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Abstract

In long transmission mains (TMs), maintenance operations and repairs often require the
preliminary closure of some of the installed in-line valves. If perfectly sealed, these valves
avoid leakage and then the possible emptying of the pipelines, air entry through leaks, and
the successive unwanted transients at the filling completion. The poor accessibility of TMs
makes the check of the valve sealing quite difficult since in most cases the confined space
where they are installed implies the adoption of severe prevention measures. Therefore,
expeditious and possibly remote survey procedures are strongly required by pipe system
managers. In this paper, an innovative technique based on the execution of safe transient
tests is proposed. It is tested on the Dorsale TM — a long, large diameter pipe system — in
the northeast of Milan, Italy, where the sealing of three in-line valves had to be checked.
The analysis of the test results allows pointing out successfully not only the valves sealing,
but also refining a quick and reliable procedure — the so called “diagnostic kit” — that leads
the way to automatic and periodic checks of the valve sealing. In the proposed procedure —
that can be straightforwardly exported to other TMs — only a single pressure measurement
section is required, that significantly simplifies the survey.
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1 Introduction

Within the ordinary management of transmission mains (TMs) and water distribution net-
works (WDNSs), it is often necessary to close the installed in-line valves for executing main-
tenance and repair operations. Within any intervention, it is crucial to count on the secure
sealing of in-line valves to avoid leakage, and then the possible emptying of the pipelines,
air entry through leaks, and the successive unwanted transients at the filling completion.
Within optimal management strategies, the status of in-line valves is of great interest, as
they could have been inadvertently set as partially/fully closed (Creaco et al. 2010; Do et al.
2018; Liberatore and Sechi 2009).

Both in TMs and WDNSs, the assessment of the actual opening degree/sealing of in-line
valves — particularly in large diameter pipes — is a quite hard task as their possible malfunc-
tion has no external evidence. In some cases, due to the lack of documentation, it is even
uncertain the effect of a given maneuver. As an example, does the turning of the steering
wheel clockwise imply the valve closing or opening? This may happen when valves for gas
pipes are installed in water systems and vice versa. Therefore, “is my valve open or closed?”
as well as “is it fully closed?” are questions that frequently plague professionals with nega-
tive consequences from the management point of view. Moreover, for TMs, pipe burying
may be some meters and then the sealing check may imply the complex procedure required
in confined spaces where any operation is quite hard for the lack of space and safety stan-
dards prescribed by law (Fig. 1). Accordingly, any reliable, but cheap, procedure facilitating
an accurate sealing checking of the in-line valves is very welcome.

In this contex, an innovative procedure is proposed in this paper, based on the proper-
ties of the pressure waves — the so-called Transient Test-Based Technique (TTBT) or time
domain reflectometry (e.g., Ayati et al. 2019; Che et al. 2021). In the last two decades,
TTBTs have been successfully used for detecting anomalies — e.g., leaks (Beck et al. 2005;
Haghighi et al. 2012), partial blockages (Contractor 1965; Mohapatra et al. 2006; Tuck et al.
2013), inadvertently partially closed in-line valves (Meniconi et al. 2011), illegal branches,
and pipe wall deterioration (Gong et al. 2017) — not only in laboratory but also in real sys-
tems (Brunone et al. 2022, 2023).

Within TTBTs, an artificially created pressure wave travels throughout the pipeline and
reflects from the mentioned anomalies as well as boundaries (e.g., reservoirs, and dead
ends). On the contrary, the remaining part of the incoming pressure waves (i.c., the trans-
mitted wave) propagates beyond the anomaly. The information content of the reflected
(transmitted) pressure wave is incredibly high. The shape allows identifying the type: a
leak (a partially closed in-line valve) gives rise to a negative (positive) reflected pressure
wave whereas a partial blockage generates a bell-shaped pressure wave, with the elonga-
tion proportional to the length of the partial blockage (Brunone et al. 2008; Meniconi et al.
2016). At a constant level reservoir, the arriving pressure wave is entirely reflected with
sign reversal whereas at a dead end the pressure change is double with respect to the wave
passes (Swaffield and Boldy 1993). Given the pipe wave speed, the time interval between
the generation of the pressure wave and the return of the reflected pressure wave allows
locating the anomaly/boundary, whereas the entity of the reflected pressure wave depends
on its characteristics.

