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Abstract

Water distribution systems are made up of many interdependent elements that enable water supply
to meet a demand that is variable in time and space. One of the main concerns for utility managers
is quickly locating and repairing a leak after detection, during regular network water balance.

This paper presents a two-stage methodology for locating a leak that is based on the hydraulic
model of the network, and, particularly, on the conservation equations that govern network
behaviour.

In the first stage, the sensitivity of each element (nodes and pipes) is obtained for a given demand
increase in any node. In the second stage, that sensitivity is combined with additional real data
provided by the (possibly) existing pressure sensors and flow meters installed throughout the
network. As a final result, the system of equations thus obtained produces the theoretical leak flow
at each network node that matches the network conditions. A subsequent analysis of the leak flows
obtained highlights the node or nodes in which the leak is occurring.

The presented methodoly is applied and assessed in a case study.
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INTRODUCTION

Drinking water distribution systems in cities are large and complex infrastructures. Their operating
points vary according to the demands at each moment and their management is complex — and even
more so, if the appropriate renewal investments are not made. This complexity and gradual aging of
the infrastructure does not help managers address one of the main problems in pressurized water
distribution systems: the struggle against unreported leaks (IWA, 2000).

The traditional approach in the management of such leaks is essentially passive: the leaks are
repaired when the water becomes visible, and so allowing leaks to run for weeks, months, or even
years.

One of the most common policies to avoid wasting water is active leakage control (Charalambous et
al, 2014, Berardi et al., 2016, Armon et al., 2011). This approach aims at early detection, location
(Mounce et al., 2002), and repair of broken pipes — thereby reducing possible damage to third
parties, minimising unplanned work, and reducing the volume of water lost.

Methods for the detection and monitoring of leaks are generally efficient, such as night minimum
flows (Boulos & Aboujaoude, 2011; Alkasseh et al., 2013), and sectorisation of networks (Gomes
et al., 2012; Tzatchkov et al., 2014; Guistolisi & Ridolfi, 2014). Once the existence of a leak is
detected, it is located using acoustic techniques (Li, et al. 2015). For large networks this approach
may require many resources and considerable time.
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New methodologies based on the sensorisation of distribution networks are gaining momentum for
the rapid localisation of uncontrolled leaks. These methods are based on pressure measurement and
sensitivity analysis of the distribution networks, taking advantage of the interdependence of all the
operating parameters. These fundamentals were proposed by Pudar & Liggett (1992), who studied
the relationship between leaked volume, network pressure, and the leaking section. Most recent
studies have focused the location of sensors to facilitate fault detection and maximise leak location
performance (Blesa et al., 2016; Casillas et al., 2015; Gamboa-Medina & Reis, 2017; Sarrate et al.,
2014). The result depends on the number of sensors installed (Xie et al., 2017) and will be limited
by the budget and strategy followed (Fuchs-Hanusch & Steffelbauer, 2017). Based on the
measurements of the pressure sensors, Perez et al. (2011) propose analysing the difference between
said data and the equivalents provided by a simulation model, and in the event of a discrepancy,
using the leak sensitivity matrix to determine the location. Under ideal conditions, these
methodologies offer excellent results — but these results are less good if errors exist in the demands
and measurements. To minimise this effect, subsequent studies (Casillas et al., 2014) introduce in
their calculations an extended-period analysis of the measurements. Other authors propose similar
approaches based on sensitivity analysis for locating leaks (Gamboa-medina & Reis, 2017; Mdoderl
et al.,, 2011; Steffelbauer et al., 2014); but all these approaches demand the posing of multiple
scenarios and their corresponding simulations in a hydraulic model to explore the changes
obtained. Considering the dynamic operation of distribution networks and the always unpredictable
appearance of leaks, the time required for such analyses may limit their practical use.

The present work proposes a new methodology for locating leaks that is based on a simplified
calculation of the sensitivity of the elements of the network. This methodology combines
knowledge of the specific average behaviour of each element following an increase in demand at
any point of the network, and the information provided by the pressure sensors. The aim is to
produce a matrix formulation of the equations for the network behaviour in which the leak flows in
each node are the unknowns, but which can continue to be resolved using the classical gradient
procedure (Todini & Pilati, 1987). Finally, the methodology is applied to a study network and the
results are discussed.

Only two additional points need to be highlighted. The first is the versatility of the method:
although the work is focused from the perspective of the location of the leak (real losses), the
concepts used in the mathematical formulation mean it is equally applicable to the location of
clandestine or unauthorised consumption. The second point is that this methodology is notable for
its rapid calculation in the resolution of each scenario, which is one of its main advantages over
similar studies, due to the vast number of combinations possible when locating leaks.



METHODOLOGY

The methodology is presented in three sections. The first section (basic equations) is a reminder of
the conservation equations that govern network behaviour. The contributions of the paper are
developed in the second (sensitivity) and the third (location) sections.

Basic equations
Given a water network with p pipes, n nodes, and m supply points, the method for modelling its
hydraulic behaviour through conservation equations have already been soundly set (Todini &

Rossman, 2013; Todini & Pilati, 1987). The first equation is the mass conservation equation applied
to each network node:
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where n; is the total number of nodes connected to node i, Qy, is the circulating flowrate through
the pipe that connects node i to node k, and q; is the demand flowrate at node i.

The second equation is the energy conservation equation applied to each network pipe:
Hi, = Hjy = by =735 Qujy | Q| @

where H; and H;, are the head values at nodes i and j, respectively; hfijo are the friction losses in

the pipe that connects nodes i and j; and r;; and Q;;, are, respectively, hydraulic resistance and
flowrate through the pipe between nodes i and j.

Both sets of conservation equations, mass and energy, can be structured by means of matricial
notation (Todini & Pilati, 1987):
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where A,,is a (p x p) diagonal matrix that represents the friction losses in each pipe; A;, is a
connectivity (p x n) matrix that relates nodes and pipes; A,, is the transposed matrix of 4,,; Q is
the vector of the (unknown) circulating flows in pipes; H is the vector of the (unkown) piezometric
heads in the nodes; A, is the fixed head node incidence (p x m) matrix; H, is the vector with the
values of (known) fixed piezometric heads; and q is the vector of (known) nodal demands.

Network sensitivity (full equations development in Appendix A)

To establish the effect of a demand increase throughout the network, this study tackles the
sensitivity of the network and analyses the flow and pressure variation caused by small variations in
water demand that are significant enough to affect the rest of elements. This study is structured in
three steps.



