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Abstract

Pressure Reducing Valves (PRV) play a critical role in Water Distribution Networks
(WDN): they regulate pressure ensuring an efficient service to users and preventing dam-
age to pipelines. In recent years, the attention of water utilities towards pressure manage-
ment and leakage control led to the necessity of more flexible and responsive technologies
that can guarantee a higher level of pressure control accuracy. Because of this the com-
mon performance parameters based on steady state conditions are no longer satisfactory
to evaluate the effective behaviour of the devices when used in situations where demand
can change. In the present paper the pressure control effectiveness of different types of
PRV (electric actuated, pilot operated and direct acting) in variable demand conditions is
discussed. The data used are from experimental tests, literature and field application. To
assess valves’ pressure control performance, the use of new parameters, which consider
the peak of pressure reached during control operations and the accuracy of target pressure
regulation, has been proposed. The use of these parameters allows the comparison between
different type of valves giving to WDN managers a direct overview on the valves ability to
regulate pressure under variable demand conditions.

Keywords PRV - Green Valve - DMA - Pressure Management - Variable demand

1 Introduction

Pressure management in water distribution networks is a crucial process that has drawn the
attention of researchers in recent years. Complete reviews of the argument can be found
in the work of Vicente et al. (2015) and in the more recent work of Doghri et al. (2020)
where different modes of pressure regulation are compared in terms of leakage reduction
and pressure oscillations. The main scope of pressure management is the optimization of
the network to reduce leakages (Abd Rahman et al. 2018), reduce energy consumption
(Mambretti and Orsi 2011; Pérez-Sanchez et al. 2017), increase plant resilience (Pagano
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et al. 2019) and improve the service for users. To follow these objectives, pressure reducing
valves (PRV) are going to play a very critical role as explained in Dini and Asadi (2020)
where the advantages of using installed valves regulation to improve network function is
investigated. Generally control valves in WDN are used to modulate the pressure and flow
rate on the basis of a target parameter that is usually a pressure upstream or downstream of
the valve.

The use of PRV at the entrance of District Metered Areas (DMA) has been one of the
preferred strategies adopted by water utility managers to effectively reduce water leakages
and improve control and monitoring in the network (Alvisi and Franchini 2014; Gomes
et al. 2012; Di Nardo and Di Natale 2011). The DMA approach proved to save a con-
siderable amount of water in most applications. Nevertheless, the isolation of a branch of
the network causes the loss of adaptability of the network. The use of remotely-operated
devices can address the problem by creating a framework for dynamic DMA (Wright et al.
2014; Giudicianni et al. 2020) that can modulate the topology of the network on the basis
of the real-time or quasi real-time working conditions monitored in the WDN. In this con-
text, static set-point PRV are likely to be substituted with dynamic and tuneable devices
that can answer to the new WDN performance requirements for pressure management (e.g.
Remote Real Time Control (Adedeji et al. 2018 and Page et al. 2017) or District Metered
Area (Giudicianni et al. 2020)). PRV are intended not simply as devices for the control of
hydraulic parameters, but also as tools for the realization of improved plant management
strategies able to enhance water security (Su et al. 2020 and Bajany et al. 2021) and equity
(Gullotta et al. 2021).

Despite the fact that PRV are one of the main actors in water distribution network opti-
mization and development, in the literature there is a lack of knowledge about their effec-
tive pressure regulation performance in operative conditions, i.e. with variable demand.
Up to now the performances of PRV are usually based on parameters that consider the
behaviour of the valve in steady state conditions. The present paper investigates the per-
formances of different type of PRV focusing on their behaviour during demand variations.

Two new performance parameters are proposed to evaluate the accuracy of pressure reg-
ulation and they are used to compare the different models of PRV. In particular, the perfor-
mances of the GreenValveSystem (GVS), an electric actuated control valve, and of direct
acting and pilot operated PRV are considered and compared.

After the devices under consideration have been presented a discussion about the pres-
sure control performances is shown. Then the experimental campaign is described and the
results presented. In the end, an example of field application, in which the GVS and a pilot
operated PRV are installed alternatively in the same node of a network is shown.

2 Material and Methods

Usually commercial control valves are characterized only by parameters based on steady
flow states not considering the transient conditions that occur in real environments. Two
performance parameters to characterize their behaviour in variable demand conditions are
proposed in the present paper to improve the knowledge about different types of automatic
control valves.

