considered in this
system, are quite common. Indeed, the system is conceived taking a cue from
a part of the real WDN considered in the �eld analysis by (Marsiliet al., 2020).

4.3.Preliminary tests for the end-user and service line characterization

In order to characterize the end-user and service line, some preliminary tests have
been executed. Firstly, the ball valve at the end-user has been geometrically
characterized. Precisely, the relationship between the valve relative opening�
(� = 0 for fully closed valve and� = 1 for fully open valve) and dimensionless
cross-sectional areaAv=A|with Av = ball valve cross-sectional area, andA =
pipe area|has been obtained by means of a 3D AutoCAD model and checked
by a photographic analysis. Figure4.6a shows the good agreement between
such a geometric relationship and the results by Idel'cik (1986).
Secondly, steady-state tests have been carried out for evaluating the end-user
hydraulic characteristics. Precisely, the local head loss,� , across the two in-
stalled in series valves has been measured for di�erent values of� and discharge,
Q.
According to the usual 
ow conditions in real pipe systems, experiments con-
cerned turbulent 
ow with values of the Reynolds number that ranges from
6,700 to 183,000. Accordingly, for any given relative opening,� , the constant
value of the in series valve e�ective area (CsvAsv) has been determined by
means of the following equation:

Q = CsvAsv
p

2g� (4.1)

with Asv (Csv) = in series valve area (discharge coe�cient), andg = gravity ac-
celeration (= 9.806 m/s2). Figure4.6b shows the experimental hydraulic char-
acteristics of the end-user|i.e., the relationship between� and CsvAsv=A)|
and the corresponding �tting function (CsvAsv=A = 0 :802� 2 � 0:035� ).
Further preliminary experiments allowed evaluating the pressure wave speed,a,
of both the network pipes and service line by measuring the pressure wave travel
time. As a result, the following values have been obtained:aDN 25 = 455.91
m/s, aDN 50 = 379.81 m/s, aDN 75 = 387.89 m/s, and aDN 110 = 398.82 m/s,
with the subscripts indicating the corresponding pipe nominal diameters. Such
values are compatible with the geometrical and mechanical characteristics of
the pipes.
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Fig. 4.6: (a) Comparison of the geometric characteristics of the ball valve obtained
at WEL and by Idel'cik (1986); (b) hydraulic characteristics of the end-user.

4.4.Laboratory transient tests

Table4.1shows the main characteristics of some of the tests carried out atWEL.
Such tests di�er for the layout, boundary conditions, and initial discharge of the
end-user,Q0;yu, with subscripts 0 andyu indicating the steady-state conditions
and the end-user (withy = 5, 6, and 7, alternately), respectively. For a given
relative opening of the end-user,� , the dischargeQ0;yu has been obtained by
Eq. (4.1). To simulate actions initiated in the plumbing system { i.e., the
shutting o� the valve, shower heads or the automatic o� of the solenoid valve
on the washing machine { transients are generated by the completeclosure
of the end valve. Such a maneuver emphasizes the dynamic response of the
system, and the variation of the discharge, �Qyu, generating the overpressure
� yu, coincides toQ0;yu.
In particular, tests withQ0;yu smaller than about 0.4x10� 3 m3/s are consistent
with the typical consumption of sanitary appliances Blokker et al. (2010). On
the contrary, tests with larger values ofQ0;yu refer to more important users
(e.g., of industrial or commercial type).
During test series #1, #2, and #3, only one end-user is active (precisely: node
5u, 6u, and 7u, respectively). The aim of these tests is to analyzethe e�ect
of the discharge variation, when the generated pressure waves propagate in a
completely closed network. Moreover, with such tests we want to analyze the
e�ect of the topology and location of the pressure waves generation point on
the network transient response. Accordingly, the executed tests di�er for the
network layout, boundary conditions, and water consumption at theend-user,
Q0;yu, with the subscripts 0 andyu indicating the steady-state conditions and
the end-user (withy = 5, 6, and 7, alternately), respectively. On the contrary,
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during test series #4, several users are still active (precisely: nodes 6 or/and
7), after the completion of the maneuver at the end-user 5u. This series al-
lows examining the e�ect of the WDN functioning conditions (i.e., the pressure
regime and the values of the discharge in the pipes).
In addition, in order to consider realistic and randomly varying water consump-
tion patterns at di�erent nodes of the system, a test featuringone hour of
random water consumption variations in all the three end-users (i.e., nodes 5u,
6u and 7u), for more than one hundred and �fty opening and closing maneu-
vers, is performed (test series #5). The water consumption pattern simulated
in each node is de�nitively representative of the operations of users in pipe
networks since it has been obtained by �eld monitoring of real users (Marsili
et al., 2020, Marsili et al., 2022).
Finally, other series of tests were carried out for numerical simulation of the
network in unsteady state conditions. In these tests, transients are generated
directly on the network. Speci�cally, they are due to the complete and fast
closure of a valve located at node 7 for test series #6 and #8, and at node
6 for test series #7. Moreover, the network is damaged during testseries #7
with a leak at node 47. Test series #6 is used to calibrate the 
owrate curve
of the valve during the maneuver and the creep function parameters, whereas
test series #7 is used to validate the performed calibration.Furthermore, test
series #8 is used to validate the model also in the leak case. Steady-state
tests were executed for evaluating the e�ective area of the leak at node 47
(CsvAsv=1.7E-05) by means of Eq.4.1.

Table 4.1: Main characteristics of some of the tests carried out at WEL.

Test series (#) Layout Other open sections Discharge [10� 3 m3/s]

1 (closure at 5u)
5u

I II -

Q0;5u = 0.04
Q0;5u = 0.1
Q0;5u = 0.2
Q0;5u = 0.4
Q0;5u = 0.7
Q0;5u = 0.9

2 (closure at 6u)
6u

I II -

Q0;6u = 0.04
Q0;6u = 0.1
Q0;6u = 0.2
Q0;6u = 0.4
Q0;5u = 0.7
Q0;5u = 0.9

3 (closure at 7u)

7u

I II -

Q0;7u = 0.04
Q0;7u = 0.1
Q0;7u = 0.2
Q0;7u = 0.4
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Q0;7u = 0.6
Q0;7u = 0.9
Q0;7u = 1.1

4 (closure at 5u) I II

5u

6
Q0;5u = 0.4
Q0;6 =0.3

7
Q0;5u = 0.4
Q0;7 = 0.3

6, 7
Q0;5u = 0.4
Q0;6 = 0.3
Q0;7 = 0.3

5 (random opening I II

5u6u

7u

and closure at
5u, 6u, and 7u)

variable variable

6 (closure at 7)

7

I II - Q0;7 = 0.3

7 (closure at 6)
6

I II - Q0;6 = 0.1

8 (closure at 7)

7

I II 47 Q0;7 = 0.3

4.5.Key quantities characterizing the network transient response

To compare di�erent transient tests, the dimensionless pressure signal is con-
sidered:

h =
H � He

� u
(4.2)

whereH (m) is the pressure head, the subscripte indicates the end conditions
achieved when the e�ect of the maneuver fully vanishes, and �u (m) denotes
the pressure head variation generated by the maneuver at a givenend-user. In
Eq. 4.2, pressure head is referred toHe since this value is more representative
of the dynamics of the transient event. In fact, after the completion of the
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maneuver, pressure oscillates aroundHe which represents the end state, or the
new steady-state, of the system, that can be also very far from the pre-transient
conditions. Moreover, in order to capture the propagation of �u in the network,
the dimensionless �rst pressure variation,� , is evaluated as:

� =
�
� u

(4.3)

with � = �rst pressure variation at a given measurement section.Finally,
to point out the most stressed part of the network, not only during the �rst
characteristics time but along time, the instantaneous hoop stress, given by
the classical Mariotte formula (=HD


2e ) is considered, with
 = liquid speci�c
weight. More precisely, to take into account the whole time-history of the
pressure variations,jH � Hej, to which is subjected each measurement section,
the cumulative value of the hoop stress,� , is calculated as:

� =
X

t

jH � Hej D

2e

(4.4)

with t = time elapsed since the beginning of the manoeuvre.
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5. Consumption change-induced tran-
sients in a water distribution network

This chapter corresponds to the research paper:

Meniconi, S.,Maietta F. , Alvisi, S., Capponi, C., Marsili, V., Franchini, M.,
Brunone, B. (2022). Consumption change-induced transients in a water dis-
tribution network: Laboratory tests in a looped system. WaterResources Re-
search, 58, e2021WR031343. DOI: 10.1029/2021WR031343.