Step 1: Current situation: The first step is to solve the hydraulic performance of the network,
obtaining the piezometric head in the nodes (vector H), and the flowrate circulating through the
lines (vector Q). This is the base scenario for which the sensitivity is to be calculated.

Step 2: Definition of a consumption increase and consequences: if in node i, the current demand
(q;) is increased (¢g,), it will affect the new demand (q; + ¢4,) and head (H;, + ¢4, ) in node i, and

the head (H;, + <ij,) in any other node j, as well as the circulating flow in any pipe (Q, + ®q,, )-

Therefore, the new formulation of the mass conservation equation in any node i will be:
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where ¢, is the flow variation of the pipe connecting nodes i and k, produced by the demand
variation in node i.

In parallel, the new energy conservation equation for any pipe (connecting nodes i and j) will be:
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Step 3: Calculation of network sensitivity: from the equations presented in the previous step,
calculating the sensitivity of all the elements of the network is straightforward following a demand
increase, in particular, in node i. Thus, it is suffice to solve the p Equations 5 and the n Equations 4,
for the total of p unknowns that correspond to the variation of the flow of each pipe Poy, and the n

unknowns corresponding to the variation of the head of each node Pn; -

Since the network consists of n nodes, the repetition n times of this complete resolution of the
network (one for each node) will give a complete view of the sensitivity of the network. Using this
approach, a complete and quantified range of variation of the properties of each element is
obtained. Although, this is perfectly feasible from the equations presented here, it may not be very
operative in practice, since the calculation time for as many network resolutions as there are nodes,
may be excessive. For this reason, the proposed method includes a simplification that means the
system of network equations needs to be solved just once.

Instead of working separately with the specific variation in each element caused by the increase of
flow in each node, the single average of all these variations is considered. That is, the general
sensitivity of the head in each node i is shown by:
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And the general sensitivity of the flowrate in each pipe ik, is shown by:
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By introducing these averages in the calculation of the sensitivity of the network elements, and also
averaging all the n equations for each node, then the total of n-(n+p) equations (n Equations 4 plus
p Equations 5, and multiplied by the n nodes of the network) is reduced to n node equations such as:
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and p pipe equations such as:
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where Pq;; Y Pu, are, respectively, the average variation of the flow in pipe i, and the piezometric

head in node i produced by the consumption variation in any node. The new set of n+p equations,
with n+p unknown factors can be expressed in a matrix format as follows:
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where A;,, A1, A19, Hy and q are the same terms as in Equation 3; H and Q are the vectors

explained in Step 1; ¢, is the vector of the (unknown) sensitivities (average variations) of flow in

network pipes; ¢y is the vector of the (unknown) sensitivities (average variations) of head in

network  nodes; A, is a (p x p) diagonal matrix with  components

Ap1p(r, 1) = 5 15 <2 Q| + |gl:]:0| <in].>, and A, is a (p x p) diagonal matrix with components
tjo
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The process for solving Equation 10 is the same for Equation 3 and, hence, the network sensitivity
of an uncontrolled consumption of a given value at any node, can be calculated.

Leak location (full equations development in Appendix B)

In the case of a leak occurrence, whose magnitude and location (node) were known, the resulting
pipe flows and node heads could be easily calculated by solving Equation 3. However, in water
distribution networks, while estimating the magnitude of a newly detected leak though a quick
water balance is not difficult, it is not so easy to determine its spatial location. In this leak scenario,
new unknown factors must be introduced (Figure 1): circulating flows in pipes change (Q;;,), node
heads change (H;,), and in addition to normal demand, a leak flow (g;,) should be considered in
each node. It is clear, that most of these added leak flows will be zero, and only those ones (ideally,
just one) in the area close to the leak location will differ from zero, but there is usually no further
information to clarify this question. Therefore, the new system would present 2n+p unknown
factors (which are the pressures and leak flowrates in the n nodes and the flows through the p pipes)
and only n+p equations.
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Figure 1. Hypothetical leaks in a distribution network

To limit the scope of the problem and find a finite and real solution, two sources of additional
information can be introduced. The first takes advantage of the calculation of node sensitivity
explained above. Since the real magnitude of a leak can be estimated through a quick water balance,
the average head variation for each network node that corresponds to that magnitude of increase in
demand, can also be calculated by Equation 10. Now the following hypothesis is proposed: in a leak
situation the unknown piezometric head of any node can be approximated to the head under that
node’s normal working conditions plus its average calculated variation, (H;, = H; + ¢y,) .
Therefore, n terms corresponding to the node heads are now considered as known, and the new
scenario can be solved.

The second source of additional information are the real measurements of the (likely) existing flow
meters and pressure sensors installed in specific network pipes and nodes. Whatever the number of
devices of each kind, the measurments they provide can be organised in a vector Hy, for the known
node heads, and a vector Q, for the known flowrate pipes.

If these two new data sources are introduced into the equations that solve the hydraulic behaviour of
the network, and the resulting set is simplified and adequately reordered, the following matrix
formulation is produced:
[QL]
qL

Where A4, A5, A1, A1o, Hy and g are the same terms as in Equation 3, Q;, is the vector of the
(unknown) pipe flows (in which values corresponding to flowmetered pipes are set to zero); q;, is
the vector of the (unknown) nodal leak flows; Q@Qp is the vector of the (known) flowrates as
measured by the meters in the pipes (and zero being the value for the rest of the pipes); Hp is the
vector of the (known) node heads (these values being directly measured by the pressure sensors
installed in some nodes, or the approximation H;, + ¢y, for the rest of the nodes).
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The two results obtained after solving Equation 11 are the circulating pipe flowrates and, most
importantly, the leak flow in every node. A quick later analysis of the leak flow results will pinpoint
the node (in the best case), or the area (at least) in which the leak is taking place.



CASE STUDY
Network description (full data in Appendix C)

What follows is a case study of a synthetic network as shown in Figure 2. The network has a total
length of 50 km with 58 pipelines that supply 38 consumption nodes whose elevation is zero. Some
6,500 m2 of water is delivered daily (40,000 inhabitants). Both reservoirs are elevated 50 m. The
pipe roughness is 0.1 mm, and pipes lengths and diameters are shown in Table C1 (Appendix C).
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Figure 2. Layout of the distribution network

The base demand is 60 L/minute (0.001 m3/s) for every node between 1 and 16, and nodes 21, 27,
and 30; while for the 19 remaining nodes, the base demand is 180 L/minute (0.003 m?/s).