The study is based on experimental analyses that in part are taken from literature refer-
ences (Prescott and Ulanicki 2003; Meniconi et al. 2017) and in part are performed by
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the authors. In the section experimental setup, the procedures of the tests performed are
described.

In the following paragraphs the GVS and the standard PRV that are used in the study are
briefly described, then the main parameters used in the discussion are introduced.

2.1 The GVS

The GVS is a new concept of electric actuated control valve, patented by the Politecnico di
Milano (Malavasi 2013), that is able to recover part of the energy dissipated in the throt-
tling process and reuse it to feed the actuator, the integrated system of sensors, the elec-
tronics, and the data transmission system. In this way, the device can work as a stand-alone
monitoring and control station. The device is of interest in the context of water-distribution
network revamping and optimization as described in (Ferrarese and Malavasi 2020). The
valve was developed to assure pressure regulation with the addition of certain enabling
functions that can help the transition towards smart WDN. Examples of these functions
are: remote control of the valve position; real-time adjustment of the control parameters;
real-time monitoring of pressure and flow rate; local energy supply. These characteristics
allow the use of a single integrated device instead of a series of different devices that must
be arranged to work together (e.g. pressure sensors, flow meter, communication system).
Thanks to its functions and to the energy recovery capability, the GVS is an Internet of
Things (IoT) system that can work without an electrical grid connection. Where an IoT
system is intended as a network of physical objects embedded with sensors and connected
to the internet to exchange data.

In the following the pressure control mechanism is described. The actuator, a Valpes VR
with quarter turn operating time of 15 s, is controlled by a Programmable Logic Controller
(PLC) installed in a control box. The logic of control is based on the pressure recorded by
the pressure transducers integrated in the GVS. The control is a closed-loop in which the
pressure is the control variable. The principal parameters that are used to define the control
behaviour are:

e the dead-band, db, that defines the tolerance on the pressure; in the tests this parameter
is kept equal to 0.15 bar in the laboratory experiments and to 0.2 in field.
e the target pressure, P, that is the pressure that the valve must regulate.

The following graph shows the valve’s behaviour during a transient between two stable
conditions. In Fig. 1 the main phases of valve operation are schematically indicated. An
abrupt decrease of the downstream pressure is induced by increasing the demand down-
stream of the valve. After a short time, the valve begins to open increasing the down-
stream pressure until the target pressure (continuous line in Fig. 1) is again achieved.

Generally, PRV can show two states as defined in Prescott and Ulanicki (2003): a steady
state when the valve does not move and pressure and flow rate are stable, and a transient
state when the control valve moves and pressure and flow rate change. The transient state
of the GVS is subdivided into four phases (Fig. 1):

Phase 1: the pressure begins changing but still remains inside the dead-band. The valve
does not move. No command is sent to the actuator.
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Fig. 1 Phases of downstream pressure control operation of GVS

Phase 2: the pressure exits the dead-band. The system shows a dead-time in which the
valve is still not moving even though the pressure is out of the dead-band.

Phase 3: after a dead-time of the electronics’ response, the system reacts by moving the
valve until the pressure is restored to a value inside the dead-band.

Phase 4: the pressure achieves the set point and the actuator stops moving.

2.2 Pilot Operated PRV

Pilot operated PRV, otherwise referred to as Clayton type valves, are membrane pilot oper-
ated hydraulically-actuated valves. A description of the functioning of the device can be
found in Khezzar et al. (1999) and Meniconi et al. (2017). The data shown in this paper is
about a Cla-Val NGE 9001 DN100 from Prescott and Ulanicki (2003) and about a Cla-Val
ECO 90-35 DN80 from Meniconi et al. (2017). Pilot operated valves assure an automatic
behaviour based on the pressure balance between the pressure in the main valve chamber
and the pressure imposed regulating the pilot valve that is installed in the control loop. The
pressure to be controlled is manually set by changing the regulation of the pilot. The con-
trolled pressure can be maintained constant in a certain range of flow rates.

2.3 Direct Acting PRV

Both pilot operated and direct acting PRV are hydraulically actuated and automatic control
valves, but the latter are simpler and less expensive. The functioning mechanism is based
on the balance between a spring whose compression can be tuned manually to set the target
pressure, and the direct action of the flow on the valve trim. This kind of valve shows some
limitations due to the limited capacity. The model shown in the present work is a CSA
VRCD DN50.