The case of the sealing checking is even clearer than the detection of the status of a par-
tially closed in-line valve. Precisely, if the in-line valve is fully closed, the reflected pressure
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Fig. 1 A fall-arrest and rescue
system for emergency retrieval,
in a confined space, as prescribed
by law in Italy

wave is equal to the generated pressure wave as well as the transmitted one is null. In other
words, if the pressure signal is monitored on the pipe system side where the pressure wave
is generated, a reflected pressure wave equal to the generated one indicates that the valve is
fully closed. Alternatively, or in addition, if the pressure signal is monitored from the oppo-
site side of the pipe system where the pressure wave is generated, a transmitted pressure
wave equal to zero implies that the valve sealing is guaranteed.

What has been said holds true in theory, whereas practice has problems, some of which
may risk invalidating the procedure or even cause it to fail. Until now, the main problem
that prevents TTBTs from being largely used in real pipe systems is how to generate a small-
amplitude pressure wave (e.g., Kim 2019; Yazdi et al. 2019; Bostan et al. 2019). With this
aim, in this paper the Portable Pressure Wave Maker (PPWM), a device refined at the Water
Engineering Laboratory (WEL) of the University of Perugia, Italy (Brunone et al. 2021)
and evaluated in both laboratory (Meniconi et al. 2010) and real pipe systems (Meniconi
et al. 2021), is used. The principle of operation of the PPWM is simple: set the pressure
inside the PPWM larger than the one in the pipe, the quick opening of the small connection
valve, installed at the end section of the short conduit linking the device and the test pipe,
generates a pressure wave. The devices proposed in Taghvaei et al. (2010) and Gong et al.
(2017), the fast closure of a small-diameter side discharge valve (Stephens et al. 2011), the
pump shut-down in rising mains (Meniconi et al. 2021), and pipe sonar (Lee et al. 2017) are
alternatives to the PPWM.
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Fig. 2 The Dorsale TM sketch, where WF and RM indicate the well-field and the rising main, respec-
tively; V1, V2 and V3 are the in-line valves to be checked, and I indicates the active branches. Due to the
very different lengths and diameters of the pipes, the layout is not in scale; however, to distinguish main
pipes from branches, line thickness has been selected proportionally to the pipe diameter

Table 1 Main characteristic of node s (m) DN L,(m) material
the Dorsale TM topology
WF 0 - - -
stub 1976 150 14.88 steel
1302 2551 250 14.78 PE
1365 5493 200 0.44 steel
Vi 7570 - - -
1303 7662 280 6.86 HDPE
1304 9686 800/600/400 235.76 cast iron
PT 11,670 700 491 cast iron
V2 11,677 - - -
1307 12,563 700 3.99 cast iron
R 14,238 400 0.99 cast iron
V3 14,278 - - -
RM 15,592 - - -

This paper is organized as follows. In the successive section, the test pipe and the
experimental procedure are described. Then, the analysis of the acquired pressure signals is
offered. Successively, the refinement of the proposed procedure for the assessment of in-line
valve sealing is reported and conclusions are drawn.

2 The Dorsale Transmission Main and Field Test Procedure

The Dorsale TM plays a key role in supplying water to several municipalities managed by
CAP Holding SpA in the northeast of Milan, Italy (Fig. 2). It connects the well-field in Poz-
zuolo Martesana (WF) to the rising main (RM) located between Bellusco and Ornago. It
mainly consists of three in-series cast iron pipes with the nominal diameter, DN, decreasing
in the flow direction: DN80O, with a length Lg;,=11,666 m, DN700, with L,,,=2572 m,
and DN600, with Lgy,=1354 m. Along the TM route, there are a closed stub and seven
active branches (indicated with the letter “I” and a number) — of different diameters and
materials — supplying municipality WDNSs, a piezometric tower (PT) and a reservoir (R).
Each branch is equipped with a shut-off valve located at a distance L, from the Dorsale TM
(Table 1). Three in-line shut-off valves, V1, V2 and V3 — with the same DN of the respective
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pipe — are installed along the Dorsale TM at s=7570 m, 11,677 m, and 14,278 m (Table 1),
respectively, with s being the distance between each valve and the WF.

