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Abstract

The interruption of supply in water distribution systems is a common management practice
particularly prevalent in developing countries. Upon reopening, the air is expelled through
user service pipes, which causes over-reading and seriously impacts the water meter reli-
ability. This paper aims to assess by laboratory tests the effects of air flow on water meter
performance by laboratory tests, using a set-up with diameters comparable to those of real
water systems. The improvements introduced by applying unmeasured-flow reducer and
air valves at different locations are also tested. The relevance of the results of the labora-
tory activity for practical applications is discussed, both for reducing the over-reading and
improving the reliability of the water meters.

Keywords Intermittent water supply - Water distribution - Water meter - Unmeasured-flow
reducer valve - Air valve

1 Introduction
Many residents in urban areas, especially in low- and middle-income countries, receive

water through water distribution systems operated intermittently. Several authors have
estimated that globally up to one billion people receive intermittent water service (e.g.,
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Charalambous and Laspidou 2017; Kumpel et al. 2017; Taylor et al. 2019). Intermittently
operating a water service impacts the water quality, distribution equity, and structural
integrity of the pipes (e.g., Agathokleous and Christodoulou 2016; Gullotta et al. 2021;
Simukonda et al. 2018; Kumpelet al. 2015).

The transition from continuous (twenty-four hours per day and seven days per week) to
intermittent water supply (IWS) and vice versa is governed by the balance between water
availability, leakage, and customer demands (Taylor et al. 2019; Kumpel et al. 2017; Fan
et al. 2014). In such circumstances, water demand measurement is challenging (Kumpel
et al. 2017) due to the reduced reliability of water meters.

Installing customer tanks to balance demand and supply patterns may cause under-reg-
istration of the water meters (Al-Washali et al. 2020; Criminisi et al. 2009; De Marchis
et al. 2010). Criminisi et al. (2009) showed that water meters tend to under-read due to the
inherent low flow inaccuracies over time, particularly concerning the filling of tanks. Puleo
et al. (2013) also confirmed that the cyclical emptying and filling of the tanks might cause
the under-reading of the water meter.

In addition, air flowing through the meters during the filling can cause over-reading
and failures. Klingel et al. (2018) and Walter et al. (2017) present a systematic laboratory
analysis of the measurement error of single- and multi-jet water meters due to filling an
empty pipe. The experimental set-up involved a single pipe with a diameter of 1.95 cm
and lengths varying from 1 to 25 m, with a maximum volume of 7.72 1. The authors con-
cluded that the measurement error, defined as the difference between the registered volume
and the actual volume of water through the water meter, was only related to the volume
and pressure of the air in the pipe and not to the water front impact with the impeller or
unsteady flow conditions. Preliminary results from other laboratory tests with a more real-
istic set-up with greater length and diameter show over-reading and reliability issues relat-
ing to water meters operating with air (Ferrante et al. 2022; Ferrante et al. 2022). The same
issue is also reported by Taylor (2018).

In this paper, we report the results of laboratory tests to assess the potential benefit of
applying devices such as unmeasured-flow reducer (UFR) and air release (AR) valves to
mitigate the effects of meter over-reading and reduce the risk of failure. Specifically, we
investigate the impact of UFR and AR on multi-jet water meters, installed alone and in
combination, and considering the AR valve location. Finally, we draw conclusions and
practical implications for managing IWS systems.

The original and significant contributions of the paper are the laboratory test results
using a realistic set-up with multi-jet water meter, UFR, and AR valves. The findings of the
study have practical relevance for the management of IWS systems.

2 Materials and Methods

The set-up at the Water Engineering Laboratory of the University of Perugia, Italy, was
modified specifically to investigate the mitigation of the effects of pipe filling with differ-
ent strategies.
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Fig. 1 The schematic of the labo-

ratory set-up. J was the spigot / \
junction between the upstream
PVC-O pipe and the downstream
HDPE pipe. P, and Py, were

pressure transducers. FM was the T
flow meter. The pumping system PS
PS was used to feed the system

from the recirculating tank T. ~ PV

The upstream valve PV was

kept open during the tests. Air
release valves were connected

at A, and Ay. UFR was the
unmeasured-flow reducer valve.
The water meter, WM, was con-
nected upstream by a 3/4" ball
valve to the pipe and downstream
to the tank W

2.1 The Experimental Set-up

The experimental set-up used consisted of a series of two polymeric pipes (see Fig. 1),
i.e., an upstream Oriented Polyvinyl Chloride (PVC-O) DN110 PN16 pipe with length
L, =99.18 m and a downstream High-Density Polyethylene (HDPE) DN110 PN10 pipe
with length L; = 92.79 m. The characterization of the rheological behaviour of the pipe
materials and the response in terms of pressure time histories during transients in pressur-
ized pipe conditions are reported in (Ferrante 2021; Ferrante and Capponi 2018; Ferrante
and Capponi 2017). Further details of the experimental set-up are in (Ferrante et al. 2022).