5.1.Introduction

The wide experimental program, already described in chapter 4is analyzed to
understand the dynamic response of the system to transients caused by a change
in water consumption. As mentioned, to emphasize such a response, transients
are generated by the complete and fast closure of an end-user, located at the
downstream end of a service line. In this concern, the entity of these variations
and their frequency of occurrence are analyzed from two di�erent points of
view: on the water utility and user side Loganathan and Lee (2005).
During tests, the combined e�ect of simultaneous consumers, whose consump-
tion is varied both deterministically and stochastically, has been analyzed. The
tests allow examining the propagation of the generated pressure waves within
the network for di�erent water consumption variations, and end-user locations.
The lessons learnt from the experimental results may help the water utility man-
agers to identify the reasons for the higher frequency of occurrence and severity
of faults in some speci�c portions of water distribution networksapparently
\similar" to others where damages are less frequent and severe.
This chapter is organized as follows: the possible occurrence ofcavitation in
the service line and the acquired pressure signals for no-cavitating 
ows are

78



Chapter 5. Consumption change-induced transients in a water distrib ution network

shown in Sections5.2, and 5.3, respectively. Section5.4 focuses on the e�ect
of the end-user discharge variations during the �rst phases of the transients and
along time. The combined e�ect of simultaneous consumers { with consump-
tion varied both deterministically and stochastically { is highlighted in Section
5.5. Finally, conclusions are drawn in Section5.6.

5.2.Occurrence of cavitation in the service line

As an example of the generated transients, Fig.5.1 shows the pressure signals
(i.e., the time-history of the pressure head),H, acquired during test series #1,
with Q0;5u = 0.1, and 0.7x10� 3 m3/s at four sections, considered as exem-
plary: the downstream end section of the service line (Fig.5.1a), junction 5
(Fig. 5.1b), the connections in series 6 and 7, in the �rst (Fig.5.1c) and second
loop (Fig. 5.1d), respectively. It is worthy pointing out that in all �gures of
Sections5.2 and 5.3, each line refers to a di�erent 
ow-rate at the end-user.
As highlighted in Fig.5.1a, for both the discharges most of the incident pres-
sure wave is re
ected back by junction 5 with a negative sign. Then it doubles
at the now closed user, whereas very small amplitude wave propagate into the
network (Figs. 5.1b, 5.1c, and 5.1d). Speci�cally, for the largest value of the
discharge, the pressure ranges between -10.33 m and 118 m in the service line,
and between 15 m and 30 m in the network. In other words, accordingto Lee
et al. (2012), Fig. 5.1a con�rms the risk of the occurrence of the water column
separation in the service line, but not in the main pipes. This implies that for
Q0;5u = 0.7x10� 3 m3/s (with cavitation), the pressure signal at the measure-
ment section 5u exhibits a quite di�erent dynamics (Cannizzaro and Pezzinga,
2005) with respect to the test forQ0;5u = 0.1x10� 3 m3/s (without cavita-
tion). The depressurization generated by large users can pose severe problems
in the service line: not only the generation of vapor bubbles or water column
separation, as forQ0;5u = 0.7x10� 3 m3/s, but also the possible intrusion of
contaminants { e.g., Collins et al. (2012).

5.3.Pressure signals for no-cavitating 
ows

To analyze a larger range of no-cavitating 
ows, the pressure signals acquired
during test series #3 are taken into account (Fig.5.2). Speci�cally, Fig. 5.2a
con�rms that, also at the end-user 7u, the pressure variation generated by the
maneuver gets trapped into the service line. In fact, this branch is overexcited
since most of the pressure wave incident at junction 7 is re
ected back. How-
ever, it does not achieve cavitating conditions, even for higherconsumption
variations, as it happens for test series #1. This di�erence ismainly due to the
fact that node 7 is a multiway junction connecting three pipes instead of four,
as for junction 5. Consequently, the transmitted waves towardsthe network
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Fig. 5.1: Test series #1 { pressure signals forQ0;5u = 0.1 and 0.7x10� 3 m3/s acquired
at nodes: (a) 5u, (b) 5, (c) 6, and (d) 7.

Fig. 5.2: Test series #3 { dimensionless pressure signals forQ0;7u = 0.04, 0.1, 0.4,
1.1x10� 3 m3/s acquired at nodes: (a) 7u, (b) 7, (c) 5, and (d) 6.
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are larger { since the energy is diverted into less paths { and the re
ected one
towards the service line is smaller. Indeed, the transmitted pressure waves are
about 23% and 10% of the incident pressure wave for test series #3 and#1,
respectively, whereas the re
ected one is 77% and 90%. However, asit will be
discussed below, for both the layouts, the most stressed part of the network is
the one at nodes 7 (reported in Fig.5.2b) and 8 (not shown for the sake of
shortness). Such a result is corroborated by an in depth analysis carried out
both in the short and long terms with regard to the dimensionless �rst pressure
variation, � and the cumulative hoop stress,� , respectively, that will be dis-
cussed in the next sections.
In addition, it has been numerically veri�ed (on the basis of thenumerical model
explained inChapter 7and not shown for the sake of brevity) that this result is
also valid for slower maneuvers of the order of a fraction of a second (Marsili
et al., 2022).

5.4.E�ect of the end-user discharge change

5.4.1.Transient response of the network during the �rst phases

In order to explain more clearly the mechanism of propagation inside the net-
work of the pressure wave generated by maneuvers at the end-user, in Fig.
6.1, the behavior of� at most of the measurement sections in the network is
shown. First, for a given measurement section, a clear dependence of� on the
consumption has not been observed. This con�rms the fact that during the
�rst phase of the transients the topology of the network prevails on the system
hydrodynamics. Second, for a given test series, the most excited section is node
7. This result does not surprise for test series #3 where the maneuver is carried
out at 7u: node 7 is the �rst node reached by �u (Fig. 6.1f). For test series
#1, and #2, such a feature can be ascribed to the particular topologyof the
system (uniform material and length of the loop pipes). As highlighted in Figs.
6.1d and6.1e, this is due to the almost simultaneous arrival of di�erent pressure
waves at node 7. Third, a global analysis of the three test series in the short
term suggests that the most excited scenario is the one where the maneuver
is carried out at node 7u. On the one hand, comparing series #1 and #3,
this is due to the already mentioned simpler shape of junction 7 with respect
to junction 5: a larger amplitude pressure wave does enter into the network.
On the other hand, this remark cannot explain the di�erent behavior of test
series #2 and #3, since junctions 6 and 7 have the same shape. However, it
is worthy pointing out the crucial role of the ratio between the main pipe cross
sectional areas connected to the service line, and the serviceline itself, for a
given pipe material: the smaller this ratio { i.e., the higher the pipe impedance
ratio = a=(gA), with A = pipe area { the larger the transmitted pressure wave
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(Swa�eld and Boldy, 1993, Bohorquez et al., 2020b). This is the reason why
series #3 experiences the largest range of the no-cavitating 
owin the service
line.

Fig. 5.3: The dimensionless �rst pressure variation at the measurementsections,� , for
di�erent Q0;yu and the propagation of the pressure wave generated by the maneuver
towards node 7 for: (a) and (d) test series #1, (b) and (e) test series #2, and (c) and
(f) test series #3.

5.4.2.Transient response along time

To better emphasize the e�ect of the discharge along time, the cumulative
hoop stress given by Eq. (4.4) is evaluated for pressure signals of Figs.5.2 and
reported in Figs.5.4. As expected, the largerQ0;7u, the larger the stress. It
is worth pointing out that nodes 5 (Fig.5.4c) and 4 (not shown for the sake
of shortness) are quite similar in terms of stress. However, the closer the node
to the tank, the smaller the stress (see, for example, node 6 in Fig. 5.4d) with
node 32 (not shown) the least excited because of the damping e�ect due to the
tank. Finally, for a given discharge, it should be noted that the most stressed
part of the system is the one with the smallest pipe diameters (i.e., nodes 7 {
shown in Fig.5.4b and 8 { not shown), and not the one in the close proximity
of the end-user 7u (and then the service line). The reason of this important
result will be explained in the following. In order to pinpoint the most excited
part of the network in the successive phases of the transients,in Fig. 5.5 the
values of the hoop stress achieved at the end of the transient,� e, are evaluated
for all the series. The analysis of this �gure o�ers two comments,in line with
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Fig. 5.4: Test series #3 { time-history of the cumulative hoop stress,� , for Q0;7u =
0.04, 0.1, 0.4, 1.1x10� 3 m3/s acquired at nodes: (a) 7u, (b) 7, (c) 5, and (d) 6.

the results already mentioned. Firstly, in all the measurement sections, the
extreme values of� e are achieved in series #2, and #3. Precisely, the smallest
values are attained in series #2 (Fig.5.5b) because of the proximity of the
transient generation point to the tank that damps the pressure waves. On the
contrary, the largest values occur in series #3 (Fig.5.5c), since the generation
point is located not only far away from the tank, but also in the portion of the
network with the smaller diameter pipes. Secondly, in line with this remark, for
all the test series, the most excited portion of the main networkis the one with
smaller diameter pipes (i.e., nodes 7 and 8), regardless of where the transient
is generated. This can be explained by the fact that larger amplitude pressure
waves enter in such pipes but smaller amplitude ones exit. In other words, in a
contraction, the transmitted wave is larger than the re
ected one and the vice-
versa happens in a enlargement. The so called \head accumulation" { already
tested in Bohorquez et al. (2020b) but in a single pipe (with a connection in
series) for transients generated in the larger diameter pipe (low impedance) {
happens also in a WDN for transients generated in the downstream end section
of a service line.
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Fig. 5.5: (a) Test series #1, (b) test series #2, and (c) test series #3 { the end value
of the cumulative hoop stress,� e, at the measurement sections for di�erent discharge
variations.