2.4 Parameters of Interest
The flow coefficient KV is one of the most important performance parameters of a valve.

It is a dimensional parameter that has been derived from the valve loss coefficient intro-
duced in (Idelchik 1986) and widely used in valve sizing procedures both in European and
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American standards (International Society for Automation 2007; The International Electro-
technical Commission 2011). In the field of regulation, in addition to the maximum flow
coefficient that expresses the maximum capacity of the valve, the characteristic curve is
also of crucial importance. It expresses the flow coefficient as a function of valve opening
rate. The flow coefficient is defined by international standards as the discharge that passes
through the valve for a pressure drop equal to 1 par, at a certain opening rate. In the follow-
ing the flow coefficient is defined with units # thus referred to as KV and calculated as

follow:
N
xv=21/ 1)
N, V AP

where p, [Kg/m®] is the density of the used fluid, p, [Kg/m’| is the reference density in
standard condition (water at 15 °C and 1 atm) and AP [bar] is the difference between the
pressure HUy measured in standard position upstream of the valve and pressure HDg; meas-
ured in standard position downstream of the valve. N is a constant that depends on the unit
used for Q and AP. In the following N, is equal to 1 with Q expressed in “~ and AP in bar.

To allow the comparison between different valve sizes, the flow coefficient is divided by
the nominal diameter of the valve to the square:

KV

KV =T

2
where KV* [#] is referred to as the flow coefficient index, D [m] is the nominal diam-
eter of the valve. The flow coefficient index KV* is a dimensional parameter that is widely
used in industrial-valve sizing procedures to express the head loss coefficient (Idelchik
1986) of a generic size valve at certain opening rate.

The derivative of the characteristic curve is a very important index that indicates the
inherent valve gain. The gain G, is defined as the ratio between the change in flow coef-
ficient AKV and the change in travel Aé.

AKV
G =22
1= x5 (3)

A large gain value means that the flow rate changes abruptly for a small change of
the opening of the valve. In some cases a very high value of gain can indicate the pos-
sible occurrence of instability (Ulanicki and Skworcow 2014). Instability is addressed in
the GVS system by an automatic parameter that regulates the motion velocity of the shut-
ter. Some solutions to limit instability for electronically regulated valves are discussed in
(Giustolisi et al. 2017; Janus and Ulanicki 2018; Galuppini et al. 2020).

When the condition of discharge changes during the test, the valve tested needs some
time to react and restore the target pressure. During that time the regulated pressure reaches
a peak. The difference AH, between the peak and the regulated pressure before the tran-
sient HDy,, is referred to as the pressure peak index and used as a comparison term in this
work to differentiate the behaviour of the different kind of valves. The subscript 1 indicates
the period before the transient and subscript 2 indicates the period after the transient.

AHp = HDyp — HDy, “
After the transient, the pressure is regulated near the target within a certain accuracy.

To evaluate this accuracy another comparison parameter AH, is introduced in the present
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work, which is defined as the difference between the target pressure imposed and the pres-
sure effectively regulated after a transient by the valve. It is referred to as the pressure
accuracy index and defined as:

AH, = HDy, - P, 5)

where P, is the target pressure and HDy, is the stabilized pressure after the transient.

2.5 Experimental Set-up

Tests at the hydraulic laboratory of the Politecnico di Milano have been performed on the
direct acting PRV and on the GVS. A scheme of the test plant is shown in Fig. 2b. The
plant is fed by a multi-stage pump that is supplied by a free surface tank. The test section,
that contains the valve under test, is delimited by two control valves that are used to set the
boundary condition of pressure and flow rate during the tests. The variables recorded dur-
ing the tests are:

e pressures measured on the pressure taps placed in the standard positions as defined
in (The International Electrotechnical Commission 2011) respectively 2 diameters
upstream HUg and 6 diameters downstream HDjg with relative pressure transducers by
Lektra model KPT with full scale 10 bar;

e pressures measured upstream on the tested valve body HU,, [bar] and downstream on
the tested valve body HD,, [bar] with relative pressure transducers by Lektra model
KPT with full scale 10 bar.

e flow rate measured 20 diameters upstream of the test section, with an ultrasonic flow-
meter VALCOM UPF-01;

e water temperature.

