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Abstract

Pressure management is a widely adopted technique in the toolset of drinking water distribution system operators. It has multiple
benefits, like reducing physical losses in pipe networks with excessive leakage, prolong the expected lifetime of the pipes and
protecting home appliances from unacceptably high pressure. In some cases, even legislation compliance can be the motivation
behind pressure management: It is mandatory to supply water at the customer’s connection between 1.5 and 6.0 bar in Hungary
since 2011. Diaphragm pressure reducing valves are widespread in the drinking water distribution networks. Although, their sensitivity
for gas pocket accumulation in the valve house makes hydraulic calibration of these pressure managed areas a challenging task for
hydraulic modelers and network operators. This is especially true when more than one inlet is used to supply the same area in order
to increase resilience and flow capacity.

This paper investigates the hydraulic properties of pressure reduced areas with multiple inlet points. Model calibration using a
single valve and minor loss was found insufficient because the additional pressure loss referenced to the pressure setting has a non-

quadratic relationship with flow-rate on the discharge side under real-life circumstances. This phenomenon can be handled by using

a PRV (pressure reducing valve) + GPV (general purpose valve) in series.
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1 Introduction

The high level of Non-revenue Water is a growing concern
for most of the water utility operators. Physical losses are a
major component of non-revenue water (up to 40 %), which
can be reduced by pressure reduction [1]. There are various
approaches, which were applied in practice [2]. It includes
fixed outlet pressure, time-modulated, flow-modulated or
critical point pressure modulated methods [3, 4]. The pres-
sure reduction is usually performed by a diaphragm valve
or a plunger valve. Diaphragm valves are own-medium
controlled, which reduces the necessary infrastructure
and costs compared to a plunger valve, which is typically
electrically operated [5]. The applied method depends on
the characteristics of the pressure managed area including
the differences in elevation, the capacity of the water dis-
tribution network, available infrastructure at the site, cost
of installation and maintenance, and the daily or seasonal
changes in the water demand.
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The results of pressure management depend on many
factors, but 37 % to 83 % minimum night flow reduction
can be achieved, based on experiences from practice [6, 7].

The consumer and industrial water prices are fixed and
reduced by 20 % by the Hungarian authorities since 2012.
This financial environment increases the demand for
higher operational efficiency for utility operators in order
to reduce leakages and save on the cost of operation.

There are 48 pressure reduced areas in the drinking
water distribution system of Budapest Waterworks, which
are supplied by 101 pressure reducing valves. All of the
installed pressure reducing valves are diaphragm valves.
Most of the pressure reduced areas have at least two inlets
to keep the resilience of the system high and to provide
continuous water supply even during maintenance and
repair tasks.
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Even with these measures, some zones had an increased
number of consumer complaints about low service pressure.
A well-metered pressure reduced area was investigated in
order to find the cause of the increase in complaints.

There are six unknown variables in the aforementioned
network layout. Three pressure setting values and three
minor headloss coefficients, which assumes a quadratic
relationship between head loss and flow-rate. The calibra-
tion runs using this conventional setup showed a trade-off
between the downstream pressures [8].

This paper investigates a different approach to accurately
model the steady-state hydraulics of a multi-inlet pressure
reduced zone shown in Fig. 1. The paper also details the
operational evaluation and performance assessment of
these mechanically operated pressure reducing valves.

2 Model setup

A new model setup was proposed in which the minor loss
coefficient was substituted by a GPV (general purpose
valve). The advantage of this layout is that custom, non-qua-
dratic head loss-flow-rate relationships can be introduced
into the model. It is important to note that the GPV is not
representing a real valve but is used to introduce the PRV's
custom head loss-flow relationship into the model.

This approach increases the dimensionality of the
problem by the additional unknown variables. The more
detailed the GPV curves, the more complex the model gets
as the number of unknown variables increases.

Fig. 1 Network layout of the hydraulic model — Zone 23/1
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Fig. 2 Different types of PRV head loss curves in hydraulic modeling.
0 is the reference pressure head at valve closure

As Fig. 2 shows, using quadratic loss functions, also
known as minor losses, is not suitable to model the hydrau-
lic behavior of a diaphragm pressure reducing valve.