As mentioned, transient tests have been generated by means of the Portable Pressure
Wave Maker (PPWM), installed at section RM, hereafter referred to as the “insertion sec-
tion”. As a connection valve, a 3/4” pneumatic valve is used. Because of the very short
duration of the opening maneuver (=50 ms) of this valve, a sharp pressure wave is generated
by the PPWM.

The test procedure for checking the in-line valve sealing is divided into three phases.

The first phase addresses four preliminary but crucial issues: (i) the choice of the mea-
surement sections and sensor characteristics, (ii) disconnection of branches and users, (iii)
installation and check of the measurement equipment, and (iv) analysis of the pre-transient
flow conditions in the test pipe. The first issue is addressed on the basis of the accessibility
of the test pipe. This is the “sore note” of TMs: their poor accessibility, i.e., the very small
number of access points, has been already pointed out. Such a feature significantly restricts
the choice and, at least in the first place, measurement sections are usually located at reser-
voirs, well-fields, and pumping stations. Accordingly, the measurement sections have been
arranged at WF and RM. Pressure signals have been measured by means of piezoresistive
pressure transducer with a full scale, f5, variable from 3.5 bar G to 16 bar A and accuracy
of 0.25% fs; the elevation of the installed sensors, z, is 125.50 m a.s.l. and 195.58 m a.s.I. at
WF and RM, respectively. During tests, pressure is sampled at a frequency f, = 2048 Hz by
a National Instrument cDAQ-9188 data acquisition system, provided with a GPS antenna
for data synchronization. The second issue prevents the interaction of the inserted pres-
sure waves with branches and users. In fact, in case branches and users are left open, two
negative effects would occur. Firstly, they would give rise to reflected pressures waves that
significantly complicate the analysis of the acquired pressure signals. Secondly, in the first
phase of the transients they reduce the magnitude of the pressure wave proceeding along the
test pipe. This weakens the potential of the fault detection procedure: the smaller the incom-
ing pressure wave the smaller the reflected one and then the larger the minimum detectable
anomaly. Accordingly, the branches have been disconnected by closing the respective shut-
off valve. The third issue allows verifying the proper operation of the installed equipment.
The fourth issue aims at evaluating the pre-transient flow condition to start the tests when
the effects of the abovementioned maneuvers executed to disconnect the branches are neg-
ligible in terms of pressure variations. In fact, it is evident that the persistence of the effects
of the transients caused by the exclusion of the branches would interfere with the pressure
waves inserted for fault detection. To fulfill such a task, the closing maneuvers at branches/
users have been executed as slowly as possible. Meanwhile, to keep pressure at a small
value and then maximize the reflected pressure waves (Liou 1998; Ferrante et al. 2014),
pumps at RM have been shut down whereas only one pump at WF has been kept running
to ensure the pressurization of the TM in the case there were leaks. The time interval, 7,
needed to significantly reduce the pressure changes is quite difficult to predict. It depends
mainly on the characteristics of the test pipe, pre-transient conditions, and duration of the
preliminary maneuvers. In most cases, T, is obliged by external needs, and limited, as an
example, by the volume of the reservoirs supplying the users disconnected by the TM. In the
executed survey, it resulted 7, = 75 min, when the pressure variations at RM and WF were
of the order of few centimeters.
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Table2 Transient test series test series # “nominally” open valves initial
executed on the Dorsale TM closed valves node
-end
node
0a-0b - V1,V2,V3 WF-
RM
la-1b Vi V2,V3 VI-RM
2a-2b V2 V1, V3 V2-RM
3a-3b V2,V3 Vi V3-RM