5.5.Combined e�ect of simultaneous consumers

5.5.1.E�ect of deterministic water consumption variations

In order to better understand the combined e�ect of further consumers, test
series #4 of Table4.1 has been carried out and compared with those of test
series #1. In series #4, transients are generated by the fast andtotal closure
of the end-user 5u, as for series #1, but with users still active at connections
6 or/and 7 (hereafter, referred to as users 6 or/and 7, for the sake of brevity).
The dimensionless pressure signals are reported in Fig.5.6, for a given con-
sumption variation,Q0;5u (= 0.4x10� 3 m3/s). The larger the consumption at
the users 6 or/and 7, the smaller the pressure variations in all the measurement
sections. In fact, total re
ection does not occur at the active users that do not
behave as a dead end, where pressure variations double. Moreover, for a given
discharge,Q0;6 = Q0;7 (= 0.3x10� 3 m3/s)), the damping of the pressure waves
is larger when the user 7 is active with respect to the case of theactive user 6.
This feature is justi�ed by the already mentioned key role of theportion of the
network with smaller diameter pipes, that ampli�es the re
ection of the pressure
waves. Such a behavior is con�rmed by the time-history of the hoop stress of
tests of Fig. 5.6, shown in Fig.5.7: the larger the total consumption through
the users 6 or/and 7, the less stressed the network, as well as the service line.
Moreover, it is clear that, for a given consumption, the location of the active
user is crucial. In fact, the stress in the whole network is smaller when user 7
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Fig. 5.6: Test series #1 (with Q0;5u = 0.4x10� 3 m3/s) vs. test series #4 { dimen-
sionless pressure signal,h, at nodes: (a) 5u, (b) 5, (c) 6, and (d) 7.

Fig. 5.7: Time-history of the cumulative hoop stress,� , at sections: (a) 5u, (b) 5, (c)
6, and (d) 7 for test series #1 (withQ0;5u = 0.4x10� 3 m3/s) vs. test series #4.
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is active. Finally, even if the network is open, in any case themost excited part
of the network still remains the one with the smaller diameters(as an example,
node 7 in Fig.5.7d).

5.5.2.E�ect of random water consumption variations

In test series #5, the transient behavior of the laboratory DMA is checked
considering one hour of random water consumption variations in all the three
end-users (i.e., nodes 5u, 6u and 7u), for a total of more than one hundred and
�fty opening and closing maneuvers, according to the �eld monitoring of real
users (Marsili et al., 2020, Marsili et al., 2022). More speci�cally, thewater
consumption variations, imposed at the three end-users, are equivalent: each
end-valve is set to generate a water consumption variation of 0.2x10� 3 m3/s,
when all the other end-users are closed. Furthermore, the samepattern, but
opportunely o�set, is imposed at each end-user. The resulting cumulative hoop
stress in all measurement sections is reported in Fig.5.8. Such a plot con�rms
that the most stressed part of the network is the one with the smallest diameter
pipes (nodes 7 and 8): along time, such a part becomes more stressed than the
service lines themselves (nodes 5u, 6u, and 7u).
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Fig. 5.8: Series #5: time-history of the cumulative hoop stress,� , at all measurement
sections.
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5.6.Conclusions

The carried-out tests emphasize the dynamic response of the system and enable
highlighting the mechanism of interaction of pressure waves withthe network
components.
Transients di�er in the entity of the water consumption variation, location and
number of the active end-users.
The major �ndings of this study are as follows:

� the tests show that the service lines are overexcited and cavitation can
occur particularly when the discharge in the service line is large(Fig. 5.1);

� cavitation does not occur when the service connection di�ers less in di-
ameter from the nearby pipes, as for junction 7 (Fig.5.2);

� the larger the water consumption at the end-users is, the larger the pres-
sure variations (Fig.5.1), and the more stressed both the service line and
the main pipes are (Fig.5.4);

� the most stressed part of the WDN is the one with the smaller diameters
regardless of where the transient is generated when the water consumption
varies both deterministically (Fig.5.5) and stochastically (Fig.5.8);

� the active end-users behave like pressure relief valves that dampen the
transient events (Fig.5.6);

� for a given consumption, the largest transient pressure dampingoccurs
when consumers are located in the part of the network with the smallest
diameter pipes (Fig.5.6);

� the most severe transients occur when there are no further end-users
consuming water beyond the one where the maneuver is carried out (Fig.
5.7).

The lessons learnt from such �ndings may help the water utility managers to
identify the possible reasons of the higher frequency of occurrence and severity
of faults in some speci�c parts of WDNs apparently \similar" to other parts
where damages are less frequent and severe. The �rst reason could be the
occurrence of severe consumption change due to the activity of important users
during the night when large parts of the network are almost inactive. The
second reason could be the repetitive and fast maneuvers (not necessarily se-
vere) especially when they are carried out in the night (see above). The third
reason could be the percentage of small diameter pipes. Moreover, the higher
the diameter gradient, with respect to the nearby pipe diameters, the larger the
head accumulation (i.e., the progressive exaltation of the pressure waves). Such
�ndings can help the water utility managers to better understand the WDN be-
havior in the view of its transient response: a larger number of leaks/faults is
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expected in areas with large consumers in the night or in the network with regu-
lar fast maneuvers carried out in the night, in areas with the smallest diameters
and a higher diameter gradient with respect to the nearby pipe diameters.
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6. The most vulnerable areas of a wa-
ter distribution network due to tran-
sients generated in a service line

This chapter corresponds to the research paper:

Meniconi, S.;Maietta F. ; Alvisi, S.; Capponi, C.; Marsili, V.; Franchini, M.;
Brunone, B. (2022). A Quick Survey of the Most Vulnerable Areas of a Wa-
ter Distribution Network Due to Transients Generated in a Service Line: A
Lagrangian Model Based on Laboratory Tests. Water 2022, 14, 2741. DOI:
10.3390/w14172741.

6.1.Introduction

This chapter analyses the propagation and mechanisms of interaction of a pres-
sure wave in a looped water distribution network by means of laboratory and
numerical tests. Speci�cally, the analysis executed by means of a Lagrangian
model (LM) highlights the e�ect of the network topology and the location of
the transient generation point but in a more expeditious way withrespect to
the use of a complete transient model. By means of the re�ned LM { which is
able to capture the pressure extreme values occurring in the�rst phases of the
transient { the most excited part of the network will be localized and explained,
and the vulnerability maps of the network are provided. Such maps identify the
nodes subjected to the most severe pressure waves in terms of bothfrequency
and amplitude. The exposure level to transients of each node issynthesized by
the value of the vulnerability index proposed.
A description of the experimental setup and the preliminary tests executed to
characterize the end-user and service line are described inchapter 4. For the
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sake of clarity, Table6.1 lists the tests of Table4.1 considered in this chapter.

Table 6.1: Main characteristics of the executed laboratory tests.

Test No. (#) Layout Maneuver Type Discharge [10� 3 m3/s]

1 service line at node 5 Total closure of 5u Q0;5u = 0.1

2 service line at node 6 Total closure of 6u Q0;6u = 0.1

3 service line at node 7 Total closure of 7u Q0;7u = 0.1

The organization of this chapter is as follows. The e�ect of the network
topology and the transient generation point is highlighted and discussed in
Sections6.2 and 6.3, respectively. Successively, a procedure for implementing
the map of vulnerability that points out the parts of the network more exposed
to transient e�ects, is described. Finally, conclusions are drawn in Section6.5.