The system was supplied directly by a pumping system PS, and the filling was obtained
by having the pump switched on and the upstream valve PV open. Four 1" connections, A
to A,, were also located along the pipe for air release valves.

A water meter, WM, was connected to the end of the pipe by a valve to simulate the user
connection. Straight steel DN20 connections with a length greater than five diameters were
placed upstream and downstream, as required by good practice, to optimize the operating
conditions of the water meter. A connection for air release valves upstream of the water
meter, Ay, was also used. A DN25 HDPE pipe delivered the discharge from the water
meter with a 2 m length to a tank (W). Ball valves of differing diameters were installed at
the downstream end of this pipe to regulate the water flow in W. In the illustrated tests, one
Y4" ball valve was used. A pressure transducer, Py, was also connected to W to measure the
water level.

2.2 Instruments and Data Acquisition

The pressure variations in time shown in this paper have been acquired at Pp, (see Fig. 1) by a
UNIK 5000 relative pressure transducer manufactured by GE (U.S.A.), with 6B full scale (f.s.)
and accuracy of 0.10 nother UNIK500 transducer with 150 mB f.s. was connected at Py,

An electromagnetic flow meter, FM, manufactured by ISOIL (Italy), was used to meas-
ure the discharge variation with time at an accuracy of 0.2% of the measured value. FM
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measured the absolute value of the flow (i.e., with positive values also associated with
reversing flow) only when the pipe was full of water.

A DNI16 R160 multi-jet water meter was used in the tests, although volumetric rotary
piston and single-jet water meters have also been tested. Rotary piston water meters failed
without providing reliable results. Single- and multi-jet water meters with the same metro-
logical characteristics were shown to have almost identical behaviour (Ferrante et al. 2022).

The water meter data complied with ISO4064-1 (2017). The maximum permissible error,
€,_5, between the minimum flow rate Q; = 15.63¥10~> m’/h and the transitional flow rate
Q, = 25.01¥1073 m*h is +/-5% and the maximum permissible error, €, 4, between Q, and
the overload flow rate Q, = 3.13 m*h, is +/- 2%. By definition, Q, is the highest flow rate
at which the water meter is designed to operate for short periods. The permanent flow rate
0; =250 m>/h is the highest flow within the rated operating conditions at which the meter is
intended to operate within the maximum permissible error. As defined by 1ISO4064-1 (2017),
water meters are intended to measure the volume of water passing through them, so the char-
acteristic values of discharge and errors do not relate to air flow.

The data acquisition system was based on a Compact-DAQ NI-9188 chassis manufactured
by National Instruments (U.S.A) with eight input/output module slots, which provided signal
conditioning and analog-to-digital conversion. The acquisition frequency of the data was 1 Hz
for the flow meter and 2048 Hz for the pressure transducers. A pulse unit comprising an elec-
trical switch operated by a magnetic field (reed switch) was connected to one of the counter
hands of the water meters, generating one pulse per liter. A digital module with eight digital
input/output channels (DIO) counted the pulses from the reed contacts of the flow meters. A
discharge of Ar~!1/s was then associated with each interval between two pulses of duration At
seconds.

The distances of instruments and air valve connections from the upstream end of the pipe
are given in Table 1.

3 Results

In the tests, the pipe was filled from an empty pipe condition by switching on the pump. Once
the pipe was full, the system was allowed to reach steady-state conditions. Then, the pump was
switched off to begin the pipe emptying phase, and the drains were opened to allow complete
emptying. After about one hour from the beginning of each test, the system was ready to begin
the subsequent one.

The effects of different valve types and location on the water meter during the filling have
been investigated.

3.1 The Effects of the Unmeasured-Flow Reducer Valve

Unmeasured-Flow Reducer or UFR valves are typically used to reduce the unaccounted-
for water in low flow conditions. The device relies on the basic principle that a flow is only
allowed when the upstream pressure exceeds the downstream pressure for a given value. In

Table 1 Distance of instruments
and air valve connections from

the upstream end of the pipe xm) 0 070 4452 9407 13478 18201 19127 193.37

P, FM A, A, A, A, Py Ay
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this way, by differential pressure control, small demands lower than the minimum measurable
discharge Q, of the water meter are not permitted.