2.1 PRVs using EPANET 2.0

The proposed model setup is not specific to a proprietary
modeling software or framework. All the widespread
commercial and open-source distribution network model-
ing tools are capable of implementing the proposed PRV
scheme. The main reason behind it is the EPANET com-
patibility because most of the commercial software was
forked from EPANET at some point. Fig. 3 also shows
the difference between the original modeling approach
(above) and the proposed setup (below).

2.2 PRVs using Bentley's WaterGEMS

Bentley Systems' WaterGEMS [9] is a commercial, closed-
source hydraulic modeling software, which is highly pop-
ular among drinking water hydraulics professionals.
It is compatible with EPANET input files, but it handles
nodes and links slightly differently on a topological level.
Valves are considered as nodal objects in WaterGEMS, in
contrary to EPANET in which they are links (Fig. 4).
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Fig. 3 PRV + GPV setup in a pure EPANET environment
(a) original modeling approach (b) proposed setup
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Fig. 4 PRV + GPV setup in WaterGEMS environment
(a) original modeling approach (b) proposed setup

Otherwise, their hydraulic behavior is the same, so
the proposed calibration methodology is also valid in the
WaterGEMS environment.

3 Methodology

3.1 Calibration

It is essential to accurately calibrate a hydraulic model
to perform further analysis on it, like hydrant capacity
analysis or chlorine residual modeling [10]. During the
hydraulic model calibration the following assumptions
were made:

» All the water demands are met because the mini-
mum pressure was higher than the service pressure
during the timeframe in question.

» Constant nodal demand weights are used based on
the billed consumption.

* No pipe burst happened during the timeframe, which
would alter operation based on the logs of the utility.

The following measurements were available for the
pressure reducing valves:

» flow rate before the pressure reducing valve,

» pressure on the PRV's downstream pipe,

» pressure on the PRV's upstream pipe.

The timeframe of the available time-series started at
2017. 06. 01 and it was 10 days long. The resolution of
the regular time-series was 30 minutes. The flow-rate and
pressure values were time-weighted averages calculated
from irregular samplings.

The time-series were divided into calibration and val-
idation parts. The first 5 days out of 10 were used to cali-
brate the models. The last day was utilized to validate the
calibrated model. These days were sequential; hence the
day of the week was not stationary. The water demand pat-
terns might change due to this aforementioned condition,
but the head loss curves of the PRV's do not depend on the
actual water demand.

It was assumed, that the demand weights used to distrib-
ute the zonal demand was constant during the simulating
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because the demand weights calculated from the annual
or monthly billed consumption were considered station-
ary in time.

The number of free variables can be calculated from the
number of inlet valves and the resolution of the GPV head
loss-curves:

Npry

D =npgy + Znsegmem‘,i’ M
i=1

where: D: number of variables in the optimization prob-

lem, n,, : number of PRV's to calibrate, nsegment, i: the

number of curve segments of the ith PRV.

A custom performance function was written in python
utilizing scikit-learn package [11] and EPANETTOOLS
written by Pathirana [12]. EPANETTOOLS is based on
EPANET version 2.0, which lacks functions to alter curves
in-memory — version 2.2 is going to include these func-
tions, which is not yet finalized and released. A custom
INP altering method was implemented in python to over-
come this limitation, although it requires the reloading of
the .INP file before every iteration.

Four different unconstrained optimization methods
were chosen to solve this multidimensional optimiza-
tion problem. Constrained optimization methods were
excluded from the research to have a more general result
on optimization performance in case of large-scale prob-
lems. Multiple stopping criteria were set up in order to
limit the optimization runtime, which is essential due to
the usually limited available CPU capacity and time [13].
Function evaluation was limited to 1500 because different
methods have a different number of function evaluation
per iteration depending on the number of variables, thus
using iteration limit would not have been suitable.

3.1.1 Powell

Powell's method [14, 15] doesn't require the loss function
to be differentiable nor any derivatives are taken. It gen-
erates a sequence of points along each base vector. It is
a robust, but generally inefficient due to the geometry of
multivariable functions [16].

3.1.2 Nelder-mead simplex method

The Nelder-Mead is a simplex method [17, 18] also known
as the downbhill simplex method. A simplex consists of N + 1
vertices in an N-dimensional search space. The hyperparam-
eters can be adjusted in order to provide better performance
in case of high-dimensional problems [19]. It is a wide-
ly-adopted optimization method, also present in MatLab.
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Multiple modifications were made on method, since it was
originally published in 1965 including the Adaptive Nelder-
Mead and Restrced Nelder-Mead methods.