In its normal operating state, the average pressure is 37.7 mwc, with extreme values of 31.7 and
47.0 mwc (Table C2). Average water velocity and unitary headloss in pipes are 0.41 m/s and
2.50 mwec/km, respectively (Table C1). The contribution of flow for each reservoir is approximately
50%.

Sensitivity analysis (full results in Appendix C)

For an analysis of the sensitivity of the elements of the network, increments of 15, 30 and
60 L/minute have been defined in each node. The reason is that the appearance of leaks from 15 or
30 L/minute on, in monitored sectors of a network may be detected using night flow analysis or
automatic water balances. In addition, these figures are of the same order of magnitude as those
considered by Fuchs-Hanusch & Steffelbauer (2017).

After solving Equation 10 for all three scenarios, the detailed node results are shown in Table C2.
As expected, the greater the increase in demand, the greater the decrease in pressure at the nodes
(those that are furthest away from the inlet points being more affected). Thus, the average pressure
decrease for network nodes in general is -0.2% for 15 L/minute, and -0.4% and -0.9% for 30 and 60
L/minute, respectively.



Sensitivity pipe results are shown in Table C3. Magnitudes of average flow changes for each
demand increase (15, 30 and 60 L/minute) are 0.52%, 1.05%, and 2.13% (respectively). This gives
a better idea of the real sensitivity and explains why the two pipes (27 and 44) with variations of
more than 20% have two of the lowest network flowrates (about one hundred times less than the
average flow per pipe).

The sensitivity analysis highlights those nodes with larger pressure variations (either in total or
porcentage terms) — nodes 5, 6 and 25; as well as those whose changes are much less relevant,
namely, nodes 12, 15 and 34. In parallel, the most sensitive pipes are 8, 36, and 37 (not taking into
account those connecting each reservoir), whereas the least significant are 16, 43 and 46.

Leak location (full results in Appendix D)

Once the sensitivity analysis is completed, the problem of leak allocation is approached. For
demonstrative purposes it is assumed that five pressure sensors and five flowmeters are available
for installation in the network. The main criterion for the selection of the elements in which to
install the sensors is that of greater sensitivity (as obtained in the previous calculation); while a
secondary criterion is that of achieving a reasonable spatial distribution of the sensors. Accordingly,
pressure sensors are installed in nodes 5, 18, 27, 30 and 37; and the flowmeters in pipes 1, 9, 20, 36
and 45. That is, 13% of the nodes and 9% of the pipes are monitored.

The application and results of the leak location method are demonstrated as follows: it will be
assumed, as each case is different, that a leak of 30 L/minute has occurred in each of the nodes of
the network. That is, 38 different cases will be resolved. For each, in addition to knowing in which
node the leak is located, the five real pressure values and five flowrate values provided,
respectively, by the pressure sensors and flowmeters installed in the network, will be known (by
direct simulation of the case). These ten items of data will be transferred to the model in which the
method is tested, and whose information is completed for the rest of the nodes with the average
head affected by the average sensitivity for an increase in demand of 30 L/minute. Finally, and
through the resolution of Equation 11 the leak flow for each node is obtained (as well as the
circulating pipe flows). The results are considered successful as the leak flow calculated is about 30
L/minute for the leaky node, or for neighbouring nodes, and is negligible for the other network
nodes.

Table D2 (Appendix D) shows the obtained leak flow for each node (rows), measured in L/minute,
for each of the simulations (columns). The table shows that the methodology has been successful in
63% (24 of the 38 simulations), since in 8 cases the leaking node was exactly identified (in green),
and in 16 other cases the area was identified (node adjacent to the node with the leak — in
yellow). From the data in Table D2 we can observe that the accurate location of the node, or the
area where the uncontrolled leak is taking place, depends to some extent on the existence of a
nearby flow or pressure sensor. It is also important to highlight the existence of nodes with a
negative consumption (as in the case of node 36 for most simulations). It is apparent that some
nodes may need a flow input to counterbalance the deviations introduced when estimating the
known piezometric heads.

As expected, the leak location is less accurately shown if instead of choosing elements with a large
variation in pressure and flow, those with a lower average variation are chosen. Thus, if nodes 1, 12,
15, 16 and 38, and pipes 6, 16, 43, 46 and 56 were selected, then less than 50% of the cases (16 of
the 38) would be successful (Table D3). If sensitivity criteria is left aside and only spatial
distribution criteria is considered, then the results show a greater variability. For example, if nodes



2, 8, 18, 20 and 32; and pipes 11, 17, 25, 36 and 42 were monitored, the success rate would be
exactly 50% (Table D4).

Logically, the more sensors installed in the network, the better the results. Thus, in Appendix D up
to seven cases with different configurations of sensors are resolved, and a success rate of 87% is
reached with 15 pressure sensors and 5 flowmeters. Generalised conclusions on the usefulness and
versatility of the proposed method follow below.

CONCLUSION

Leakage control is a crucial part of the daily management of water distribution networks, and one of
its key pillars is the rapid localisation of leaks. The range of instrumentation currently available for
the monitoring of hydraulic variables in the network is very helpful in this task. Thus, pressure
sensors and flow meters whose measurements can be transmitted in real time are frequently used,
and this is of great value for the methodology proposed in this article. The number and location of
these devices is limited by several factors, but mainly the cost of purchase, installation, and
maintenance.

A methodology is proposed in this article that is doubly useful for the control of leaks. Firstly,
based on the characteristics of the network and on the direct measurements provided by sensors, it
reveals the location of a leak whose magnitude has been previously detected. Secondly, this same
methodology can be used to determine the optimal location for the installation of sensors and
control flow meters in a network — given that the effectiveness of any possible configuration can be
simulated.

The potential provided by the proposed methodology for both objectives is based on its versatility
and speed of calculation. Versatility because only the mathematical model of the network is needed
and this is a very common support tool in supply management, and also because model equations
are used directly — without need for (nor dependence on) specialised software. Thus, the speed of
the resolution of the system of equations proposed here (using any spreadsheet and with a minimum
of customised programming ability by the user) is the same, or even faster, than when using
hydraulic simulation software.

The methodology itself is structured in two parts. In the first part, the sensitivity analysis focuses on
the variations in the circulating flows and the piezometric heads in the nodes when a slight demand
increase occurs. As a result, the average variation of these parameters is obtained and this enables a
prioritisation of the hydraulic importance of the elements. The second part resolves mass and
energy conservation equations — while considering as variables the unknown and uncontrolled water
demands in each circulating flow and node, as well as considering an approximation of the
piezometric head in the nodes as known variables. The measurements recorded by the pressure and
flow sensors are considered as additional information. The final leak location may vary
considerably depending on the number and location of the sensors, while the best locations for
installing these sensors are on those elements whose variation is greater than average in the
sensitivity analysis. This methodology is finally used in a case study network with a limited number
of sensors to detect a water leak of 30 L/minute.