The second phase includes the execution of the transient tests. Each test is preceded by
the pressurization of the PPWM by means of an air compressor. The time interval between
two tests has been dictated by the need of re-establishing conditions as steady as possible, as
discussed above. During tests, four configurations of the TM have been considered and for
each of them, two tests have been executed to check their repeatability (Table 2). The first
series of tests (i.e., tests #0a and #0b) has been executed on the entire Dorsale TM. Succes-
sively, tests #1a and #1b have been carried out on the test pipe V1-RM, with V1 fully closed
(second series). The third series of tests (i.e., tests #2a and #2b) has concerned the test pipe
V2-RM, with V1 and V3 open. Finally, in the fourth series of tests (i.e., tests #3a and #3b),
V2 and V3 have been closed to examine the V3-RM pipe, with V1 open.

In the third phase, the acquired pressure signals (i.e., the pressure time-history at the
measurement sections) are analyzed for checking the sealing of the in-line valves.

3 The Analysis of the Pressure Signal

This section includes two subsections. In the first subsection, the repeatability of the tran-
sient tests is verified whereas in the second one, the main features of the acquired pressure
signals are identified.

3.1 Check of the Repeatability of the Transient Tests

The pressure signals acquired during tests #0a and #0b are compared in Fig. 3. They are
shown in terms of the pressure variation, AH=H— H,, — with the subscript 0 indicating the
pre-transient conditions — to emphasize the transient response of the test pipe. This even in
the light of the small entity of the pressure waves generated by the PPWM at RM that ranges
between about 2.4 and 2.5 m of water column.

At both measurement sections, no clear difference can be noticed between the two pres-
sure signals. Moreover, as for surveys in other pipe systems (e.g., Meniconi et al. 2021), the
short duration of the transient tests, and the small entity of the pressure waves generated by
the PPWM allow repeating tests after a quite short time interval (i.e., about 13 min). Such
a short time lapse reduces possible changes in the boundary conditions and makes tests
repeatable, for a given procedure.

During transient tests, the CAP Holding SpA remote control system has acquired, as
usual, pressure at WF. As it happens in most cases, such a system has been designed for
monitoring the steady-state conditions. As a consequence, f, is small (e.g., 1 sample every
5 min) and the f; of the probes is large. This implies that the fast transients, generated by
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Fig. 3 Transient tests #0a and #0b. Pressure variation, AH, acquired at the measurement section: a) RM,
and b) WF (the remote-control data acquired at WF are also reported)

the PPWM, are not captured (Fig. 3b). Therefore, the remote control system of water com-
panies, as the one used by CAP Holding SpA, are not suitable for acquiring the pressure
signals, and a dedicated equipment must be used.

3.2 Identification of the Main Singularities in the Pressure Signals

Once the repeatability of the transient tests has been verified, the successive step is identify-
ing the causes of the pressure changes in the pressure signals due to the interaction of the
inserted pressure wave with the singularities of the system (e.g., the changes of the diameter,
and the in-line valves). With this aim, in Fig. 4 the pressure signals acquired at RM and WF
are plotted in the left and right column, respectively, with the second subscript in AH,; , indi-
cating the corresponding test series. For the sake of clarity, in each row, only one of the two
tests executed for each configuration is reported. In this plot, what immediately catches the
eye is that a small pressure wave has reached the WF measurement section when V2 (test
#2, Fig. 4f) and V2 and V3 (test#3, Fig. 4h) — “nominally” fully closed — have been used to
section the Dorsale TM. On the contrary, no pressure variation is registered at WF during
test #1 (Fig. 4d). Then, the pressure signals indicate that V1 has a good sealing, while the
same is not true for V2 and V3, even if they are certified as fully closed by the water com-
pany. In fact, in the case of test #3, as an example, a pressure wave of about 2.5 m leaves
RM, travels for almost 16 km overtaking several singularities: the almost-fully closed V3