3.1.3 BFGS

BFGS is an implementation of the quasi-Newton method
by Broyden, Fletcher, Goldfarb, and Shanno [20]. Quasi-
Newton-type methods might not converge in case of non-
smooth optimization, although BFGS was found to have
acceptable performance even in these cases [19, 21]. BFGS
is also widely-adopted in cases of unconstrained optimiza-
tion and cases of nonlinear systems of equations.

3.2 Operational performance assessment of a pressure
managed zone

Hydraulic modeling usually assumes ideal conditions,
although these conditions are rarely met in real-life oper-
ation. There are several measures to analyze in order to
get more detailed insight into the operation of a pressure
reduced area:

* Pressure management index [22]

* Infrastructure Leakage Index (ILI)

 Inlet supply ratio — in case of multiple inlets

 Inlet valve performance

PMI is more useful during the design and commission-
ing phase of a pressure management task, but the latter
two are more suitable to assess actual operational perfor-
mance and detect anomalies during daily operation.

The maintenance requirements of mechanically oper-
ated pressure reducing valves vary by manufacturer and
model. Although, there are recommendations about peri-
odic maintenance, these do not include how often the
valves should be vented due to the high uncertainty in gas
ingress and movement in the system.

3.2.1 Pressure management index

The Pressure Management Index (PMI) is a performance
indicator introduced by Trow [22]. It is usually used along
with the Infrastructure Leakage Index (ILI). Both of these
indicators' optimal value is 1.0, which makes visualiza-
tion and evaluation easier in a multi-objective optimiza-
tion. Furthermore, their product is considered the Global
Leakage Index (GLI) proposed by Renaud [23].

It gives a general overview on the performance of pres-
sure management. Although, in gives no information
about the remaining pressure reduction headroom in the
system. If the difference between the minimum and maxi-
mum hydraulic grade demand is high in the pressure zone,
the pressure reduction headroom is low.

3.2.2 Inlet Supply Ratio
The operation of the pressure reduced zones with multiple
inlets can be characterized by the ratio of inlet flow-rates.
The actual ratio depends on multiple factors, like:

¢ head loss curves of the valves,

» pressure setting of the valves,

¢ demand distribution in time,

* demand distribution along the network,

* total water demand of the area.

The ratio of flow-rates can be calculated by the follow-
ing equation (Eq. (2)) for each time-step:

Qi,j
>0,

where: Qrel: is the unitless supply ratio of valve i in time-

Qrel = ()

stepj Q;: is the flow-rate of valve i in timestep ;.

As Fig. 5 indicates, the ratio of inlet flow-rates varies by
the time during the day as water demand changes. The res-
olution of the graph was the same as the default time-step
of the simulation: 30 minutes.

If the resolution is changed to 1 day (Fig. 6), the trend
of the inlet supply ratio becomes smoother.

Qrel,d, = —"—, ?3)

where: Qrel,d: is the unitless supply ratio of valve i, Od,i:
is the average daily flow-rate of valve i.
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Fig. 6 Ratio of inlet flow-rates at a resolution of 1 day



However, it is clear that the daily supply ratio is not
proportional to the daily zonal water demand. The change
in the daily supply ratio can indicate various events in the
network. The movement of the demand's point of grav-
ity due to bursts, leakage, planned reconstruction and seg-
mentation or seasonal trends in water demand. It can also
indicate changes in the performance of a valve due to air
pocket accumulation, clogging or malfunction.

The change in valve performance can be determined by
analyzing the head loss of the valve against the discharge
flow-rate. If the additional head loss curve is stationary,
no change in performance occurred. These events can be
detected by time-series analysis. Any time-series anom-
aly detection method used on MNF (minimum night flow)
series can be applied for this purpose.

It is essential to calibrate the model to fit the measured
supply inlet ratios because mixing can affect water quality
models directly [24] in case of different water sources are
at the upstream side of the inlet PRV's.