REFERENCES

Armon, A., Gutner, S., Rosenberg, A. and Scolnicov, H. (2011). Algorithmic network monitoring
for a modern water utility: a case study in Jerusalem. Journal of Water Science and Technology:
Water Supply, 63 (2) 233-239. doi: 10.2166/wst.2011.041

Alkasseh, J., Adlan, M., Abustan, 1., Aziz, H. and Hanif, A. (2013). Applying Minimum Night Flow
to Estimate Water Loss Using Statistical Modeling: A Case Study in Kinta Valley, Malaysia. Water
Resources Management (2013) 27:1439-1455. doi: 10.1007/s11269-012-0247-2

Berardi, L., Laucelli, D. B., Simone, A., Mazzolani, G., & Giustolisi, O. (2016). Active Leakage
Control with WDNetXL. Procedia Engineering, 154, 62-70. doi: 10.1016/j.proeng.2016.07.420

Blesa, J., Nejjari, F., & Sarrate, R. (2016). Robust sensor placement for leak location: analysis and
design. Journal of Hydroinformatics, 18(1), 136-148. doi: 10.2166/hydro.2015.021

Boulos, PF., and AbouJaoude, A.S. (2011). Managing leaks using flow step-testing, network
modeling, and field measurement. J Am Water Works Assoc 103(2), 90-97

Casillas, M. V., Garza-Castafion, L. E., & Cayuela, V. P. (2014). Model-based leak detection and
location in water distribution networks considering an extended-horizon analysis of pressure
sensitivities. Journal of Hydroinformatics, 16(3), 649-670. doi: 10.2166/hydro.2013.019

Casillas, M. V., Garza-Castafion, L. E., & Puig, V. (2015). Sensor placement for leak location in
water distribution networks using the leak signature space. IFAC-PapersOnLine, 48(21), 214-
219. doi: 10.1016/j.ifacol.2015.09.530

Charalambous, B., Foufeas, D., & Petroulias, N. (2014). Leak detection and water loss
management. Water Utility Journal, 8, 25-30.

Fuchs-Hanusch, D., & Steffelbauer, D. (2017). Real-world Comparison of Sensor Placement
Algorithms for Leakage Localization. Procedia Engineering, 186, 499-505. doi:
10.1016/j.proeng.2017.03.262

Gamboa-Medina, M. M., & Reis, L. F. R. (2017). Sampling Design for Leak Detection in Water
Distribution Networks. Procedia Engineering, 186, 460-469. doi: 10.1016/j.proeng.2017.03.255

Gomes, R., Marques, A.S. and Sousa, J. (2012). Decision support system to divide a large network
into suitable District Metered Areas. Journal of Water Science and Technology:Water Supply, 65
(9) 1667-1675. doi: 10.2166/wst.2012.061

Guistolisi, O. and Ridolfi, L. (2014). New Modularity-based approach to segmentation of water
distribution  networks.  Journal of Hydraulic engineering, 140(10):04014049. doi:
10.1061/(ASCE)HY.1943-7900.0000916

IWA, International Water Association (2000). Losses from Water Supply Systems: Standard
Terminology and Recommended Performance Measures. IWA, International Water Association-
Task Force on Water Losses, London, 2000.


https://www.researchgate.net/scientific-contributions/2034368765_Jaber_M_A_Alkasseh
https://doi.org/10.1016/j.proeng.2016.07.420
https://doi.org/10.1016/j.ifacol.2015.09.530
https://doi.org/10.1016/j.proeng.2017.03.262
https://doi.org/10.1016/j.proeng.2017.03.255
https://doi.org/10.1061/(ASCE)HY.1943-7900.0000916

Li, R., Huang, H., Xin, K. and Tao (2015). A review of methods for burst/leakage detection and
location in water distribution systems. Journal of Water Science and Technology:Water Supply, 15
(3) 429-441. doi: 10.2166/ws.2014.131

Maoderl, M., Hellbach, C., Sitzenfrei, R., Mair, M., Lukas, A., Mayr, E., & Rauch, W. (2011). GIS
based applications of sensitivity analysis for water distribution models. In World Environmental
and Water Resources Congress 2011: Bearing Knowledge for Sustainability (pp. 129-136). doi:
10.1061/41173(414)14

Mounce, S., Day, A.J., Wood, A.S., Khan, A., Widdop, P. D. and Machell, J. (2002). A neural
network approach to burst detection. Journal of Water Science and Technology:Water Supply, 45(
4-5): 237-246

Pérez, R., Puig, V., Pascual, J., Quevedo, J., Landeros, E., and Peralta, A. (2011). Methodology for
leakage isolation using pressure sensitivity analysis in water distribution networks. Control
Engineering Practice, 19(10), 1157-1167. doi: 10.1016/j.conengprac.2011.06.004

Pudar, R. S., and Liggett, J. A. (1992). Leaks in pipe networks. Journal of Hydraulic
Engineering, 118(7), 1031-1046.

Sarrate, R., Blesa, J., Nejjari, F., & Quevedo, J. (2014). Sensor placement for leak detection and
location in water distribution networks. Water Science and Technology: Water Supply, 14(5), 795-
803. doi: 10.2166/ws.2014.037

Steffelbauer, D., Neumayer, M., Glnther, M., & Fuchs-Hanusch, D. (2014). Sensor placement and
leakage localization considering demand uncertainties. Procedia Engineering, 89, 1160-1167. doi:
10.1016/j.proeng.2014.11.242

Todini, E., and Pilati, S. (1987, September). A gradient method for the analysis of pipe networks.
In International Conference on Computer Applications for Water Supply and Distribution,
Leicester Polytechnic, UK.

Todini, E., and Rossman, L. A. (2013). Unified framework for deriving simultaneous equation
algorithms for water distribution networks. Journal of Hydraulic Engineering, 139(5), 511-526. doi:
10.1061/(ASCE)HY.1943-7900.0000703

Tzatchkov, V., Alcocer, V., Bourguett, V. Arreguin, F. & Ldpez, JA. (2014). Avances en la
hidraulica de redes de distribucion de agua potable. México. Instituto Mexicano de Tecnologia del
Agua. ISBN: 978-607-9368-11-1.