6.2.The E�ect of the Network Topology

Figure6.1 shows the pressure signals,H, acquired during test #1; in this �gure,
t = 0 indicates the manoeuvre starting time. Figure6.1a highlights that at 5u
the pressure variation due to the maneuver becomes trapped into the branch.
Thus, the service line is overexcited since most of the incidentpressure wave is
re
ected back by junction 5, whereas very small pressure wavespropagate into
the network.
Figure6.1b reports the pressure signals acquired at the measurement sections
in the proximity of junction 5: nodes 5, 54, 56, and 58 of Figure4.4. According
to Lee (2015), because of the overlapping of the incident and re
ected pres-
sure waves, these signals are almost indistinguishable; theirextreme values are
smaller than the ones measured at the end-user 5u (Figure6.1a). Such a feature
re
ects the fact that node 5, located at the upstream-end of theservice line,
experiences the same pressure variations occurring at 5u only for an extremely
short time interval { and, then, not acquirable { because of theproximity of
the junction.
Successively, the transmitted pressure waves arrive at theclosest nodes 4, 6, and
8. The pressure signals of Figure6.1c point out that the pressure variation at
node 4 is slightly smaller than the ones at nodes 6 and 8, whereas the damping
of the pressure peaks is quite similar at nodes 4 and 6, but smaller at node 8.
The pressure signals at the measurement sections 7 and 32 and at the upstream
tank (node 1) are reported in Figure6.1d. The �rst pressure wave arriving at
node 7 is signi�cantly larger than all the other ones, whereas node 32 is the
least stressed one because of its proximity to the tank.
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Fig. 6.1: Test #1|pressure signals acquired at measurement sections: (a) 5u; (b) 5,
54, 56, and 58; (c) 4, 6, and 8; (d) 7, 32, and 1. Note that to highlight the pressure
variations into the network, the y-axis of (b{ d) is signi�cantly reduced with respect to
the one at 5u (a).

Figure 6.2 shows one of the paths travelled by the pressure wave generated
at end-user 5u: at 5u (Figure6.2a); at junction 5, connecting the service line
to the network (Figure6.2b); at the two measurement sections along the pipe
connecting this junction to node 4: 54 (Figure6.2c) | 1 m from junction 5 |
and 45 (Figure6.2d) | 69.3 m from junction 5; at junction 4 (Figure 6.2e);
at the measurement section 47 | 28.5 m from junction 4 (Figure6.2f); and
�nally at connection 7 (Figure6.2g).
In this �gure, the pressure variations due to the maneuver, �m, are also high-
lighted, with the subscriptm indicating the measurement section. In Fig-
ure6.2a, � 5u (=18.01 m) occurs att = t5u = 0. At junction 5, � 5u is reduced
by about 90 % because of the already mentioned interaction at this junction,
resulting in quite a small pressure variation att5 = 0.05 s (� 5 = 1.78 m in
Figure 6.2b) and t54 = 0.053 s (� 54 = 1.42 m in Figure6.2c). Successively,
this pressure wave arrives at node 45 att45 = 0.219 s, with � 45 = 1.28 m
(Figure 6.2d). Then, at t4 = 0.307 s, � 45 interacts with junction 4, causing a
smaller pressure variation (�4 = 0.99 m in Figure6.2e). In fact, part of the
pressure wave is re
ected back toward junction 5, and part is transmitted toward
nodes 7 and 3. The transmitted pressure wave arrives at nodes 47and 7 at t47

= 0.384 s (Figure6.2f), and t7 = 0.577 s (Figure6.2g), respectively. Moreover,
the amplitude of the transmitted pressure wave �47 (=0.92 m) is unexpectedly
ampli�ed at node 7 (� 7 = 1.75 m). Such a rise cannot be ascribed to the geo-
metrical and mechanical characteristics of node 7 that is a connection in series
between two DN50 equivalent pipes. On the contrary, it can be associated to
the almost simultaneous arrival of di�erent pressure waves, asit will be clari-
�ed below. To better explain such a behavior, the LM is used. In Figure6.3,
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Fig. 6.2: Test #1|one of the paths of the generated pressure wave of Figure6.1 in
the network|pressure signals at measurement sections: (a) 5u; (b) 5; (c) 54; (d) 45;
(e) 4; (f ) 47; and (g) 7.

the results of the LM are compared to the experimental pressuredisturbances,
H � H0, at some of the measurement sections (black lines). The blue stems rep-
resent the pressure waves given by the LM (i.e., the impulse response function),
� Hn, whereas the red lines depict the LM simulation,Hn � Hn;0. Figure6.3b
shows that the excitation at junction 5 is almost twice as the one at the end-
user 5u (Figure6.3a). In fact, the re
ection coe�cient at junction 5, CR;5, is
equal to -0.93, for a pressure wave arriving from 5u. In other words,the inci-
dent pressure wave is always followed by a re
ected one with approximately the
same amplitude but opposite sign. The transmitted pressure waveat junction
5 reaches the closest sections (junction 4 and connections 6 and 8).However,
while these pressure waves cross undisturbed connections 6 (Figure6.3d) and 8
(Figure 6.3e), with � Hn;8 = � Hn;6 = 1.19 m, junction 4 (Figure6.3c) causes
a re
ection and a smaller resulting pressure variation (Hn;4 � Hn;4;0 = 0.97 m).
In addition, the �rst experimental pressure variation at node8, � 8 (=1.13 m),
is smaller than the one at node 6, �6 (= 1.17 m), because of the larger friction
losses along a DN50 pipe with respect to a DN75 one. Moreover, at connection
7 the close arrival of the two pressure waves transmitted at junction 4 and 8
causes the mentioned large pressure variation (Fig.6.3f). Finally, because of
the interaction with junction 3, the simultaneous arrival of the pressure waves
from connection 6 and junction 4 at the measurement section 32 (Figure 6.3g)
causes a smaller global pressure variation (Hn;32 � Hn;32;0 = 1.06 m).
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Fig. 6.3: Test #1|experimental pressure disturbances,H � H0, vs. the impulse
response function, �Hn (blue stems), and numerical reconstruction,Hn � Hn;0 (red
line), carried out by the Lagrangian model (LM) at measurement sections: (a) 5u; (b)
5; (c) 4; (d) 6; (e) 8; (f ) 7; and (g) 32.

6.3.The E�ect of the Transient Generation Point

In order to point out the e�ect of the transient generation point on the dynamic
behavior of the network, transients generated by the closure of the end-users
at 6u (test #2) and 7u (test #3) are compared with test #1. In particular,
Figure 6.4 compares the pressure signals acquired at the main nodes among
those of Figure6.1 with the ones of tests #2 and #3 for a given steady-
state discharge (Q0;5u = Q0;6u = Q0;7u = 0.12 L/s). Speci�cally, Figure 6.4a
highlights that, even if the maneuver is the same, during the �rst phases of the
transient, the service line is more excited when the maneuver is executed at the
end-user 5u. In fact, as con�rmed by the LM results (Figures6.3 and 6.5), CR

at the junction that connects the service line to the network islarger in absolute
terms in the case of a cross junction (as node 5 withCR;5 = � 0:93 ) than a
Y junction (as node 6, withCR;6 = - 0.92 and node 7, withCR;7 = � 0:83).
The value ofCR;7 is smaller than the one ofCR;6, because of the smaller
diameters of the pipes connected to the junction. Thus, this means that for
test #3, larger pressure waves are transmitted from node 7 towards the network
(Figure 6.4f vs. Figure6.4d,e). Moreover, the LM con�rms that in the �rst
phases of all the considered tests the most stressed part of the network is that
with the smallest diameter pipes: nodes 7 and 8 (Figure6.4f,g).

6.4.Maps of Vulnerability by the Lagrangian Model (LM)

The extreme values of the pressure variations are reached in the �rst phases of
the transients. As shown, in such a period, the LM can be considered a good
compromise between the computational e�orts (quite limited) and its reliability.
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Fig. 6.4: Pressure signals acquired during tests #1 (blue lines), #2 (black lines),
and #3 (red lines) with Q0;5u = Q0;6u = Q0;7u = 0.12 L/s at measurement sections:
(a) end-user (5u/6u/7u); (b) 32; (c) 4; (d) 5; (e) 6; (f ) 7; and (g) 8.