All the data are recorded simultaneously with a data acquisition system at the frequency
of 100 Hz. In addition to the above-mentioned acquisition system a monitoring system
integrated on the valve has been used for tests performed on the GVS. The integrated sys-
tem is able to acquire data at a frequency of 10 Hz. The two systems are synchronized
through a manual trigger. The additional data of interest for this study, recorded by the
GVS built-in monitoring system, is the valve position 6 [%].

2.6 TestProcedures

The test procedures explained in the following were developed to investigate the down-
stream pressure control ability of the direct acting PRV and of the GVS. A preliminary
series of tests was performed to define the characteristic curve of the valve under study as
a function of the valve travel rate. The tests follow the procedure described in (The Interna-
tional Electrotechnical Commission 1997). A second series of tests was finalized to evalu-
ate the control effectiveness of the device. A test procedure was developed to highlight
how the valve behaves in the transient between two conditions of stable pressure, with par-
ticular interest to the pressure peaks generated on the regulated pressure and on the accu-
racy of pressure regulation. The tests consisted in a series of abrupt changes of discharge
by changing the opening of a valve downstream of the test section (valve VD in Fig. 2b).
The change in discharge simulates the change in water demand in field applications. In
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Fig.2 Scheme of the test procedure (a) and sketch of the test plant (b)

particular, if the discharge increases the valve under test partially opens to achieve the tar-
get pressure. Instead, if the discharge decreases the valve under test partially closes again to
restore the target pressure. Figure 2a shows the main phases of the test procedure used for
the tests on the GVS and for the test on the direct acting PRV.

2.6.1 GVSTest

The built-in electronic control of the GVS can be set to keep a certain target pressure
upstream or downstream of the valve. For this series of tests, the valve was set to control
the downstream pressure in order to compare the behaviour with that of other standard PRV
that have this function. The test begins with the valve completely closed, then the valve is
activated. After the valve is activated it reaches a certain opening rate to achieve the target
pressure. Then the flow rate is changed abruptly several times by changing the opening of
a control valve placed downstream of the valve under test. The GVS reacts to the variation
of discharge by opening or closing the shutter until the target pressure is reached. The test
ends with the valve closed.

Several tests of this kind have been performed to explore the functioning of the valve for
a total of 35 transients that are considered in the discussion.

2.6.2 Direct Acting PRV Test

Initially the target pressure is set for a velocity of the flow in the pipe equal to 1 m/s, as
suggested by the constructor. After the setting, the opening of the valve VD placed down-
stream of the test section is changed to vary the discharge. The variation causes the valve
under test to open or close stabilizing the pressure to the target value.

Several tests of this kind have been performed to explore the functioning of the valve for
a total of 36 transients, all of which are considered in the discussion.

3 Results and Discussion
The following section investigates the pressure regulation ability of the valves consid-

ered. Firstly, the characteristic curves of the valves are compared. The characteristic
curve is the plot of the flow coefficient as a function of the opening rate of the valve,
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representing a common performance indicator of control valves. The flow coefficient
index is used in place of the flow coefficient to allow the comparison between valves of
different sizes. Figure 3a shows the characteristic curves of the GVS and of the other
pressure reducing valves considered in the study. The GVS shows a maximum flow
coefficient index 9.7% larger than that of the other valves, guaranteeing a larger maxi-
mum capacity.

Looking at Fig. 3a, it can be seen that the maximum flow coefficient of the direct
acting PRV is quite different from that of a pilot operated PRV. In particular, the direct
acting PRV (ACMO VRCD) shows a discrepancy of about 80% compared to the valve
used in (Prescott and Ulanicki 2003), a Cla-val NGE9001, and about 35% of that used
in (Meniconi et al. 2017), a Cla-val ECO9035. This difference highlights the inherent
discrepancy in terms of capacity between direct acting PRV and pilot operated PRV, due
to the different operating principles that the two devices are based on. In one case the
shutter is directly balanced by the pressure of the fluid flowing in the valve, instead in
the case of pilot operated valves the backside of the shutter is balanced by the pressure
regulated by the pilot valve.