@ Springer



1938 C. Capponi et al.

RM WF
g 2 2) 2 b)
ti 0 o e test #0
<
-2 -2
0 10 20 30 40 0 10 20 30 40
g2 © 2 d
:J::O 0 test #1
<
-2 . ! ! 2 . .
0 10 20 30 40 0 10 20 30 40
tfl 0 o— e test #2
<
2 : : : 2 : : :
0 10 20 30 40 0 10 20 30 40
g2 g) 2 h)
he! o0 test #3
3
2 : : ' 2 : ' '
0 10 20 30 40 0 10 20 30 40
t(s) t(s)

Fig. 4 Transient tests executed by means of the PPWM for the four considered system configurations.
Pressure variation, AHJ-,#, is shown for the measurement sections at RM (a, ¢, e, and g), and WF (b,
d, f, and h), with the subscripts j and # indicating the generic measurement section and the test series,
respectively

and V2 and the several inactive branches between RM and WF (Meniconi et al. 2018).
Finally, it reaches WF with an entity of 0.18 m. Such a decrease of the pressure wave — about
2.32 m that is equal to about the 92.8% — is mainly due to the mentioned interaction with the
singularities placed along its route.

The above discussion of the results indicates that the proposed procedure for checking
the valve sealing is pretty quick and does not require an advanced analysis of the pressure
signals. On the contrary, the test-pipe must be isolated as much as possible before executing
transient tests with the generation of safe pressure waves. Once such pressure waves are
generated, for evaluating the valve sealing, it is enough to check whether they arrive to the
other side or not.

However, keeping in mind the mentioned limited accessibility of TMs, it is worthwhile to
consider the alternative — and simpler — procedure presented in the next section.

4 An Alternative Approach for Evaluating the Valve Sealing
To overcome the possible difficulty in arranging a second measurement section on the other

side of the in-line valves, measurements at a single section — i.e., the one close to the inser-
tion section — can be used successfully. With this aim, the pressure signals of Fig. 4a, ¢ and
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e, and 4 g are overlapped (Fig. 5a). In these plots, the wave reflection at WF at ¢, =28.6 s
is reported, as a useful reference.

Analyzing the pressure signals of Fig. 5a, it is worth of noting that the four considered
configurations have the branch between RM and V3, in common. This implies that the
pressure signals are almost indistinguishable up to time #;; (=2.34 s) when the pressure
wave, generated at RM, reaches V3 and is reflected back. At #;, the pressure signal AHp,, ;
deviates from the others, allowing the identification of the pressure wave reflected by V3,
actually partially closed during test #3. Moving forward with time, the pressure signals cor-
responding to the other three configurations overlap as long as the pressure waves explore
the part of the Dorsale TM they have in common. In fact, at #,, (=7.09 s), AHp,,, devi-
ates from the two other pressure signals, which, in turn, separate from each other at ¢,
(=14.59 s), when the inserted pressure wave reaches the closed V1 and reflects. Accord-
ingly, the instants of time when the pressure signals deviate from the others correspond to
the pressure waves reflected at the in-line valves.

A more in-depth analysis can then be carried out by considering the reflection coefficient,
Cy, defined as the ratio between the pressure wave reflected from an anomaly or boundary,
Fy, and the incident pressure wave, F. The values of Cj for the most common anomalies
and boundaries are available in literature (Meniconi et al. 2010; Swaffield and Boldy 1993;
Chaudhry 2013). For the sake of brevity, only test #3 is analyzed in detail (Fig. 5b). The
clue of the incomplete closure of V3 lies in the fact that, if the pressure wave finds the
in-line valve fully closed (i.e., if it behaves as a dead end), it would be reflected with C,
equal to 1 (i.e., Fp = F). Moreover, as the pressure signal is acquired at RM, that behaves
approximately as a dead end, the pressure wave should almost double. Then, the resulting
pressure variation should be equal to about 2F}. Accordingly, at ¢,3, a significant increase of
the pressure signal (=2F%) would be expected. At 2¢,; (=4.68 s), another pressure increase
would occur, since the pressure wave would travel back to the insertion section interact-
ing with another dead end and then back again to V3 where it would be reflected likewise.
Therefore, a stepped behavior would be expected, with a time distance between the steps
equal to #;;, until the system, which is in connection with the PPWM device, reaches the
hydrostatic conditions.