Accordingly, it allows pinpointing the most excited part of the network in the
�rst period. The substantial limitation of the LM|i.e., the fact that it does not
simulate the damping of the pressure waves|does not appear decisive. In fact,
with respect to transmission mains in a WDN, it makes less sense to assume
that the boundary conditions and related 
ow condition last for a long period
of time. In fact, as demonstrated in Marsili et al. (2022), because of the users'
behavior, 
ow conditions change so frequently that a stochastic approach is
needed. In this context, the frequency distribution,f , of the numerical relative
amplitude of the pressure waves,� , de�ned as:

� =
j� Hn;m j
� HAJ

(6.1)

has been evaluated for all measurement sectionsm, by considering pressure
variations � , larger than a given value,� � ; in Equation (6.1) � HAJ is the
Allievi{Joukowsky overpressure. Figure6.6|where it has been assumed, as an
example,� � = 4%|shows the frequency distribution, with a uniform width of
4 %, of the histogram bins. In particular, the largest values of� occur for the
service line: the start node (5) and end node (5u) behave equivalently, with �
being 10 times larger than all the other sections in the network. This con�rms
the results of the laboratory tests. However, the frequency ofthese large pres-
sure variations is quite limited, withf = 2 for � � 50%. To emphasize the
behavior of the network nodes, a magni�ed vision of the frequencydistribution
for 4% � � � 8% is reported in Figure6.6b{f. As already pointed out, the
network is less excited than the service line. Moreover, the smaller the diam-
eter, the larger the frequency: the maximum value off (=15) is achieved at
nodes 7 and 8, whereas it isf = 0 at node 32. This frequency distribution is
used to synthesize the transient response of the system: both the frequency of
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Fig. 6.5: Tests #2, and #3|experimental pressure disturbances,H � H0, vs. the
impulse response function, �Hn, (blue stems) and numerical reconstruction,Hn � Hn;0,
(red line) carried out by the Lagrangian model (LM) at measurement sections: (a) 6u;
(b) 6; (c) 5; (d) 4; (e) 7; (f ) 8; and (g) 32, for test #2, and (h) 7u; (i) 7; (j) 5; (k)
4; (l) 6; (m) 8; and (n) 32, for test #3.
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occurrence of a speci�c� , and the amplitude of� are taken into account in the
vulnerability index,� , de�ned as:

� =
X

i

fi � i (6.2)

Fig. 6.6: Frequency distribution of the relative amplitude of the pressure waves given
by the LM for test #1 at measurement sections: (a) 5u and 5; (b) 32; (c) 4; (d) 6;
(e) 7; (f ) 8.

For all nodes of the network, the map of vulnerability is provided for the con�g-
urations of tests # 1, 2, and 3 (Figure6.7), based on the values of� . The aim
of these maps is to quickly identify the areas where the impactof transients is
expected to be the largest and that may therefore require particular attention,
in terms, as an example, of high-frequency pressure monitoring.As expected,
according to the experiments, in all con�gurations the most stressed area is the
service line. Moreover, the more complex the junction and the larger the diam-
eter of pipes connected to the junction, the larger� . Finally, for all the tests,
the most excited portion of the main network is the one with smaller diameter
pipes (i.e., nodes 7 and 8), regardless of where the transient isgenerated.

6.5.Conclusions

In recent years, the idea that the e�ect of transients in waterdistribution net-
works is not negligible is gaining ground in the management of such systems.
This is due to two main reasons. The �rst one is the more and more fre-
quent occurrence of not negligible transients, due to the unavoidable users'
consumption variations and daily pump or automatic valve operation for sys-
tem management. All these events, di�cult to suppress or prevent by the water
utilities, can lead to the deterioration of the system safety and long-term life
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Fig. 6.7: Map of vulnerability evaluated by the LM for tests: (a) #1; ( b) #2; and ( c)
#3; respectively (numbers at nodes indicate the value of the index of vulnerability,V).
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cycles. In fact, the conventional surge protection devices (e.g.,air vessel) are
usually installed in the main pipes. The second reason is the fact that the
steady-state modelling and low-frequency monitoring (i.e., of the order of 10� 3

Hz) do not allow identifying the causes of leakage and faults occurring in only
some parts of the network substantially equal to other ones in terms of pipe
material, maintenance, and pressure regime. A possible explanation of such a
feature could derive from an inappropriate identi�cation of the nature of the
actually dangerous transients and the di�erent exposure to pressure waves of
the di�erent parts of the considered network.
This work experimentally analyses the e�ects of a transient simulating an end-
user closure in a looped water distribution network. The the end-user located
at the downstream end section of a quite long service line allowscapturing each
single pressure wave inserted into the network. The experimental tests and the
successive analysis by means of a Lagrangian model highlights thee�ect of the
network topology and the location of the transient generation point, but in a
more expeditious way with respect to the use of a complete transient model.
The assumption of the Lagrangian model of neglecting the friction terms and
maneuver duration does not limit its use for interpreting the dynamic response
of the system in the �rst phases of the transients.
In particular, the tests point out that the most excited part of the system is
the one in close proximity of the end-user and then the corresponding service
line. In fact, the generated pressure wave becomes trapped in the service line
because of the severe re
ection from the junction that connects the service line
to the network.
In addition, when di�erent pipe materials are considered, thegeneral results
could be considered analogous (not shown for the sake of brevity). Infact, even
if the metallic pipes have a stronger compressive capacity thanthe plastic ones,
a pressure variation in a metallic pipe generated by a given water consumption
change is much larger (about double) than the one generated in a plastic pipe
with the same diameter.
Furthermore, notwithstanding the transient generation point,the pressure waves
entering into the network are 80{90% smaller than the generated one and ac-
cumulate in the parts of the network with the smallest diameter pipes. To
demonstrate that the obtained results are not dependent on the chosen layout,
the distribution of DN50 and DN75 pipes has been changed and revised, and
the indexes of vulnerability have been evaluated. As an example, Figure6.8
shows the map of vulnerability, when the maneuver has been executed at node
5u. The results con�rm that the service line is overexcited, andthe smaller the
diameter, the larger the pipe vulnerability, with the larger values of� occurring
at nodes 3, 4, and 6 that are in this case the junctions connecting the smallest
diameter pipes.
It is worth pointing out that not the entity but the frequency of such waves
could be potentially risky for infrastructure safety through fatigue loading. In
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other words, the regular occurrence of pressure transients (even if small) could
contribute to the degradation of pipe materials, pipeline accessories, pipe sup-
port, and instrument failures (e.g., Starczewska et al., 2015b).
In conclusion, by means of the Lagrangian model, which has been veri�ed to
be able to capture the pressure extreme values occurring in the �rst phases
of the transient, the vulnerability maps of network are provided. These maps
identify the nodes subjected to the most severe pressure waves in terms of both
frequency and amplitude. The level of exposure to transients ofeach node is
synthesized by the value of the vulnerability index proposed inthis work. Such
an outcome could be of paramount importance for system maintenance and
management and to address appropriate guidelines for fault prevention.

0 0 128

2260

212 84

84

2260

132

Fig. 6.8: Map of vulnerability evaluated by the LM for a numerical test equivalent to
test #1, but with a diameter distribution reversed with respect to the laboratory layout
(numbers at nodes indicate the value of the index of vulnerability, V).
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7. Hydraulic transient solver calibration
in a water distribution network

The current chapter is based on the following scienti�c publication:

Covas D.I.,Maietta F. , Cabral M., Meniconi S., Capponi C., Brunone B. (2022)
Hydraulic Transient Solver Calibration in a Viscoelastic Pipe Network: Lessons
Learnt. Proceedings of the 39th IAHR World Congress. Granada (Spain),
doi:10.3850/IAHR-39WC2521711920221665 (ISBN: 978-90-832612-1-8).

7.1.Introduction

A transient solver for pressurized water pipe is important tobetter understand
the dynamic behaviour of a system, both under normal conditions (e.g., ma-
noeuvres in valves, start-up or shut-down of pumps and turbines) and under
occasional emergency situations caused by failure of the electrical power grid
(pump or turbine stoppage) or by sudden pipe bursts (Koelle andAlmeida, 1991;
Chaudhry, 2014; Wylie and Streeter, 1993). The transient pressure waves, gen-
erated by di�erent operational conditions, are re
ected in singularities of the
system (e.g., valves, tee junctions, leaks) and transport information on their lo-
cation and size. This information can be very useful for a better understanding
of the current condition of valves (e.g., Meniconi et al., 2011a), the presence
of blockages (Che et al., 2019; Duan et al., 2017; Jing et al., 2018; Louati
et al., 2018; Meniconi et al., 2013b; Meniconi et al., 2016; Zouari et al., 2020),
the existence and location of leaks and bursts (Brunone et al., 2021;Meniconi
et al., 2021a; Pan et al., 2022), the presence of entrapped air pockets (Alexan-
der et al., 2020; Eldayih et al., 2020; Ferreira et al., 2021) and also the existence
of pipe connections (Meniconi et al., 2011d; Meniconi et al., 2018; Pan et al.,
2022).
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Several techniques can be used for the detection and location ofthose features
that can be based on time analysis (Brunone, 1999), wavelet analysis (Beck
et al., 2006; Ferrante et al., 2007; Srirangarajan et al., 2013), arti�cialneu-
ral networks (Ayati et al., 2022; Bohorquez et al., 2020a; Capelo et al., 2021;
Guo et al., 2021; Hu et al., 2021; Wang et al., 2021) and inverse engineering
(Blocher et al., 2020; Choura et al., 2021; Covas and Ramos, 2010; Soares
et al., 2011).
Inverse transient techniques require the use of reliable andcalibrated transient
solvers as well as of an optimization algorithm (Covas, 2003; Covas and Ramos,
2010; Pudar and Liggett, 1992). The calibration process involves the estimation
of values of a set of non-measurable parameters, such as manoeuvres of valves
(opening-time), friction (pipe roughness), elastic wave speed,leak sizes and
the creep behaviour of plastic pipes. The inverse approach can also be used for
calibration as long as the optimization algorithm includes those parameters to
be determined. Many authors have used inverse engineering forleak detection
and viscoelastic e�ect calibration in single pipes, but thereare very few studies
regarding its application in pipe networks with several loops using real data (e.g.
Fathi-Moghadam and Kiani, 2020).
The current chapter aims at the calibration of main parametersin hydraulic
transient solvers in a multi-pipe system with viscoelastic pipes using inverse
analysis and at the discussion of the main uncertainties associated with the
calibration.
In the detail, a transient solver developed for pressurized water pipe networks in-
corporating unsteady friction and pipe wall viscoelasticity is used. The most rel-
evant parameters are calibrated: the valve initial opening and time-manoeuvre,
the elastic wave speed, the unsteady friction and the Kelvin-Voigt (K-V) pa-
rameters associated with the pipe wall viscoelastic behaviour function. The cal-
ibration of the Kelvin-Voigt parameters is carried out using an inverse transient
solver incorporating the Levenberg-Marquardt optimization technique. Addi-
tionally, pressure signals are collected in an experimental high-density polyethy-
lene pipe network assembled at the Water Engineering Laboratory of the Uni-
versity of Perugia, Italy.
A description of the experimental setup, simulating a District Metered Area
(DMA), and the preliminary tests carried out to characterize the end-user, the
service line and the leaks are described in Chapter4. Table 7.1 presents the set
of tests depicted in Table4.1 that are analysed in this chapter, in which the
location of the valve and the initial steady-state discharge are indicated.
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Table 7.1: Main characteristics of the laboratory tests.