UFR valves in intermittent water supply systems can be helpful for many reasons, includ-
ing reducing under-registration caused by user tanks. In this paper, the objective was to see
whether they would reduce the over-reading and risk of failures due to air flow during the pipe
filling when coupled to an air release valve.

The pressure head variations in time, or pressure signals, h(f), acquired at Pp, during
tests with and without a UFR valve, are shown in Fig. 2a. From the pump switch-on
(circle markers) to the arrival of the water front (diamond markers) the transducer meas-
ured the air pressure. The water front arrival at the downstream end caused an increase
in the pressure head and a water hammer phenomenon (Ferrante et al. 2022).

Pressure signals acquired during the tests with and without the water meter (WM and
No WM/UEFR in the figure legend, respectively) are similar, confirming that the pres-
ence of a water meter does not significantly modify the flow conditions. Further con-
firmation is given by the similarity between the pressure signals acquired with a UFR
valve with and without a water meter (WM+UFR and UFR, respectively). On the con-
trary, the UFR valve affects the air pressure variation, delaying the water front arrival at
the downstream end (diamond markers in Fig. 2a) and decreasing the downstream maxi-
mum pressure values. The same behaviour is also confirmed by the discharge signals
q(1), acquired during the same tests by FM and shown in Fig. 2b. The measurements
above the plot limit correspond to errors and can be explained by a no-completely full
pipe condition.

The UFR valve is closed at the switch-on of the pump (circle markers) because the
atmospheric pressure is the same upstream and downstream of the valve. During the
pipe filling, the upstream air pressure increases while the downstream atmospheric
pressure does not change. When the pressure difference reaches the set point, the valve
opens. The UFR opening time, denoted in the figures by triangles, can be detected by a
typical variation in the pressure signals. The setting value of the UFR used in the tests
is around 6 m.

As highlighted in Fig. 3, where the results of the same tests as Fig. 2 are shown, the
UFR modifies the water meter reading during the filling. The UFR activates about 26.1

35 . . 30
—wM
—UFR

30 | wM+UFR
——No WM/UFR

—wM
—UFR

25 WM-+UFR
—— No WM/UFR

2b 4‘0 60 80 100 120 140 160
t(s)

()

Fig.2 Variation in time during a test of a pressure head at the pressure transducer P, and b discharge at the
flow meter FM. The circle and diamond markers indicate the pump switch-on and the arrival of the water
front at P, respectively. The triangle markers indicate the opening of the UFR valve
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Fig.3 Discharge measured by 7 . . ; . . ; .
the water meter during the pipe
filling when a UFR is installed
(WM+UFR) or not installed

(WM). The circle and diamond

markers indicate the pump 5 1

switch-on and the arrival of the

water front at P, respectively. 4t 1

The triangles inndicate the open- 2

ing of the UFR valve gl |
2 L 4
1 L 4
o L 1 L

20 40 60 80 100 120 140 160
t(s)

s after the pump is switched on, preventing the air flow through the water meter for a
longer duration. As a result, the total volume measured by the water meter during the
air flow, Vy,,, is reduced to 0.501 m3 when the UFR valve is installed, compared to the
0.587m> measured without the UFR valve. This volume can be compared with the total
air volume in the pipe in the initial conditions, V,= 1.518 m? and the volume measured
by the flowmeter FM during the same tests, Vg, ~1.4 m>. Differences between these
values can be explained by the fact that the water meters are not designed nor calibrated
for the air volume measurements and that FM cannot measure the discharge if the meas-
urement section is not filled with water.

3.2 The Effects of the Air Release Valve

In water supply systems (mainly transmission mains), air valves are traditionally designed
and installed at the point of maximum elevation for two reasons: the expulsion of the air
during the system filling and normal functioning conditions, and the air inflow during the
emptying. Water distribution systems are not designed for intermittent supply, although
they are often operated in such situations, and air release (AR) valves are rarely installed.
To understand how air valves could positively affect the water meter air flow during the
filling, D040 1" air release valves manufactured by A.R.I. (Israel), were used in a series of
tests. AR valves were connected to the upper part of the pipe upstream of the water meter
(Ay in Fig. 1) and at other locations along the pipe (Ay, and A, to Ay).