On the contrary (Fig. 5b), AHy,,; shows at #;; an increase not as large as expected,
even considering that the pressure signal is measured at RM. In fact, it is C, = 0.16, since
F=2.51m, and Fp = AHp/2=0.40 m, with AH} being the pressure increase measured at RM.

The relationship between the minor head loss coefficient, y, of V3 and the reflection coef-
ficient, Cp, can be written as (Meniconi et al. 2010):

4a>  Cp

)) =

(M

where d=valve opening degree (equal to 0 and 1 for fully closed and open valve, respec-
tively), g=acceleration of gravity, and a=pressure wave speed of the pipe RM-V3. Such
a quantity can be evaluated by considering that #,; is the time the pressure wave takes to
travel two times — i.e., back and forth — the distance between RM and V3, L;; (=1313.5 m).
Accordingly, itis a=2 Ly;/t,;=1121.30 m/s. Then, Eq. (1) gives the value y=46,311, which,
considering that, as usual in real pipe systems, the valve characterization is not available,
confirms that V3 is not fully closed but it has a very small 6 (Idel’chik 2007). Moreover,
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Fig.5 Transient tests executed on the Dorsale TM: a) pressure signals acquired at RM for the four consid-
ered configurations; and b) enlargement of the experimental pressure signal for test #3, with the indication
of the incident pressure wave, F, and pressure variation, AHy, acquired at the RM measurement section
due to the partial closing of V3
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further signatures of the not perfect sealing of V3 are given by the pressure signal. Firstly,
at tpc (=2.42 s), just after the increase AHj (Fig. 5b), there is a sudden decrease, which
is compatible with the reflection of the wave at the diameter change (i.e., from DN600 to
DN700) located at about 40 m downstream of V3. Secondly, at 2¢;; (=4.68 s) and 2¢j
(=4.84 s) there are pressure variations corresponding to the second order reflection from V3
and diameter change. Thirdly, there are other pressure waves, reflected by other singulari-
ties, that should not appear in the pressure signal if the valve V3 were fully closed. In fact,
att,, (=7.09 s), the significant pressure increase can be ascribed to the fact that, during test
series #3, valve V2 has been kept in the same status of test series #2 (i.e., “nominally” fully
closed, but actually partially closed).

The analysis of AHp,,, leads to analogous results. Briefly, it can be noticed that, since
during test #2 V3 is open and then at #,; no pressure reflection occurs (Fig. 5a), the signifi-
cant decrease happening just afterwards (i.e., at fp) is due to the diameter change and is
characterized by a larger magnitude with respect to the corresponding reflection in AHy, ;.
This is due to the fact that, in this case, the incident pressure wave is larger as it has not been
reduced by a reflection at V3. Successively, when the pressure wave reaches V2, it reflects,
but, again, not as expected, letting suspect that V2, too, is not perfectly sealed (for the sake
of brevity, details are not shown here). This is also confirmed, similarly to what has been
observed for V3, by the presence of some pressure signal features that can be found also in
AHp,, ; and AHp,, ,. Among the most evident features, there are those corresponding to the
pressure wave reflections at: (i) #;39, (=10.73 s), when all the four pressure signals show a
rapid decrease followed by an increase, due to the presence of the 1304 branch (Fig. 2), and
(i) at t, when AHg,, 5, AHp,, , and AHp,, , show a decrease due to the boundary condition
at WF.