Test series (#) Layout Maneuver Type Leak Discharge [10� 3 m3/s]

1 service line at 5u closure of 5u - Q0;7u = 0.1

6 no service line closure of 7 - Q0;5u = 0.3

7 no service line closure of 6 - Q0;6u = 0.1

8 no service line closure of 7 47 Q0;7u = 0.3

The organization of this chapter is as follows. A brief description of the Inverse
Transient Solver is presented in Section7.2. The hydraulic model construction
and calibration are described in Section7.3. Hydraulic model calibration and
validation for the no leak case and hydraulic model validationfor the one leak
case (in di�erent locations) are discussed in Sections7.4 and 7.5, respectively.
Subsequently, the procedure is carried out for a new network layout in no leak
case (Section7.6). Finally, conclusions are highlighted in Section7.7.

7.2.Forward and inverse solvers

A hydraulic transient solver developed for multipipe systemsis used for the sim-
ulation of transients (hereafter, referred to as Forward Transient Solver, FTS).
This solver is based on the continuity and the momentum equations that de-
scribe one-dimensional transient 
ow in pressurised pipes (Eqs. 3.16 and 3.4)
and integrates additional terms to describe unsteady frictionand pipe wall vis-
coelasticity (Covas, 2003; Covas et al., 2004b, Covas et al., 2004c, Covas et al.,
2005). The steady-state component of friction losses is calculated byEqs. 3.7
or 3.8 for turbulent and laminar 
ow, respectively. The viscoelastic behavior
of the pipe is described by the Kelvin-Voigt mechanical model (Covas, 2003).
The retarded strain time-derivative@"r

@t, is calculated by the sum of the strain
time-derivative of each Kelvin-Voigt element k,@"rk

@t by Eq. 3.29. This equation
depends on the strain of each Kelvin-Voigt elementk, " rk , that is described by
Eq. 3.30.
An Inverse Transient Solver (ITS) has been implemented and used for the cali-
bration of several parameters using collected transient pressure data. Parameter
identi�cation is an optimization problem in which the system's behavior is sim-
ulated by the FTS and the di�erence between observed and calculated variables
is minimized by means of an optimization model integrated in the ITS (Covas
and Ramos, 2010).
The ITS includes an optimization algorithm that searches for the best-�tted so-
lution by minimizing the average least-square errors (LSEs) between observed
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and calculated variables:

MinOF(p) =
1
M

[q� � q(p)]T [q� � q(p)] =
P M

i=1 [q�
i � qi (p)]2

M
(7.1)

in which OF(p) = objective function; p = parameter-vector with N variables;
q(p) = predicted system response vector (with M elements) for a given param-
eter vectorp; q� = the observation-vector (withM elements), whose elements
are measured heads;M = number of measurements. Observed data are pres-
sure measurements.
Di�erent optimisation techniques can be used to search for thebest-�tted so-
lution in the ITS. Two optimisation algorithms were implementedin the ITS:
Genetic Algorithms and Levenberg-Maquardt.
The genetic algorithms (GA) are global search methods that seek the solution
in the variable space: however, these methods can not be carried out for a
local search due to limitations in the operators used (e.g. mutation). The
advantages of GA over traditional search methods are: (i) conservation of a
population of well-adapted sample points and then increasing the chance of
reaching the global optimum, (ii) probability rules for the transition from one
set of trial solutions to the next, and (iii) 
exibility, since these methods admit
many types of objective functions without requiring the continuity and existence
of their derivatives (Soares et al., 2011).
The Levenberg{Maquardt (LM) algorithm is an iterative techniquethat locates
a local minimum of a function that is expressed as the sum of squares of sev-
eral nonlinear real-valued functions. It has been widely usedfor dealing with
data-�tting applications, such as nonlinear Least Square Error (LSE) problems.
When the current solution is close to a local minimum, LM algorithm shows
fast convergence, once the initial values are accurate enough. However, it works
with only function evaluations and gradient information (Jacobian matrix) and
it estimates the Hessian matrix using the sum of the outer products of the
gradients. The main disadvantages of the LM method are the need for the
calculation of gradients and matrix inversion as part of the updateprocess and,
also, depending on the nature of the optimization problem to be solved, can be
stuck in a local minimum solution (Soares et al., 2011).

7.3.Hydraulic model construction and calibration

7.3.1.Main steps

The hydraulic model of the system describes the transient pressure variations in
a pressurized pipe given a set of initial and boundary conditions.The construc-
tion and calibration of the model is a procedure characterized by several steps
and requires the estimation of several parameters, as described and discussed
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in Carri�co et al. (2016). The most relevant parameters of the transient solver
are the valve initial opening and the time-manoeuvre, the elastic wave speed,
unsteady friction (very important in elastic pipes) and the Kelvin-Voigt param-
eters associated with the pipe wall viscoelastic behaviour function (in plastic
pipes).
The main steps are:

i) de�nition of the pipe-system layout;

ii) calibration of the valve manoeuvre;

iii) calculation of the elastic wave speed;

iv) de�nition of the unsteady friction model and calibration of model param-
eters, in the case of elastic pipes;

v) de�nition of the unsteady friction model and of the values of therespective
parameters (if these exist) and calibration of the K-V parameters in the
case of viscoelastic pipes.

These steps are presented and illustrated in the following sections.

7.3.2.De�nition of the pipe-system layout

The de�nition of the pipe-system layout (step i) consists of the clear estab-
lishment of all relevant link-elements (e.g., reservoirs, tanks, pumps, valves,
pipes) de�ned between two extreme nodes connecting. Also, additional pipes
and nodes can be added to create intermediate nodes associated with poten-
tial locations of leaks or transducers. Each link-element andnode should be
characterized by a di�erent identi�er (e.g., pipe 1, pipe 2, . . ., node 1, node
2,. . . ). In the cases considered, the system layout is composed of onetank, one
valve (representing the two inline valves), 17 pipes and 17 nodes in Test series
#6, #7 and #8; whereas in Test series#1, the system layout has 18 pipes
and 18 nodes. Initially, Test series #6 is used for calibrationpurposes with the
transient generated by the closure of valve 7-9 (Figure7.1).

7.3.3.Calibration of the valve initial opening and the valve manoeuvre

The �rst step in the FTS calibration is the adjustment of valve manoeuvre (step
ii). This calibration corresponds to the calculation of the initial percentage of
opening,� , for a given valve diameter, or alternatively, the adjustment of the
diameter of a fully open valve in order to deliver the measured 
ow rate. In
the present study, the last procedure is used: the real valvediameter is 4 mm,
whereas the calibrated diameter is 4.25 mm for a ball valve fully open that
discharges 0.27L=s. The 
ow in the pipes is considered laminar for pipes with
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Fig. 7.1: Schematic representation of the pipe rig for Test series #7.

initial Re< 2000; otherwise, it is considered turbulent in a smooth-walled pipe.
In the latter case, the Blasius formula is used for the calculation of steady-state
friction.
The initial 
ow rate regime is established in all pipes (Figure7.2): 63% of the

ow rate follows the shortest path (nodes 3-4-7), which has ca. 200 m, whereas
37% follows the longest way (nodes 3-6-5-8-7), with ca. 400 m. The results
show that mean velocities and Reynolds numbers are very low inthis network
and for the analysed set of tests (Table7.2).