3.2.3 Valve performance evaluation

The operation performance of pressure reducing valves
can be described by the flow rate at which the downstream
pressure head starts to drop below the pressure setting.
This flow rate would be equal to the theoretical capacity of
the valve in an ideal situation. The theoretical capacity is
often characterized by the Kv (or K¢ expressed in imperial
units) value of the fully open valve.

k-0/%. @

where Kv: is the valve flow coefficient in m*/h/bar®3, Q: is
the flow rate in m¥h, Gf.: is the liquid specific gravity
(1.0 for water), AP: Differential pressure in bar.

It is possible to calculate the relative opening of the
valve if the valve closure curve is available as some exam-
ples can be seen in Fig. 7 [25].
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Fig. 7 Different closing characteristics of PRV's [25]

Bibok and Fulép | 609
Period. Polytech. Civ. Eng., 64(2), pp. 605-613, 2020

The pressure reducing valves have different closing
characteristics depending on the shape of the orifice and the
actuator. Real-life operational data at Budapest Waterworks
showed that additional head loss (relative to the pressure
setting) occurred even below 10 % of the theoretical flow
rate capacity — regardless of the manufacturer of the valve.
The calculated relative valve opening percentage was
higher due to the non-linear characteristic of the valves.

Table 1 summarizes the percentage of the theoretical
capacity at which additional head loss was experienced
compared to the pressure setting:

If the operating points of the valve are plotted against
the theoretical head loss curve, the difference between
the actual and the theoretical operation can be assessed.
The evaluation of the operating points can be scalarized
by fitting a linear function on them and taking the first-or-
der coefficient, hence the first-order coefficient is a good
indicator of operational performance. If the coefficient is
near 0, that means the valve performance is good on the
observed flow-rate domain. If the coefficient's value is neg-
ative, that indicates additional pressure loss compared to
the pressure setting.

It is important to note that other indicators can also rep-
resent the performance of a pressure reducing valve. The
dimensionless cavitation index [26] or the number of valve
closures and openings in one day.

3.2.4 Effect of gas accumulation
Water distribution networks are generally treated as a one-
phase, fully pressurized system. Although, air can ingress
into the distribution network at specific events, like main
burst, repairs or pressure deficiency. These events can be
tracked, however, the movement of the gases cannot be
tracked by the currently available tools.

These small air pockets usually exit the distribution net-
work through the consumers' taps, hydrants or ventilation
air valves at local high points. The PRV's characteristic

Table 1 Pressure reducing valve capacity based on their flow-rate

coefficient
Curve_ID Kv_full Kv_calce Kv calc rel Valve travel
PRV_A 519 36.9 7.1 % 28.1 %
PRV B 336 9.7 29% 14.2 %
PRV _C 519 60.0 11.6 % 37.0 %
PRV D 336 37.8 11.3 % 36.5 %
PRV_E 336 9.1 27 % 13.5%
PRV _F 55 10.2 18.6 % 44.0 %
PRV_G 55 2.1 3.8% 17.8 %
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head loss curve can change, if these traveling air pock-
ets reach the pressure reducing diaphragm valve they get
trapped in the valve housing.

As Fig. 8 indicates, releasing accumulated gas pockets
from the pressure reducing diaphragm valve is essential
for a stable and reliable operation. Releasing trapped air
is possible manually by opening a valve, or by automatic
air-release valve.

If the change in the head loss curve is detected, a main-
tenance checkup can be assigned to the valve preventing
the valve's subpar performance at peak demands. If air
accumulation occurs during the low-demand season, it
might not be detected until the additional head loss reach
such a high level that can only occur during peak-demands.
Preventive valve capacity check-ups should be performed
by simulating high demands by opening hydrants in the
PMA. Subpar valve capacity can be detected this way even
before the consumer complaints would appear due to the
pressure deficiency it causes.

3.3 Commissioning of inlet valves
It is essential to set the inlet pressure reducing valves
to the same hydraulic grade in order to maintain a sta-
ble operation. If one of the valves stays closed until peak
demands, when the head loss gets high enough in the net-
works. At certain settings, this means that a valve is closed
for months. Eventually, in some cases, the flow in the par-
ticular pipe section can increase and considerably exceed
the typical maxima, which can result in re-suspension of
accumulated sediments and the occurrence of a discolor-
ation incidents [27].