Xie, X., Zhou, Q., Hou, D., & Zhang, H. (2017). Compressed sensing based optimal sensor
placement for leak localization in water distribution networks. Journal of Hydroinformatics,
jh2017145. doi: 10.2166/hydro.2017.145


https://doi.org/10.1061/41173(414)14
https://www.researchgate.net/publication/11428598_A_neural_network_approach_to_burst_detection?_iepl%5BgeneralViewId%5D=ezdTGEIGml0LmfdJn4QPwCz20wtH4jwHCRWx&_iepl%5Bcontexts%5D%5B0%5D=searchReact&_iepl%5BviewId%5D=4tKM2tQIEVvPi3wbASNGLcb4fMQleNFEr1Re&_iepl%5BsearchType%5D=publication&_iepl%5Bdata%5D%5BcountMoreThan20%5D=1&_iepl%5Bdata%5D%5BinteractedWithPosition1%5D=1&_iepl%5Bdata%5D%5BwithoutEnrichment%5D=1&_iepl%5Bposition%5D=1&_iepl%5BrgKey%5D=PB%3A11428598&_iepl%5BtargetEntityId%5D=PB%3A11428598&_iepl%5BinteractionType%5D=publicationTitle
https://www.researchgate.net/publication/11428598_A_neural_network_approach_to_burst_detection?_iepl%5BgeneralViewId%5D=ezdTGEIGml0LmfdJn4QPwCz20wtH4jwHCRWx&_iepl%5Bcontexts%5D%5B0%5D=searchReact&_iepl%5BviewId%5D=4tKM2tQIEVvPi3wbASNGLcb4fMQleNFEr1Re&_iepl%5BsearchType%5D=publication&_iepl%5Bdata%5D%5BcountMoreThan20%5D=1&_iepl%5Bdata%5D%5BinteractedWithPosition1%5D=1&_iepl%5Bdata%5D%5BwithoutEnrichment%5D=1&_iepl%5Bposition%5D=1&_iepl%5BrgKey%5D=PB%3A11428598&_iepl%5BtargetEntityId%5D=PB%3A11428598&_iepl%5BinteractionType%5D=publicationTitle
https://doi.org/10.1016/j.conengprac.2011.06.004
https://doi.org/10.1016/j.proeng.2014.11.242

Appendix A. Development of equations for network sensitivy

Development of equations to calculate the network sensitivity.

The mass conservation equation for each node i, in normal conditions with no leaks is:

ni
z Qi, + 9. =0 (A1)
k=1

where n; is the total number of nodes connected to node i, Q;, is the circulating flowrate through
the pipe that connects node i to node k, and g; is the demand flowrate at node i.

If the demand at node i is increased by a given amount (¢,,) because of a leak occurrence:
e The new demand at node i will be: g; + ¢q,

e A variation in the circulating flowrate through the pipe that connects node i to node k will
appear. That variation will be ¢, , and the new pipe flowrate will be: @y, + @g,,
l l

e The new mass conservation equation for node i (due to a demand increase at node i) will be:

ni

Z (Qiko + (inki) + qit @q =0

k=1

e The new mass conservation equation for any other node j (due to a demand increase at
node i) will be:

nj

Z (ijo + <ijki> +q =0

k=1



If the mass conservation equation is considered for each node i, in each case a demand increase
occurs in each one of the network nodes, the complete set of n equations for node i will be:

Node Demand
. increase Mass conservation equation (for node i)
in node
1 (@t + 00y, ) + -+ (Quky + Pare, ) + -+ (Qingy + Py, ) + (@) = 0
2 (@t + 0y, ) + -+ (Quky + Pare, ) + -+ (Qingy + Pary, ) + (@) = 0
(A2)
m (@iy + 00u,,) + -+ (g + 904, )+ F (Qunyy + P01, ) + (@) = 0

i (Qu +Pan,) o (Que + Pau,) T (Qung + P, ) + (@i F 9g) = 0

n (@uy + 00u,) + -+ (Qko + 00u) + =+ (Qniy + 904, ) + (@) = 0

The result of adding the n equations for node i is:

n; n; n
Z(n Qik,) + Z (Z ﬁﬂaikm) tng + ¢q=0 (A3)

k=1 k=1 \m=1
n; n
Z (Tl Qiko + Z (inkm> +n qi + (pqi =0 (A4)
k=1 m=1

The average variation for each pipe flowrate, after considering the influence of a leak at each of the
n nodes of the network is:

Z;ln=1 (inkm
n

_ A5
Poi = (o)

If Equation A5 is replaced in Equation A4, and the resulting equation is devided by n, the final mass
conservation equation for node i is:

q)qi:O
n

n;
Z(Qiko + @) + i +
k=1

(A6)

The first part of the sensitivity analysis is performed by considering the same demand increase (¢,
taken as a constant value) for each node, and posing the whole set of the mass conservation
equations for all the network nodes:



Node Id Mass conservation equation

nq
@
1 Z(Qlko + (pQ1k) +q+ ?q =0
k=1
Pq
2 (Qako + ®0,) + a2 + 5 -0
k=1

(A7)

‘Pq

m Z(kao + Qo) Fm+ — =0
- @
n Z(ano + o) + n + 7{, =0
k=1

System A7 is compounded by n equations, with p unknowns — the average flowrate sensitivity for
each one of the p pipes. According to the matrix formulation used by Todini & Rossman (2013) this
system can be expressed as:

[A2:1[Q + @o] + [CI + %] =0 (A8)

where:
e A,;isa(nxp) matrix that relates n nodes to p pipes, so that each element A,,(q, ) takes
the value:
o —1 if piper leaves node g
o 0 if pipe r is not connected to node q
o +1 if pipe r enters node q

e () is the vector of the pipe flowrates Q;;,

* ¢, is the vector of the pipe flowrate average sensitivities Po,;

o q is the vector of the node demands g;

e —Lis the vector of the node demand variations. As explained above, since the sensitivity is

calculated for the same demand variation in each node, this vector has a unique value for all
the nodes.

Finally, Equation A8 can be operated to the final expression:

@
[A21 ‘PQ] —[4, Q] — [ql + _q (A9)



The energy conservation equation for each pipe, which connects node i to node j, in normal
conditions with no leaks is:

Hi, — Hj, = hyy, =135 Quj, | Qo (A10)

where H;, and H;, are the piezometric heads at nodes i and j, respectively; hfij is the pipe friction
0

headloss; and r;; and @, are the pipe hydraulic resistance and pipe flowrate, respectively.