Table 7.2: Initial values of Darcy.

Pipe � s Q(L=s) V(m=s) Re

1-2 0.039 0.027 0.039 3682

2-32 0.039 0.027 0.039 3682

32-3 0.039 0.027 0.039 3682

3-34 0.038 0.169 0.053 3373

34-4 0.038 0.169 0.053 3374

4-45 0.040 0.001 0.000 20

45-5 0.040 0.001 0.000 22

5-65 0.032 -0.101 -0.031 -2009
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65-6 0.032 -0.101 -0.031 -2008

6-36 0.032 -0.101 -0.031 -2009

36-3 0.032 -0.101 -0.032 -2012

4-47 0.038 0.168 0.118 5031

47-7 0.038 0.168 0.118 5033

7-87 0.036 -0.102 -0.071 -3045

87-8 0.036 -0.102 -0.072 -3047

8-58 0.036 -0.102 -0.072 -3048

58-5 0.036 -0.102 -0.072 -3050

7-9 0.036 0.270 0.039 3682

The manouvre is described by the percentage of valve opening withtime.
Knowing the valve discharge head law and the pressure-head atthe upstream
end of the valve end, the valve opening is determined. Results are presented in
Figure7.3.
The manouvre is described by a tri-linear manoeuvre. Note thata �tted valve
law could be incorporated in the FTS, however, the input data �le only allows
the de�nition of pairs of points opening-time, which are su�cient for calibration.

7.3.4.Calculation of the elastic wave speed
The estimation of the elastic wave speed values,a0, is carried out experimen-
tally, by measuring the travel time of the pressure wave generated by the maneu-
ver. The preliminary tests performed to determine the wave speed are described
in Chapter 4. Estimated values are 398.82, 387.89 and 379.81 m/s for pipes
DN110, DN75 and DN50, respectively.
The obtained values are compatible with the geometrical and mechanical char-
acteristics of the pipes.

7.3.5.Calibration of the viscoelastic pipe behaviour and model validationd
For the experimental layout, consisting of high-density polyethylene (HDPE)
pipes, the e�ects of unstable friction are neglected. Therefore, as observed in
previous research (Covas et al., 2005, Meniconi et al., 2012a, Meniconi et al.,
2012b, Pezzinga et al., 2014, Pezzinga et al., 2016) the pipe wall viscoelastic
e�ect is predominant over friction e�ects.
Before proceeding with the calibration of the pipe wall viscoelasticity, two sim-
ulations are carried out. The �rst simulation uses only a classictransient solver
without unsteady friction and viscoelasticity. The second one uses the creep
function determined by (Covas et al., 2004b; Covas et al., 2004c). Obtained
numerical results are compared with collected data at three di�erent nodes {
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Fig. 7.2: Distribution of the initial 
ow rate values in the looped pipe system.

Fig. 7.3: Test series #7 { Calibrated valve manoeuvre.
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immediately upstream of the valve, at an intermediate sectionof the network
and at the upstream end (node 32). Later, the inverse transientsolver is used
for the calibration of the Kelvin-Voigt parameters (step v) associated with the
pipe wall viscoelastic creep function. The Levenberg-Marquardt technique is
used for driving the optimization and then, once the K-V parameters are ob-
tained, the numerical simulations are carried out using the wave speed values
determined experimentally.
Finally, the calibrated valve manoeuvre and creep function parameters are then
validated.
The results of the calibration of the viscoelastic pipe behavior and model val-
idation for the cases considered in this chapter are shown separately in the
following sections.

7.4.Hydraulic model calibration and validation for test series #6

The calibration of the pipe wall viscoelasticity for test series #6 is carried out
considering two simulations. Firstly, without considering unsteady friction and
viscoelasticity, and later using the creep function determined by (Covas et al.,
2004b; Covas et al., 2004c).
A comparison of the numerical results with collected data at three di�erent
nodes (node 7, immediately upstream of the valve; node 5, intermediate sec-
tion; node 32, upstream end) is shown in Figure7.4 and Figure7.5. Simulation
results obtained by the classic transient solver (Figure7.4), highlight a major
disagreement both in terms of pressure-head amplitude and phase. On the other
hand, simulation results before calibration of viscoelasticity and the wave speed
(Figure 7.5) highlight a reasonable agreement when the creep function of the
HDPE of the Imperial College pipes is used, though with some discrepancies
since the used creep function was obtained for a di�erent pipe system. Finally,
the inverse transient solver is used for the calibration of the Kelvin-Voigt pa-
rameters (step v) associated with the pipe wall viscoelastic creep function. For
this purpose, several initial numerical simulations run and several assumptions
are considered: (i) the elastic wave speed in all pipes is set equal to 400 m/s;
(ii) the viscoelastic behaviour of the pipes is described by three K-V elements
in series, plus the elastic spring; (iii) the retarded strains are set to 0.002, 0.20
and 1.50 s, following the recommendations of (Covas et al., 2004b). The op-
timal values obtained for the viscoelastic parameters are 5.19E-11, 1.05E-10,
and 1.41E-13.
The Levenberg-Marquardt technique is used for driving the optimization and
then, once the K-V parameters are obtained, the numerical simulations are car-
ried out using the wave speed values determined.
Obtained results are presented in Figure7.6. An excellent agreement is ob-
served between experimental data and numerical results. This highlights the
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utmost importance of using the calibrated creep function in viscoelastic pipes,
in particular when carrying out the diagnosis of existing problems in this kind
of pipe systems. Finally, the calibrated valve manoeuvre andcreep function
parameters are then validated for Test series #7 (Table7.1). In this case, the
valve is located at node 6 and the initial 
ow rate is 0.15 l/s, whereas the valve
manoeuvre and the remaining parameters are the same used forTest series #6.
Results, presented in Figure7.7, show an excellent agreement which demon-
strates the robustness of the calibrated parameters (the valve manoeuvre and
the creep function).

Fig. 7.4: Test series #6 { Simulation results obtained by the classic transient solver.

Fig. 7.5: Test series #6 { Simulation results before calibration of viscoelasticity and
the wave speed.

Fig. 7.6: Test series #6 { Simulation results after calibration of viscoelasticity and
the wave speed.
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Fig. 7.7: Test series #7 { Model validation. Simulation results for a di�erent transient
test.

7.5.Hydraulic model validation for test series #8

For the leak case (Test series #8), simulated by a discharge pipe with an opened
valve, the system is calibrated by running the transient solver with the optimal
coe�cients values obtained for the non-leak case.
The pressure wave propagation was assumed equal to 400 m/s and transient
pressure data for the initial 
ow rate of 0.27 L/s and leaking 
ow of0.329 L/s
at node 47 were used.
The e�ective leak area (CsvAsv) was determined using leak discharges and pres-
sure heads at node 47 for steady state 
ow, as shown in Chapter 4.
Results from numerical simulations have shown that the creep coe�cient of the
discharge pipe for the leak case was the same as the one for the non-leak case
(as veri�ed Soares et al., 2011).
Numerical results for transient pressures with the observeddata at three dif-
ferent nodes (node 7, node 5, node 32) are presented in Figure7.8. The
viscoelastic transient solver �ts extremely well with the collected pressure data,
satisfactorily describing the transient pressure wave andits shape.

Fig. 7.8: Test series #8 { Simulation results after calibration of viscoelasticity and
the wave speed.
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7.6.Hydraulic model validation for test series #1

The calibrated model was validated for another con�guration of the network
(Test series #1), where a service line is connected to node 5. Thetransient
solver was initially run considering the elastic wave speed of the service line (400
m=s) similar that of the main pipes (370-380m=s) and the same K-V coe�-
cients calibrated for the no-leak case. However, discrepancies in the numerical
results and collected data were observed and it was necessary to calibrate the
creep function of the service line.
Several numerical simulations were run to better describe the creep compliance
function of the service line. Three Kelvin{Voigt elements were considered. The
wave speed of service line was calculated (455 m/s) and consideredin the simu-
lations. Accordingly, the best combination of Jk parameters for the service line
was 1.2E-10, 5E-10 and 7.2E-12 GPa-1, respectively, for the retardationtimes
equal to 0.002, 0.20 and 1.50 s. This �tting was obtained considering di�erent
creep functions of the polyethylene pipes: one for the main pipesof the network
and the second one for the service line. The calibrated K-V coe�cients of the
service line are di�erent from those of the network pipes due to several main
reasons discussed as follows.
The creep compliance function of polyethylene pipes is dependent on the poly-
meric material, temperature and axial and circumferentialconstraints of the
pipes, whereas the calibrated K-V parameters rely on these characteristics as
well as on the elastic wave speed, the number of K-V elements andthe retar-
dation times (Covas et al., 2004b; Covas et al., 2005). Thus, it is expectable
that the calibrated K-V coe�cients of the service line are di�erent from those
of the network pipes. Firstly, despite the main network pipesand the service
line being made of polyethylene, the polymer may not be exactly the same and,
thus, slight di�erences may be expected in the creep function and in respective
K-V parameters. Secondly, the constraints of the pipes are di�erent: the main
pipes are installed in coils with 100 m each and the service line is a straight pipe
with 23.6 m �xed at the upstream end. Finally, the calibrated K-V parameters
depend on the considered elastic wave speed; since the ratios of wall thickness
and inner diameter of the main pipes are di�erent from those of theservice line,
the elastic wave speed and the calibrated K-V parameters arealso di�erent.
The numerical results at three di�erent nodes (node 5u, immediately upstream
of the valve; node 4, intermediate section; and node 32, upstream end) are
presented in Figure7.9. A reasonable agreement is observed when numerical
results are compared with collected data, though with some discrepancies. This
highlights again the importance of using the calibrated creep function in vis-
coelastic pipes.
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Fig. 7.9: Test series #1 { Simulation results after calibration of viscoelasticity and
the wave speed.