The following commissioning procedure describes a step
by step approach to synchronize the inlet valves, which is
inevitable to provide a stable and resilient operation (Fig. 9):
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Fig. 8 Additional head loss of a PRV on the discharge side compared
before and after air release. Trapped gases severely reduce the valve's
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Fig. 9 Step-wise procedure to set the PRV's to the desired pressure

setting in case of multiple inlet valves

* Step l: Select the isolation valves and hydrants,
which are necessary for the setting.

* Step 2: Calculating the target pressure settings by
subtracting the elevation from the target hydraulic
grade.

* Step 3: Check that air is released from all the inlet
PRVs.

» Step 4: Segmentation on the downstream side of the
PRV. The segment must include a hydrant or option
to induce high flow-rates.

e Step 5: Set the PRV to the target pressure setting.
Note, that the segmented area has low water demand.

» Step 6: Open the hydrant gradually, without exceed-
ing the capacity of the valve. This induces higher
discharge on the PRV.

» Step 7: Check if the valve can sustain the target pres-
sure setting. Adjust the pilot if it is necessary.

» Step 8: Close the hydrant, hence the demand on the
downstream side is reduced.

* Step 9: Check if the valve can sustain the target pres-
sure setting.

» Step 10: Reopen the isolation valves, joining the sep-
arate sections of the network in the downstream side.

The aforementioned process can be repeated on every

input PRV regardless of the number of them. No flow-rate
measurement is required to perform the commissioning,
although it is advised so, in order to monitor the opera-
tional performance of the valves. It has to be noted, that
PMAs with a single inlet do not require to be segmented
on downstream in order to accurately set the pressure set-
ting to the target pressure setting.

The methodology was tested on three dual-inlet PMA's

in real-life conditions for validation purposes (Fig. 10).



O e cose (@) P
; ;

60 WWNWMMMWWWMW VAN o
45 - i :

30 | i | Missing | 8.0
wl ! -
0 i . et
90 - IPLper{l}setﬂl 9.0
7s [N ! : | g
" l | | I Flow-rat |

45 NI ‘ i:Pz"W'rae i [ 7.0
ol

Wi

25-Oct 1-Nov 8-Nov 15-Nov 22-Nov  29°Nov 6-Dec 13-Dec

5.0

Fig. 10 Commissioning of a dual-inlet pressure reduced zone with the
proposed methodology (a) PRV_A (b) PRV_B

4 Results

4.1 Calibration results

According to the calibration runs in a former study [8§],
using a simple quadratic head loss, there is a trade-off
between the downstream pressure heads. The use of seg-
mented quadratic head losses provided better results, but
it is still far from the target calibration accuracy. It is pos-
sible to achieve a good fit on the measured values using the
combined PRV+GPV approach. Unitless error measures,
NRMSE and MAPE were used to evaluate the calibration
performance because both pressure and flow-rate mea-
surements were utilized during the calibration and vali-
dation. All of the optimization runs were terminated by
the function evaluation criterion, which limited the max-
imum function evaluation in 1500. The stopping criterion
is only checked at the end of each iteration, which is a lim-
itation of the SciPy implementation. Some values might
be higher than that if multiple function evaluations hap-
pen during a single iteration (Table 2).

The optimization runs duration lasted from 6 to 8 min-
utes that equals ~3.2 function evaluation per second. The
temporary. INP write and rereads couldn't be omitted due
to the limitations of the EPANET 2.0 toolkit. Although,
the experimental EPANET 2.2 (OWA) version allows the
user to skip the. INP format, which could increase the run-
time performance.

The GPV head loss curves can be directly calculated
from the measured discharge pressures by fitting a multi-
point curve on it, although a multi-point curve seemed
less robust due to the daily distribution of valve discharge.
If all the necessary measurements are available, the uti-
lization of meta-heuristic optimization methods can be
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omitted. If one of the downstream pressure measurements
is missing, the unknown head loss curve can be calibrated
using the aforementioned optimization methods.

4.2 Operational performance results

The operational performance results of multiple pressure
managed areas are summarized in Table 3. No exam-
ined valve was in danger of damage caused by cavitation.
Cavitation was prevented during the elaborate planning
of the pressure managed areas and the localization of the
inlet points.

5 Discussion

5.1 Calibration

The validation errors were higher than the errors mea-
sured on the calibration dataset comparing the results in
Table 2 and Table 3.