If the demand at node i is increased by a given amount (¢,,), because of a leak occurrence:

A variation in the circulating flowrate through the pipe that connects node i to node j will
appear — and in any other pipe of the network as well. That variation will be Poj; and the

new pipe flowrate will be: Q;;, + Doy -

A variation in the piezometric head of nodes i and j will appear — and also in any other node
of the network. Those variations will be ¢y, and ¢y, , respectively, and the new
L l

piezometric heads will be: H; + P, and H;, + P,
'kl)'he new energy conservation equation for pipe ij (due to a demand increase at node i) will
e:
(Hio + (pHii) B (Hfo + ¢H1i) = Tij (Qifo + gDQiji) |(Qif0 + gle.ji)|
'kl)'he new energy conservation equation for pipe mn (due to a demand increase at node i) will
e:
(Hmo + <pHml.) - (Hno + quni) = Tinn (ano + <Panl.) |(an0 + ¢ani)|

If the energy conservation equation is considered for any pipe ij, in each case a demand increase
occurs in each one of the network nodes, the complete set of n equations for pipe ij will be:

Pipe

ij

Demand
increase Energy conservation equation (for pipe ij)
in node
1 (Hio + <PHi1) - (Hjo + <pH]-1) = Tij (Qijo + (injl) |(Qijo + 90%1)
2 (Hio + (pHiz) N (Hfo + (le'z) =Ty (Qifo t (iniz) |(QU0 + g0%2)
(A11)
i (Hio + <PHii) - (Hjo + fPHji) = Tij (Qijo + <Poi,-i) |(Qiio + ‘Poi,-i)|
J (Hio + <PHl-j) - (Hjo + <PH,-].) = Tij (Qijo + <PQL-J-].) |(Qij0 + <PQL-J-].)|

n (Hio + (/)Hin) - (Hjo + ‘PHjn) = Tij (Qijo + ‘injn) |(Qijo + (injn)



The equations of System A1l cannot be easily added, so the following operation is considered:

(A12)

Q¢ Q ¢? )
or T or Telel

Q@+ Q@ +p)l= 19<Q|QI+

where:

J i le| > 0]

_|Q||<P|
o ¥=1,if|p| <10Q|

and the new set of n energy conservation equations for pipe ij is:

Demand
Pipe increase Energy conservation equation (for pipe ij)
in node
Qijoz : (in'1 QUO (pQL 1
1 (Hio + ‘PHil) - (HJ'o + ‘PHh) = Oy 1y - (Qijo|Qijo| + Q] o+ Q0| "+ 0oy, Q|
to ijo

2
Qijo .(injz_l_QUo (pQUz

Qij,|Q:
0l |Quj, | |Quj,

2 (Hio + <PHi2) - (Hjo + <PHj2) = Oy 15 - + 9qu,| Q|

. Qijoz ’ (injv QUO (pQU (A13)
! (Hio + (le—i) - (Hfo + goni) - ﬁij Iy - <Q”0|QUO + (le]l|QLJO

i Qi Qo]
Qijoz ’ (in" QUO (pQL
J (Hio + (pHi]-) - (Hjo + (ijj) - ﬁij Ljj - (QUolQUo + |Q | - + |Q j] (sz] |QUU
o ijo
Qij,” oy, Qijo Po;
n (Hio + (PHin) - (Hj0 + <PH,-n) — O 1y - (QuolQuo LlolQ” |Q n oy uolQ Cun + (PQuleuo
tjo Uo

Before adding the n Equations A13 for pipe ij, it must be noticed that mQ”m is the mean square

of the qui]. values. However, being Do, the variable to be finally solved, the simplification

Ym=100;; . .. -
%Q”m ~ <in].2 is assumed. This is based on the fact that, compared to the other terms within

. Ql (p ij 2 - . -
the parenthesis, fo Qin_js the least relevant because of the magnitude of either (pq..z (compared

| l]ol

to <in].), or e Qijo (compared to |QU |) The final result of the addition of the n equations for pipe ij

is:

n n
Q.
n Hio + Z (pHim -n Hjo - Z (le'm - ﬁij rii ’ (I’l QiiolQifol + |QUO | Z (PQUm |Q | z (pQUm + |Ql]0| z (leJ ) 0 (A14)
m=1 m=1 to



Again, total average variations for each network element can be considered:

. Yih=190;
e Forpipe ik g, = %
. Yh=1PH;
e Fornodei: ¢y, = %

As these two averages are considered in Equation Al4, and the resulting equation is divided by n,
the final energy conservation equation for each pipe ij will be:

Q; Qi)
(Hio + (pHi) - (Hio + (ij) =1y - <Q”0|Q”0| + |Q”0 | Py + ﬁ (injz + |Qijo| ‘inj) =0 (A19)
tjo to
Qs Q;
Hiy + ¢, — Hjg — @y, — Oy 15 - <QU0|QU0| + |Q”0 | Po;; + |QU°| Poi” + Qo ‘PQU) =0 (AL6)
tjo Yo
Q..
Oy 1 - (2 |Qijo | + _|Q”0| (inj> Poy; — Puy + u; + 9413y Qiji [ Qijy | — Hiy + Hjy = 0 (A17)
Yo

The second part of the sensitivity analysis is performed by posing the whole set of energy
conservation equations for all the network pipes:

Pipe
I Nodes Energy conservation equation (for pipe r = ij)

connected
1
2

(A18)
r 1] By 1 - (2 Qijy| +7 |Q | ‘PQU> Poy; — P+ @y + By 1y Qujy | Qujy | — Hiy + Hjy = 0
ijo

p

System A18 is compounded by p equations, with (n + p) unknowns — the head average sensitivity
for each of the n nodes (¢y,), and the flowrate average sensitivity for each of the p pipes (¢,;).

According to the matrix formulation used by Todini & Rossman (2013), this system can be
expressed as:

Pq Q

H

[A119 ¢ A12] +[A119 ¢ Aig] — [A1o Hol — [A10 <PHO] (AL9)

P



where:
e Ay isa(p x p) diagonal matrix. Each element refers to one network pipe (r) that connects
two nodes (ij):

Q;:
Ay, (r,1) = By 1y <2 |Qij, | + 2 <PQij>
|Qijo|

e A9 isa(pxp)diagonal matrix. Each element refers to one network pipe (r) that connects
two nodes (ij):

Ap9(r,m) =By 1y |Qijo|

e H is the vector of the node heads H;

e @y isthe vector of the node head average sensitivities ¢,

e A,, isamatrix that relates pipes to fixed head nodes.

e H, is the vector of the heads for the fixed head nodes.

e @y, is the vector of the head average sensitivities for the fixed head nodes, whose elements
are, in fact, zeros.