It can also be noted that such features are similar in their shape but different in entity.
The reason is that the incident pressure wave at the singularities is different. This happens
because, as mentioned, even if the wave generated by the PPWM is the same in the four
tests, it interacts with different singularities. For AHy,, ,, as an example, the partially closed
in-line V2 partially reflects the pressure wave and so it reaches the next singularities with a
smaller entity. The same happens for AHy,, ;, where the incident pressure waved reduces at
V3 and V2 (both partially closed in this test) and, consequently, the successive reflections
are even smaller. Moreover, the presence of further anomalies that reduce pressure entity
cannot be excluded.

A different behavior with respect to AHpg,,, and AHp,, ; is exhibited by AHpg,, ;. Such a
pressure signal shows at ¢, a large increase, compatible with a total reflection of the inci-
dent pressure wave at V1. Afterwards, it does not show similarities with AHp,, , as a proof
that the pressure wave does not propagate beyond V1. Precisely, at ¢, a pressure increase
occurs instead of a decrease as in the other signals, indicating that the pressure wave does
not reach WF. As previously pointed out, such an analysis allows assessing the valve sealing
using just one pressure signal and therefore there is no need of equipping a second measure-
ment section.
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Fig. 6 Outline of the proposed
procedure, using the diagnostic
kit
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5 The single-section Procedure for the Diagnosis of the in-line Valves

Based on the above results, in this section it is proposed a procedure for the automatic check
of in-line valves in TMs by using just one measurement section. This is of a great value for
water companies, since, as it is well-known, the accessibility of TMs is often very poor.
Such a procedure involves the use of a portable “diagnostic kit” that includes a pressure
transducer, a high frequency data-logger, and a device for the generation of transients (e.g.,
the PPWM). This kit is easy to install since it requires executing two holes in the pipe, when
not already available: one for the pressure transducer and one to connect the PPWM to the
pipe. The procedure to follow is outlined in Fig. 6.
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First, the kit is installed at the section chosen for the execution of the transient tests and
the functioning of the equipment is checked. The preliminary phase includes the preparation
of the system, isolating as possible the main pipe — i.e., by excluding branches — and the
reduction of the pressure in the pipe, if compatible with operating conditions. Furthermore,
it is recommended to monitor the pressure until the pressure variations due to the prelimi-
nary maneuvers are negligible.

Once the pressure is stable enough, the transient tests can be carried out. The first tran-
sient test involves the whole pipe, to have a benchmark of the transient response of the TM.
This allows identifying if the in-line valves are not well sealed. Then, the in-line valves are
closed one at a time and a transient test is carried out for each configuration. Once all the
configurations have been tested, the system can be brought back to its operating conditions
and the analysis of the acquired data can be performed to diagnose the valve sealing, as
illustrated in Sect. 4.

6 Conclusion

In this paper, an innovative procedure for checking the in-line valve sealing in long, large
diameter transmission mains (TMs) — based on the execution of safe transient tests — is pro-
posed. The procedure is tested on the Dorsale TM, in the northeast of Milan, Italy, managed
by CAP Holding SpA, where the sealing of three in-line valves has to be checked. The Por-
table Pressure Wave Maker (PPWM) device is used for generating safe and fast transients.

The procedure implies the generation, in the first phase, of transients on the whole TM,
as a reference. Successively, the in-line valves are closed one at a time and transients are
executed on the different parts of the TM delimited by the “nominally” fully closed in-line
valves.

In a preliminary assessment of the sealing check procedure, pressure signals acquired at
two measurement sections — one upstream and one downstream of the considered in-line
valve, respectively — are analyzed. Such a comprehensive set of data allows to straightfor-
wardly verify the status of the in-line valve (i.e., if it is actually fully closed or not).

The obtained results address toward the final arrangement of the procedure in which a
single measurement section is used, located where transients are generated by means of the
PPWM. Such a result is of great value from the management point of view since the acces-
sibility of TMs is often very poor.

The “diagnostic kit” required for an automatic, periodic, and expeditious survey of in-
line valve sealing in TMs through the proposed procedure includes a pressure transducer, a
high frequency data-logger, and a device for generating transients.
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