Figure 4 shows the pressure signals acquired during tests with the water meter (WM
in the figure legend) and with the air valve installed at different locations (WM+A ). The
presence of an AR valve increases air outflow, reducing air pressure during the filling.
Comparing the test results defines two limiting conditions: one with a water meter with-
out air valves (WM, the same test used as a reference in Fig. 2) and another with an AR
valve installed immediately upstream of the water meter (WM+Ay,). Air valves installed at
intermediate locations induce the same pattern defined by the test with the air valve at Ay,
before the arrival of the water front. At the water front arrival, they close, causing an air
pressure increase toward the same pressure value of the no AR valve test.
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70 T —
—WM —WM

— WM | —— WM
col Ay | ‘ Ay |
WM+A, 25 | | WM+A,
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50+
—— WM+A,
WM+A,
40 -
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Fig.4 Variation in time during a test of a pressure head at the pressure transducer P, and b discharge at the
flow meter FM. The circle and diamond markers indicate the pump switch-on and the arrival of the water
front at Py, respectively

Interestingly, the air valve located close to the water meter, i.e., at Ay, yields the great-
est over-pressure value. In contrast, the one on the distribution pipe closest to the upstream
valve, i.e., at A, has the lowest. A thorough investigation of the dependence of pressure
peaks on the downstream end conditions is beyond the scope of this paper.

The description of the same tests in terms of discharges is given in Fig. 4. The same
limiting conditions of the pressure signals define the discharge variations when air
valves are located at different locations. The discharge signals before the arrival of the
water front at the air valve are almost coincident.

Figure 5 shows the effects of air valves on the discharge measured by the water meter
during the same tests of Fig. 4. The arrival of the water front and the following switch
from air to water flow (diamond markers) varies regularly from the no air valve test
to the test with the air valve at Ay, with an air flow duration decreasing with the air
valve distance from the water meter. The total volume measured by the water meter
during the air flow, Vy,,, given by the area under the evaluated discharge in the time

Fig.5 Discharge measured by 7 .
the water meter during the pipe
filling. The .01rcle and diamond 6 b
markers indicate the pump FAL, m«% £
switch-on and the arrival of the )
water front at P, respectively 5r q
4
=
o 3 —WM
—WM+A
ol WM+A,
— WM+A,
1+ —WM+A,
WM+A,
O O I I 1 1
20 40 60 80 100 120 140 160
t(s)
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— WM+UFR
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WM+A, +UFR I | WM+A,+UFR ||

—— WM+A +UFR | —— WM+A+UFR
07| witea, +UFR 1 20! —— WM+A,+UFR |

3 3
2 2
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Fig.6 Variation in time during a test of a pressure head at the pressure transducer P, and b discharge at the
flow meter FM. The circle and diamond markers indicate the pump switch-on and the arrival of the water
front at Py, respectively. The triangle markers indicate the opening of the UFR valve

interval between the pump switch-on (circle markers) and the water front arrival (dia-
mond markers), decreases from 0.587 (WM) to 0.535 (WM+A,)), 0.454 (WM+A,),
0.385 (WM+A,), 0.345 (WM+A,), and 0.310 m? (WM+Ay,), i.e., with the distance of
the air valve from the upstream end of the pipe.

3.3 Combined effects of UFR and AR valves

Figures 3 and 5 show that UFR and AR valves reduce the total volume measured by the water
meter during the filling. We performed further tests to investigate the combined effects of UFR
and AR valves, installing the UFR downstream of Ay, and upstream of the water meter (as for
the test of Fig. 2) and the air valves at the exact locations as the tests in Fig. 4.

Fig.7 Discharge measured by 7 . . : .
the water meter during the pipe —WM+UFR
filling. The circle and diamond 61 —WM+A,, +UFR ]
markers indicate the pump WM-+A +UFR
switch-on and the arrival of the 4
water front at P, respectively. 5r — WM+A,+UFR 1
The triangle markers indicate the — WM+A,+UFR
opening of the UFR valve 4" “WM+A_ +UFR J
e
o 3 ]
2+ | 1
1) L = :
- %(;ﬂ;g,pg— —————
0 —0 L L 1
0 50 100 150 200 250

t(s)
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The results shown in Fig. 6 are similar to those of Fig. 4 with only minor variations in
the pressure and discharge signals caused by the UFR. The triangle markers denote the
UFR valve openings at air pressure values between 5.6 and 7.1 m.