Figure 3b shows the behaviour of the gain G, for the valves considered. The gain can
be considered as an indicator of the ability of the valve to increase the capacity due to a
change in travel. The difference between the two pilot operated valves is due principally to
different trim geometries. The geometry of the trim of this kind of valve can have a strong
effect on the characteristic curve and consequently on the gain. For example, a linear trim
like that of the tested direct acting PRV indicates a linear trend of the characteristic curve
and consequently a constant trend of the gain. In the cases of the two pilot operated PRV it
can be seen that the trend of the characteristic curve is very similar even if the two models
show different maximum flow coefficients. The two are different in that the gain of the
valve used in (Meniconi et al. 2017) is almost linear while the gain of the valve used in
(Prescott and Ulanicki 2003) is more variable with the opening. The gain of the GVS is in
the same range of values of the pilot operated PRV considered but with a slightly different
trend. In particular, the GVS shows very low values of gain at a high opening rate. This
behaviour can help to handle high flow rate conditions when the valve should work at high
opening rates. Instead, at average openings (30%-55%), the gain of the GVS is in the same
range of the valve used by (Prescott and Ulanicki 2003), i.e. a Cla-val NGE9001.
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Fig.3 Flow coefficient index KV* (a) and gain Gy (b) of the valves as a function of opening rate
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After the main parameters that characterize the steady functioning of the valves under
study have been presented, their pressure regulation performances are discussed based on
variable demand conditions.

Figure 4 shows the AH, resulted from the tests as a function of the opening (Fig. 4a) and
of the Reynolds number (Fig. 4b) calculated using pipe mean velocity and nominal diam-
eter. A first consideration appears clearly: there is a large difference between the direct act-
ing PRV and the other types of valves. The accuracy of pressure regulation of the GVS is
very similar to that of pilot operated PRV, with AH, always below 0.1 bar for both of them.
The GVS maintain the limit until Reynolds number 200'000.

In the case of direct acting PRV, after the pressure is set at velocity 1 m/s (Reynolds
number of 70'000), the pressure is regulated but with a low accuracy. At worst, the AH, of
direct acting PRV overcomes -1.2 bar. The direct acting PRV moreover shows hysteresis.
In particular, the regulated pressure depends not only on the velocity of the fluid, but also
on the direction of motion of the shutter: if the valve is closing the pressure regulated is
lower; if the valve is opening the pressure is greater. The two trends can be seen easily in
Fig. 4 between opening 10 and 60%. Instead GVS and pilot operated valves do not show
hysteresis. The dead-band db set for the GVS during tests is equal to 0.15 bar.

Figure 5 shows the term AH as a function of the difference between the flow coefficient
index and the Reynolds number before and after each transient. The quantities used in the
abscissa of Fig. 5 are chosen to express the dependency of the peak size on the change in
discharge imposed by the operation. GVS shows an effective reaction to pressure solicita-
tion when the demand of the plant increases or decreases by large amounts (extremes of
x axis of Fig. 5). In these cases, the pressure peaks are successfully limited by the GVS
action, showing a stable trend of AHp. The AH is always lower than 0.6 bar for GVS. For
low values of demand variation (nearby the origin of x axis of Fig. 5), the GVS seems to be
less reactive;AHp in this region does not decrease as it occurs for other PRV. A lack of data
nearby the origin can also be noted. This behaviour is due to the intrinsic functioning of the
GVS and in particular to the parameter db. The valve is programmed to react when pressure
solicitation is greater than a certain threshold, which, in this particular case, is regulated by
the parameter db (Fig. 1). Whereas hydraulically acted valves show a continuous behaviour

a) b)

0 20 40 60 80 100 o 1 2 3
Opening %] Re [—] x10°
O GVS
Pilot operated PRV (Prescott et al. 2003)
Pilot operated PRV (Meniconi et al. 2017)
+ Direct acting PRV

Fig.4 AH, of GVS, direct acting PRV and pilot operated PRV as a function of the percentage opening of
the valve (a) and of the Reynolds number (b). Dotted lines indicate at AH, equal to 0.1
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even near the origin, but when the change in discharge increases the pilot operated PRV
seems to fail in the limitation of the peaks, especially when the peaks are negative, namely
when the valve is opening. Comparing direct acting and pilot operated PRV: pilot operated
PRV show an increase of AH, with the increase of the change in the discharge. Instead,
the direct acting PRV is able to limit the peaks even when the changes of discharge to han-
dle are high (extremes of x axis). Direct acting PRV reacts faster than other PRV thanks
to the simple functioning mechanism. The behaviour can be verified by the experimental
result of Fig. 5 where the direct acting PRV is the one that succeeds better in limiting the
pressure oscillations during transients. Nevertheless, the ‘direct” mechanism appears to be
less efficient to maintain the regulated pressure close to the target, as can be seen in Fig. 4,
and it limits the maximum capacity of the valve (Fig. 3).