7.7.Conclusions

A hydraulic transient solver is used for simulating transient events in a looped
experimental facility assembled at the University of Perugia. Pressure data
collected at three di�erent locations are used for the calibration of the transient
solver parameters, namely, the valve initial opening and time-manoeuvre, the
elastic wave speed of the pipes and the Kelvin-Voigt parametersassociated with
the pipe wall viscoelastic behaviour function. The calibration of the Kelvin-Voigt
parameters is carried out by an inverse transient solver.
Calibrated parameters are used to validate model results for a di�erent transient
test being obtained an excellent �tting. Additionally, they are used to validate
the model for the leak case and another experimental system setup.
Main results from this calibration procedure are the following:

(i) The �rst parameter to be calibrated is the valve initial opening (or the
valve diameter) that, combined with the pipe friction losses, determines
the initial 
ow rate. Though this value can be theoretically calculated
based on the valve discharge law and measured pressure-head atthe up-
stream section of the valve, it must be calibrated when using a transient
solver whose valve law is not exactly the one considered or is unknown;

(ii) The valve manoeuvre can be estimated, once again, by usingthe valve
law and the pressure head signal. Usually, transient solvers de�ne the
valve manoeuvre as a set of points opening { time, thus, this manoeuvre
has to be speci�ed as pairs of points in the transient solver;

(iii) The elastic wave speeds are typically obtained by the travelling time be-
tween transducers and compared with values by theoretical formulae. In
elastic pipes, these correspond exactly to the pipe elastic wave speeds,
whereas in viscoelastic pipes, the elastic wave speed values tend to be
slightly higher than those experimentally obtained;

(iv) The most adequate unsteady friction model should be chosen depending
on the initial 
ow regime. For laminar 
ows, (Zielke, 1968) formulation

112



Chapter 7. Hydraulic transient solver calibration in a water distributi on network

should be used; for smooth-wall 
ows, (Vardy and Brown, 1995) for-
mula can be used; for turbulent 
ows, the acceleration-basedformulas
are recommendable (Brunone et al., 1991; V��tkovsk�y et al., 2000a). For
viscoelastic pipes, this component tends to be signi�cantly lower than the
viscoelastic e�ect and can be neglected (Duan et al., 2010);

(v) The K-V parameters of the viscoelastic mechanical model can be cal-
ibrated by inverse engineering. This can be carried out by an inverse
trial-and-error procedure or by using an optimization algorithm as illus-
trated herein. Three K-V elements are usually su�cient for attaining a
good �tting, though the more elements are considered, the better the
agreement between experimental and numerical results is;

(vi) In the presence of a service line, which has a diameter smaller than the
diameters of the pipes of the network, it is convenient to use thesolver
for the service line separately from the network.

Overall, results show that the most relevant parameters in hydraulic transient
solvers in viscoelastic pipes are the valve manoeuvre and theviscoelastic pipe
behaviour described by the elastic wave speed and K-V parameters, whereas
the unsteady friction e�ect can be neglected and described by the calibrated
creep function.
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8. Conclusions

8.1.Research overview

The dynamic response of a pressure pipe network to transients caused by a
change in water consumption was investigated, in both intact and damaged
conditions.
A comprehensive state-of-the-art is presented inChapter 2. This review high-
lights the need to carry out further physical experiments on thehydraulic tran-
sients in the water pipe networks. In more detail, very few tests were executed
to analyze the e�ect of water consumption variations in both the service line
and the main pipes. Such tests also do not highlight the role of the network
topology or the location of the transient generation point.
To �ll this gap, an extensive experimental programme has been carried out in
a polymeric pipe network with two loops assembled at the Water Engineering
Laboratory (WEL) of the University of Perugia, Italy. The laboratory tests allow
for isolating and understanding the nature of the transients.Instead, due to
the uncontrolled changes in boundary conditions, repeatability oftests in real
systems is very hard to achieve and then it is arduous to observethe e�ect of
each cause of transients.
To point out the dynamic response of the system, transients are generated by
the fast and total closure of end-users, located at the downstream end of a
service line. A description of the experimental set-up, the list of the laboratory
transient tests, and the key quantities that characterize the network transient
response are presented inChapter 4.
A detailed analysis of the transient behaviour of the network isdescribed in
Chapters 5 and 6. Speci�cally, the possible occurrence of cavitation in the
service line, the acquired pressure signals for no-cavitating 
ows, the e�ect of
the end-user discharge variations, and the combined e�ect of simultaneous con-
sumers | with consumption varied both deterministically and stochastically |
are highlighted inChapter 5. Moreover, the mechanism of propagation of a
pressure wave in the network with one active service line but in di�erent lo-
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cations is analyzed inChapter 6. In addition, the Lagrangian Model, able to
capture the extreme values of pressure in the �rst phases of thetransient tests,
is then used to create a map of the most excited parts of the network.
Finally, inChapter 7numerical simulations of pressurized pipe systems in unsteady-
state conditions have been carried out, by considering both unsteady friction
and pipe wall viscoelasticity, and the pipes with and withoutleaks. A calibration
procedure has been established and an excellent agreement has been obtained.

8.2. Main scienti�c contributions

The thesis has several important scienti�c outcomes that willbe described in
the following.
In WNDs, transients can di�er in the entity of the water consumption variation,
location, and number of active end-users.
First, in the case of an inactive WDN (i.e., during the night), the service lines
are overexcited and cavitation can occur in the service line for large out
ow
and severe maneuver. However, experiments show that, for a given discharge,
cavitation does not occur when the di�erence in diameter between the service
connection and nearby piping is small.
Second, the larger the water consumption at the end-users is, thelarger the
pressure variations and the more stressed both the service line and the main
pipes are.
Third, the location of active users is not irrelevant. In fact, for a given con-
sumption, the largest transient pressure damping occurs whenconsumers are
located in the part of the network with the smallest diameter pipes. Moreover,
tests demonstrated that the most stressed part of the WDN is the one with the
smaller diameters regardless of where the transient is generated, both in the
case of a WDN inactive and a WDN active.
Fourth, the most severe transients occur when there are no further end-users
consuming water beyond the one where the maneuver is carried out.In fact,
the active end-users behave like pressure relief valves that dampen the transient
events.
The results obtained in this research work may help the water utility managers
to better understand the WDNs' transient behavior and to identify the possible
reasons for the higher frequency of occurrence and severity of faults in some
speci�c parts of WDNs apparently \similar" to other parts wheredamages are
less. The �rst reason could be the occurrence of severe consumption change
due to the activity of important users during the night when large parts of the
network are almost inactive. The second reason could be the repetitive and
fast maneuvers (not necessarily severe) especially when they are carried out at
night. The third reason could be the percentage of small-diameterpipes.
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Moreover, the results of numerical simulations show that the mostrelevant pa-
rameters in hydraulic transient solvers in viscoelastic pipes are the valve maneu-
ver, the elastic wave speed and K-V parameters, whereas the unsteady friction
e�ect can be neglected.

8.3.Research perspectives

The research on the transient response of water distribution networks is still an
ongoing topic.
Based on the work carried out, several future goals can be identi�ed.
The main objective of future research is to make the laboratorysetup at the
WEL closer to a real WDN. The �rst upgrade option could be the installation
of a device (a PRV or a variable speed pump) to verify its role during transients
due to the variation of water consumption. Second, the transient response of
service lines to maneuvers carried out in the main pipes (e.g.,due to a pump
trip) could be explored. Third, the complexity of the network could be enhanced
by increasing the number of loops, or change the pipe materials.Fourth, dif-
ferent types of anomaly (e.g., leaks with a �xed area, as well as cracks) and
constraint could be also included.
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