* ¢0.0,q, % and A,, are the vectors and matrix explained above.

* A= A21T
Equation A19 can be operated to:

Yo Q
-| = [A10 Ho] (A20)

H

[A119 ¢ A12] = —[A119 | Aiz]

Py

The complete system of conservation equations can be obtained by merging System A9 and
System A20. The new system consists of (n + p) equations, with (n + p) unknowns, and it can take a
matrix formulation like:

A 1 Ar2] [Pe A1 1 A1) [Q

— (A21)

AZl 0 <pH A21 0

Being ¢, and ¢y the vectors of the unknown factors, System A21 can be solved through the
Newton-Raphson method to finally obtain the sensitivities for each node and pipe in the network.



Appendix B. Development of equations for leak location

If there is a leak in the network whose location is unknown, then a (also unknown) possible leak
flowrate is considered in each node g;,. The flowrate in each network node will be the addition to

the usual demand g;, plus the potential leak g;, .

Because of the disturbance that the leak introduces into the network operating conditions, each pipe
flowrate in the (new) leak scenario Q;;, will likely be different from the usual value in the
(reference) no-leak scenario Q;;, .

Therefore, the mass conservation equation for each node i in the leak scenario is:

n;
z Qi, + i +qi, =0 (B1)
k=1

where n; is the total number of nodes connected to node i, Q;, is the new circulating flowrate
through the pipe that connects node i to node k, g; is the demand flowrate at node i, and g;, is the
potential leak flowrate at node i.

By following the same procedure explained in Appendix A, the system of n mass conservation
equations (one equation for each node) can be expressed as:

QL
[A21 : 1] [

] = —[431 Qp] — [q] (B82)
qL

where:

e (Q, is the vector of the pipe flowrates Q;;, that are unknown. In principle, all the pipe
flowrates are unknown, but if there are some flowmeters installed in some pipes, the data
they provide will be known pipe flowrates, then their corresponding values in Q; will be set
to zero.

e g, is the vector of the node potential leak flowrates q;,

e (Qp is the vector of the pipe flowrates Q;;, that are known. Known flow measures provided
by possible flowmeters in the network are included in their corresponding elements in vector
Qp, being zero the rest of elements.

e A,; and q are explained in Appendix A.

System B2 is compounded by n equations, being (n + p) the highest possible number of unknowns.
The total number of unknowns would be reduced in the same quantity as flowmeters were installed
in the network.

The energy conservation equation for each pipe, which connects node i to node j, in the leak
scenario is:

Hy, — Hj, =15 Qyj, |Quj, | (83)



which can be expressed:
QL

H,

[A11 ¢ Agg] = —[A10 Hol (B4)

where H, is the vector of the node heads H;,, @, is explained above, and A;4, A;,, Ao and H, are
explained in Appendix A

As explained in the case of the mass conservation equation, if some flowmeters are installed in the

network, not all the pipe flowrates will be unknown. Being [Qp] the vector of known pipe
flowrates, System B4 can be written as:

QL

H,

[A11 i Ag] = —[A11 Qp] — [A10 Hol (B5)

In principle, node heads in the leak scenario H;, are unknown, but:

e If there are pressure sensors installed in some nodes, the data they provide are known values
for some node pressures.

e For the rest of the nodes, not being monitored by a preassure sensor, their head could be
approximated by taking into account the average sensitivity (as calculated in Appendix A):
HiL = Hio + (pHi

Therefore, the node heads in the leak scenario can be considered as known (or approximated),
vector H; is renamed as Hj,, and it can be shifted to the right hand side of the equation:

[A11 QL] = —[A11 Qp] — [A12 Hp] — [A10 Ho] (B6)

The complete system of conservation equations for the leak scenario can be obtained by merging
System B2 and System B6:

A 0] [QL]
Ay i 1l1g,

The new System B7 is compounded by (n + p) equations, and the maximum number of unknowns
would be (n + p) — for the case in which no flowmeters are installed in the network. If some
flowmeters are installed, the total number of unknowns would be reduced by the same quantity as
flowmeters installed.

All A12 QD AlO HO

(B7)

Ay 0 I'lHp q

Being Q; and q,, the vectors of the unknown factors, System B7 can be solved using the Newton-
Raphson method to obtain the potential leak flowrates g; for each node in the network.



Appendix C. Full information about the network of the case study

For reasons of confidentiality, the study case uses a synthetic rather than real network.
Nevertheless, the network is a direct adaptation of a network in the region of Valencia (Spain) that
is managed by the first author of this paper.

Table C1. Physical characteristics and normal operation values for pipe variables

Pipe| o Length | Velocity Hei?illtdss Pipe| @ |Length | Velocity Heligllt(;ss
ID [ (mm)| (m) (m/s) (mikm) ID | (mm)| (m) (mfs) (mikm)
1 200 | 977.3 1.22 7.13 30 90 498.5| 0.28 1.21
2 | 150 | 16295 | 0.31 0.79 31| 90 426.1| 0.51 3.72
3 100 | 559.4 0.73 6.41 32 50 4714 0.52 8.04
4 | 100 | 10216 | 0.14 0.33 33 | 50 |1634.9| 0.16 0.95
5 100 | 1624.3 0.46 2.74 34 50 7752 | 0.43 5.78
6 50 | 1862.8 | 0.22 1.69 35 | 50 |1648.6| 0.16 1.00
7 | 200 | 428.1 1.20 6.92 36 | 200 | 496.0| 0.83 3.42
8 | 200 | 18385 | 0.71 2.56 37 | 200 | 476.3| 0.76 291
9 | 200 | 986.9 0.62 1.96 38 | 200 | 482.7| 0.72 2.61
10 | 150 | 987.9 0.70 3.53 39 | 90 437.4| 0.70 6.73
11 | 100 | 481.3 0.92 9.95 40 | 90 5126| 0.15 0.39
12 | 100 | 510.8 0.57 3.95 41 | 150 | 1064.9| 0.15 0.20
13 | 100 | 432.7 0.15 0.35 42 | 150 497.6| 0.10 0.11
14 | 150 | 461.7 0.50 1.90 43 50 485.2| 0.01 0.01
15 | 90 | 467.7 0.58 4.75 44 | 50 |1652.9| 0.04 0.08
16 90 | 1830.3 0.11 0.23 45 | 200 |1012.2| 0.54 1.55
17 90 447.1 0.36 1.97 46 50 699.9| 0.04 0.09
18 | 90 | 464.2 0.83 9.32 47 | 50 797.1| 0.08 0.28
19 | 200 | 4718 0.45 111 48 90 501.4| 0.59 4,94
20 | 200 | 482.7 0.50 1.31 49 | 90 456.9| 0.15 0.39
21 | 200 | 520.3 0.60 1.85 50 90 496.0| 0.22 0.77
22 | 100 | 486.6 0.57 4.05 51 | 200 | 593.2| 0.29 0.48
23 | 100 | 496.0 0.49 2.97 52 | 50 490.9| 0.50 7.61
24 90 461.7 0.49 3.49 53 | 150 | 1652.9| 0.12 0.15
25 | 90 | 4734 0.34 1.72 54 | 200 | 1608.8| 0.15 0.15
26 90 471.8 0.17 0.49 55 90 |1606.6| 0.10 0.18
27 | 50 | 16254 | 0.03 0.06 56 | 50 |1860.0| 0.09 0.36
28 90 568.8 0.57 4.56 57 50 |1843.8| 0.17 111
29 90 469.1 0.21 0.72 58 | 150 | 1841.2| 0.34 0.91