It is worth saying that for an effective and safe functioning of a water distribution plant,
the precision in pressure regulation is a basic necessity, often required by water utilities
Key Performance Indicators (KPI). Nevertheless, in order to reduce the occurrence of burst
the ability of the valve to limit overpressures and in general large oscillations of pressure
during a transient is also a parameter of interest for water utilities (Gomes et al. 2011). The
parameters AH, and AHp have been proposed to express these abilities of automatic control
valves, which for the reason explained in the introduction, will be object of study in the
coming years.

3.1 Field Test
In this paragraph a field application of a pilot operated PRV and of the GVS is shown.

Using a local monitoring system, the pressure regulated is recorded for both the valves.
The pressure sensor used is placed at a distance of about 5 m from the valve.
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Figure 6a shows the pressure measurements made by the monitoring system during
20 days of pilot operated PRV use (highlighted blue area) and 20 days of GVS use (high-
lighted orange area). The peak recorded during the valve change is due to the work on the
line required for the installation.

The data acquired in the two periods of reference, are used to create two datasets whose
statistics are shown in Fig. 6b. This Figure shows a bar and whisker plot that represents the
dataset medians, quartiles and the outliers. The medians of the two datasets show a small
discrepancy (1.2%) i.e. the pressure regulated with the GVS and with the pilot operated
PRV are very similar. The boxes show that the GVS is able to reduce the interquartile range
(IQR) by 38 percent, guaranteeing that the pressure regulated with the GVS is more stable.
The whisker for both datasets is extended to 1.5 times the interquartile ranges. Data out of
the whisker range are considered outliers.

GVS system achieves better regulation of the pressure compared to the pilot oper-
ated PRV, limiting overpressures and guaranteeing the required regulated pressure with a
reduced confidence interval.

4 Conclusions

The objective of the paper is to evaluate the pressure-control effectiveness of different
types of automatic control valves for WDN application in variable discharge conditions. In
particular, the performance of an innovative control valve, the GVS, is compared to that of
common PRV (i.e. pilot operated PRV and direct acting PRV). Two parameters AH, and
AH, are proposed to assess pressure regulation performances of PRV in variable discharge
conditions. The parameters can be calculated both for hydraulically actuated and electroni-
cally controlled valves. The parameters are calculated in a series of experimental tests in
significant flow conditions with the following results:
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(1) The GVS and the pilot operated PRV show a AH, almost constant for a large range
of Reynolds numbers and always below 0.1 bar. The direct acting PRV shows a pro-
gressive collapse of performance since the discharge changes from the setting value.
In the worst case a value of AH, equal to 1.25 bar was shown, moreover a hysteretic
behaviour is shown depending on the direction of motion of the valve stem.

(i) The GVS was able to effectively limit the occurrence of large pressure peaks keep-
ing AHp always below 0.6 bar even for large discharge change (extremes of x axis in
Fig. 5). Direct acting PRV shows very low AH, implying that the velocity of reac-
tion of the valve is high enough to limit the pressure peaks even for large discharge
changes. The pilot operated PRV shows a very good performance for low discharge
changes, but loses efficiency for high discharge changes where AH), reaches -1 bar
and in the worst case -3.3 bar.

In the end, the data from a field application, in which first a pilot operted PRV and
then a GVS have been installed, are used to compare their behaviour in a real environ-
ment. The GVS shows reduced pressure peaks with respect to the pilot operated PRV
and a regulated pressure statistically closer to the target. The GVS demonstrated to have
promising pressure regulation characteristics both in laboratory tests and in field, prov-
ing to be a viable alternative to the type of PRV considered in the present work. Elec-
tric actuated control valves enable the development of remote, automated and smart
water management strategies that are not achievable with standard PRV representing an
opportunity for WDNs optimization.

To conclude, the parameters introduced in the present work can be used to compare
the behaviour of different types of automatic control valves in variable discharge condi-
tions. They give a direct overview on two aspects of PRV functioning that are of interest
for WDN management namely: the ability of maintaining the pressure close to the target
after a demand change (low values of AH,) and the ability of limiting pressure peaks
during demand change (low values of AH)).
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