The effects of the UFR on the discharge measured by the water meter, shown in Fig. 7,
are more evident than those shown in Fig. 5. In the shown tests, the total volume meas-
ured by the water meter during the air flow, Vy,,, decreases from 0.501 (WM+UFR) to
0.440 (WM+A)), 0426 (WM+A,), 0.290 (WM+A;), 0.193 (WM+A,), and 0.190 m?
(WM+Ay,). The main differences are in the starting time of the water meter measurements
(triangle markers) and the water front arrival time, as discussed in the following.

4 Discussion

UFR and AR valves individually reduce the volumes measured by the water meter during
the air flow.

Figure 3 shows the main effect of the UFR, which consists of a delay in the start of the
water meter measurement of the air flow during the pipe filling. Since UFR avoids the air
flow through the water meter until the pressure differential set value is reached, in the tests
where it is installed, the air pressure increases more during the filling (Fig. 2a) than in tests
where it is not installed. Consequently, the water front arrival at the downstream end of the
pipe is also delayed (diamond markers in Fig. 3).

The capability of water meters to measure air volume and mass is questionable. For
example, it is expected that the total amount of air measured during the pipe filling when
UFR is installed or not is the same, even if the outflow is only allowed through the water
meter. The results of the tests show that the delay in the water meter measurement begin-
ning and the delay in the water front arrival are not compensated and that the measured air
volume decreases from 0.587 to 0.501 m? when the UFR is installed.

The AR valves increase the air outflow during the filling, reducing the total air volume
measured by the water meter. Figure 8 shows the values of the volumes measured during

the air flow for air valves installed at different locations (hollow circles). The volumes VéVM
Fig.8 Variation of normal- E— T
ized air volume, V{)VM’ pressure ot © V'WM AR |
maxima, p,,,,, and discharge o V' AR+UFR ¢
maxima at the water meter, o h__ AR
Ge.max» fOr tests with an AR valve N max
at a different location along the €157 ¢ h, AR+UFR 1
pipe. Tests with air valve (hol- o % O max AR
low markers, AR) and with air % *x q AR+UFR
valve and UFR (filled markers, g cmax
AR+UFR) are considered. The < 17 g b4 ? ]
distance from the upstream sec- g . o ¥
tion, x’, is normalized to the total S o
length of the pipe 051 . q
.
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1
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are normalized with the volume measured in the test with no AR valves installed. The AR
valve location is also expressed as the ratio of the distance from the upstream valve to the
total pipe length, x'.

The air valve location does not significantly affect the measured maximum discharge,
which is the major suspect of water meter failures. The ratio of the maximum value meas-
ured during tests with air valves at different locations to the maximum value measured
when no valves were installed (g,.,,,,, hollow stars in Fig. 8) is close to 1.

The main effect of an air valve is on the maximum pressure measured at Pp, at least
when the AR valve is close to the downstream end of the pipe. The ratio of the maximum
pressure measured during tests with AR valves installed at different locations to the maxi-
mum pressure measured during the tests with no AR valves, 4,,,,, is close to one for most
of the distances (diamond markers in Fig. 8). Still, it reaches a value greater than 1.8 when
the valve is installed immediately upstream of the water meter.

When the UFR valve is installed with an AR valve, it significantly modifies the start
and the duration of the air flow through the water meter. In Fig. 9, hollow circles denote
the pump switch-on, almost coinciding with the air flow beginning, #,, when the UFR
is not installed. The same figure shows the UFR opening times (filled triangles) and the
water front arrival times (z,,, diamonds) for AR valves at a different location along the pipe.
Filled and hollow diamonds denote tests with and without UFR, respectively. When the
UFR was installed, the air flow began at times denoted by filled triangles and stopped at
the time marked by filled diamonds. In the tests where the UFR was not installed, the air
flow duration is defined by the distance between hollow circles and hollow diamonds. The
comparison of hollow and filled markers confirms the results of Fig. 3, that the UFR effect
is to delay both the start and end of the air flow but with a reduction of the total air flow
measurement duration. This result is also confirmed by the variation of Vy,, with the loca-
tion of the AR valve along the pipe when the UFR is installed (filled circles in Fig. 8). The
UFR does not significantly affect the pressure and the maximum discharge measured by
the water meter (filled diamonds and stars, respectively).