The reason behind it is that the same nodal demand weights
were used during the simulations, although the spatial distri-
bution of water demand might change during the week.

Both the adaptive Nelder-Mead and the Powell direct
search methods improved the fit on the measured data-
sets. Although, the Powell method seems less susceptible
to find a local minimum than the adaptive Nelder-Mead
(Fig. 11). The use of the BFGS and TNC methods did not
improve significantly the fitness of the model compared to
the reference.

5.2 Valve performance evaluation

Pressure managed areas with multiple inlets require spe-
cial care during design, commissioning, and operation.
Commissioning is possible with temporary pressure and

Table 2 PRV Calibration results

Nelder-

Mead Powell ~ BFGS TNC  Reference
NRMSE 0.1680  0.1462  0.2216  0.2091 0.2216
MAPE 0.0964  0.0895  0.1255  0.1158 0.1255
GOF 0.8799  0.8791  0.8376  0.8376 0.8376
Iterations 1065 5 2 1 -
eFS;itilzn 1501 2567 1438 342 -
Duration [sec] 613 1181 639 145 -

Table 3 PRV Validation results

Nelder-Mead  Powell ~ BFGS TNC  Reference

NRMSE 0.2427 0.2602  0.3007  0.3007 0.3007
MAPE 0.1382 0.1453  0.1520  0.1520 0.1520
GOF 0.7871 0.7832 0.7575 0.7575 0.7575
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Fig. 11 Function Loss value propagation during optimization

flow-rate measurements, but the support of operation and
maintenance can only be achieved by installed meters inte-
grated into the SCADA system. The lack of instrumenta-
tion makes harder to set the valves to their target pressure
settings, which was determined during the design phase.
If additional pressure loss occurs during normal opera-
tion and water demand, the synchronization of the valves
is exceptionally challenging, especially if the valves lack
pressure or flow measurements.

If the inlet valve lacks pressure measurement upstream,
it prohibits the calculation of AP, hence there the risk of
cavitation cannot be assessed.

Table 4 summarizes, which tasks can be achieved at
certain instrumentation levels:

The head loss-curve of the PRVs is an important indi-
cator of valve operational performance and actual capac-
ity. Sub-par performance can be detected by evaluating
these curves, hence it is possible to correct it by mainte-
nance, even before customer complaints would directly

Table 4 Measurements required for detecting specific phenomenon
related to pressure reducing valves

ﬁlzzislszfnents Altering Cavitation Perf. Offset Capacity

Q X

Pl +Q X

P1+P2 X

Q+P2 X X X

Q+Pl+P2 X X X X X

Q+P1+P2+h X X X X X
References

[11  Farley, M. "Leakage management and control: a best practice training
manual”, World Health Organization, Geneva, Switzerland, 2001.
[online] Available at: https:/apps.who.int/iris/handle/10665/66893
[Accessed: 28 March 2020]

indicate the need for maintenance. The curve evaluation
was performed manually, but automated anomaly detec-
tion performed on these measured head loss curves holds
great potential.

It has to be noted that the hydraulic simulations were
conducted assuming steady-state conditions. This bound-
ary condition prevents us from implementing hysteresis
curves, which affects the operating point of the valve [28].

6 Conclusions

On-site operational observations show that a single PRV
object cannot describe the actual behavior of pressure
reducing valves if there are more than one inlets of the
pressure managed area. This trade-off makes the proper
commissioning of these PMA's harder, especially if the
level of instrumentation is low. The proposed methodol-
ogy to commission a multi-inlet PMA is suitable to accu-
rately set the discharge pressure setting for each inlet valve
separately, hence a more stable operation can be ensured.
The method described does not require to have on-line
flow rate measurements at the inlet points, since the tar-
get hydraulic grades can be synchronized by the manual
downstream pressure metering.

Hydraulic modeling and calibration require a PRV+GPV
setup in order to accurately represent the real behavior of
these systems in an EPANET-forked environment. Meta-
heuristic non-constrained optimization methods are suit-
able to calibrate the multi-point head loss curves and
actual pressure setting of the valves. The adaptive Nelder-
Mead and the Powell algorithm provided better results
than the others. However, steady-state hydraulic model-
ing is not suitable to take into account the hysteresis and
closing or opening characteristics of these valves, which is
the reason behind the scattered discharge pressure values
during apparently the same conditions.
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