Fig.9 Times corresponding to 160 :
the beginning of the air flow
through the water meter (circle 140 - . . 7
and triangle markers, #,), and the
water front arrival time (diamond 120 - o . 1
markers, tw)., for tests wiFh an air o5 t. AR a t AR+UFR %
valve at a different location along 100 f 0 0 3
the pipe. Tests with air valve . o t, AR o t, AR+UFR
(hollow markers, AV) and with L got J
air valve and UFR (filled mark- b
ers, AV+UFR) are considered. 60 - A a
The distance from the upstream A A
section, X', is expressed as the 40+ i
ratio to the total length of the
pipe 20+ o o o 4
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1
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5 Conclusions

As part of a wide-ranging study of the impacts of intermittent supply funded by the World
Bank through the PPIAF programme, a series of tests were undertaken in the Water Engi-
neering Laboratory of the University of Perugia to investigate the effects of the air flow on
the water meters during the pipe filling and remedies.

Preliminary tests and previously published papers pointed out that over-reading and
possible failure are the main two effects of the air flow through the water meters during the
pipe filling. The system set-up was configured to reproduce the permanent flow rate of the
water meter (ISO4064-1 2017) and similar to those installed on user connections. In such
conditions, the water meter over-read by about 0.6 m?> and reached a rotation speed in dry
conditions close to seven times the overload flow rate (ISO4064-1 2017).

Considering the pipe’s total volume of about 1.5 m?, the result suggests that, neglecting
leaks and other possible air outflows in similar conditions, about 40% of the air contained
in the system could be billed by water meters connected to user connections.

The high rotation speed in dry conditions was one of the reasons for the failure of many
water meters used during the testing. Some low-cost single-jet water meters failed after
only a few seconds, with the same metrological characteristics as the used one. Other water
meters, based on different measurement principles and with improved quality for water
measurements, such as those with rotary pistons, failed in the same functioning conditions
of the shown tests.

A possible solution is to use UFR and air valves. The effect of both was assessed singu-
larly and in combination and compared.

UFR valves are mainly used in continuous supply conditions to reduce the under-reading
in low flow conditions by preventing the discharge when pressure differences are lower than a
given set value. In this study, they were used to avoid air flow during the filling. The UFR valve
used had a setting around 6.5 m of water, which fulfilled the purpose of delaying the start of the
air flow. Even on its own, the UFR reduced the over-reading, although the same air mass was
evacuated through the water meter. The maximum rotation speed of the water meter was not
affected by the UFR, which could not reduce the failure risk due to the high rotation speed in
dry conditions.

Air valves are needed to manage air extraction. This effect is highlighted in Fig. 7, with
results of tests with air valves producing consistently lower discharge values in time com-
pared to the test without air valves and with water front arrival times increasing with the air
valve distance from the upstream end of the pipe.

The air valve location plays an important role. Air valves keep evacuating air until the
water front reaches them, and they close to avoid the water outflow. The larger the air valve
distance from the upstream end, the better it works and the more air outflows. Unfortu-
nately, the use of air valves close to the water meter also results in an increase in the maxi-
mum overpressure after the arrival time. This effect can be explained considering that the
air valve acts parallel to the water meter and the downstream valve simulating the user
demand. In certain circumstances, and the test conditions are in one of these, larger valves
can reduce the air cushion effect and increase the velocity of the water column impacting
the valve. Furthermore, air valves, instead of other valves, do not allow the water outflow
and ultimately stop the water flow. For this reason, the water hammer phenomenon can
seriously affect the pipe and the system.

Air valve size and location design is a trade-off between over-reading and overpressure.
Since overpressure determination can be complicated, it requires numerical models. The
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models could also assist in the optimal over-reading reduction. The results presented here
could help in developing such models.

The results suggest that the most effective remedy can be achieved by combining UFR
and air valves. The reduced flow the UFR generates allows the air valve to work more effi-
ciently. In general, the measured volume during the air flow can be reduced by increasing
the starting time, reducing the measured discharge curve, and anticipating the air flow end-
ing. Acting along these three different directions, the area under the measured discharge
curve can be significantly reduced (see Fig. 8). In the test conditions, the combined effect
was to reduce the over-reading because of air by 68%.

The length and diameter of the pipe, the functioning conditions, and the simulated user
connections can be considered realistic and representative of a water distribution system.
Further research activities are needed to verify the findings of this investigation in a more
complex laboratory system, with more than one water meter installed, and in the field.
Some parameters, such as the number and the size of air valves and the setting of the UFR
opening pressure, could be relevant not only for the effects on the water meters but also for
reducing the overpressure and increasing the equity between users during the filling, delay-
ing the user connection activation when higher pressure values are reached in the system.
The reliability of valves at the user connection level, compared to the district level, should
also be investigated, particularly in networks with significant sedimentation.
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