Table C2. Node sensitivity analysis

Pressure variation (mwc)

Pressure variation (mwc)

Node Initial Node Initial
id | Pressure | increase of | Increase of | Increase of ig | Pressuré | ncrease of | Increase of | Increase of
(mwc) 15 Ipm 30 Ipm 60 Ipm (mwc) 15 Ipm 30 Ipm 60 Ipm

1 4175 | 007 -0.17% | 013  -0.31% | -026  -0.62% 20 | 3943 |-007 -018% |-0.14 -0.36% | -0.26 -0.66%
2 39.78 | 009 -0.23% | -017 -0.43% | -034 -0.85% 21 | 3880 |-009 -023% |-0.15 -0.39% | -0.34 -0.88%
3 3830 |-0.10 -026% | -0.20 -052% | -0.40  -1.04% 22 | 3675 |-010 -027% |-0.17 -046% | -0.40 -1.09%
4 3669 |-011 -030% | -0.23 -0.63% | 045 -1.23% 23 | 3645 |-011 -030% |-0.18 -049% | 045 -1.23%
5 3588 |-0.12 -0.33% | -0.24 -067% | -0.47 -1.31% 24 | 3652 |-012 -033% |-0.18 -0.49% | -0.47 -1.20%
6 35.65 |-0.2 -0.34% | 024 -0.67% | -0.48 -135% 25 | 3712 |-012 -032% | -0.17 -0.46% | -0.48 -1.20%
7 3555 | -0.1 -0.31% | -021 -0.59% | -0.42 -1.18% 26 | 3553 |-011 -031% |-020 -056% | -0.42 -1.18%
8 3575 |-010 -028% | -0.20 -0.56% | -0.41  -1.15% 27 | 3174 |-010 -032% |-031 -098% | -0.41 -1.20%
9 3869 |-0.08 -021% | -0.16 -0.41% | -0.32 -0.83% 28 | 3683 |-008 -022% |-0.18 -0.49% | -0.32 -0.87%
10 | 3995 |-007 -018% | -0.14  -035% | -029 @ -0.73% 29 | 3548 |-007 -020% |-020 -056% | -0.29 -0.82%
11 | 4133 |-006 -015% | -0.13  -0.31% | -0.25 @ -0.60% 30 | 3174 |-006 -019% |-031 -098% | -0.25 -0.79%
12 | 4303 |-005 -012% | -010  -0.23% | -0.21 | -0.49% 31 | 3350 |-005 -015% |-021 -0.63% | -0.21 -0.63%
13 39.44 | -007 -0.18% | -0.15 | -0.38% | -0.30  -0.76% 32 3572 |[-007 -0.20% | -0.19 : -0.53% | -0.30 . -0.84%
14 | 3911 |-008 -020% | -0.15 -0.38% | -0.31 @ -0.79% 33 | 3660 |-008 -022% |-0.18 -0.49% | -0.31 -0.85%
15 | 4355 |-004 -009% | -0.09  -021% | -0.17 | -0.39% 34 | 3828 |-004 -010% |-0.15 -0.39% | -0.17 -0.44%
16 | 4040 |-006 -015% | -0.12  -0.30% | -0.25 @ -0.62% 35 | 3396 |-006 -018% |-0.20 -059% | -0.25 -0.74%
17 | 36.85 |-009 -024% | -0.17 & -0.46% | -0.35 | -0.95% 36 | 3308 |-009 -027% |-021 -063% | -0.35 -1.06%
18 | 3663 |-009 -025% | -0.18  -0.49% | -0.35 @ -0.96% 37 | 4233 |-009 -021% |-0.10 -024% | -0.35 -0.83%
19 | 3876 |-007 -018% | -0.15  -0.39% | -029 @ -0.75% 38 | 4704 |-007 -015% | -0.04 -0.09% | -0.29 -0.62%




Table C3. Pipe sensitivity analysis

Flow variation

Flow variation

Line | mitial I Line | nitial
_ flow ncrease of | Increase of | Increase of L flow Increase of | Increase of | Increase of
@ (L/minute) 1_5 3_0 6_0 e (L/minute) 15 30 60
(L/minute) | (L/minute) | (L/minute) (L/minute) | (L/minute) | (L/minute)

1 229828 | 801 0.35% [16.02 0.70% |32.04 1.39% 30 105.77 [ 018 017% | 036 034% | 072 0.68%
2 330.18 | 164 050% | 327 0.99% | 653 1.98% 31 19482 | 077 040% | 1.55 080% | 3.1  159%
3 34539 | 105 030% | 21 061% | 42 1.22% 32 60.88 04 066% | 079 130% | 159 261%
4 68.12 015 0.22% [ 031 046% | 061 0.90% 33 18.69 013 070% | 025 134% | 05 2.68%
5 21879 | 077 035% | 153 070% [ 3.06 140% 34 50.92 013 026% | 027 053% | 053 1.04%
6 25.85 008 031% | 015 058% | 031 1.20% 35 19.21 015 0.78% | 029 151% | 058 3.02%
7 2261.72 | 699 031% [13.98 0.62% |27.96 1.24% 36 1562.71 | 493 032% | 9.86 0.63% [ 19.74 1.26%
8 1341.27 | 411 031% | 822 061% (1644 1.23% 37 1433.10 | 428 030% | 856 0.60% [ 17.13 1.20%
9 1161.27 | 371 032% | 743  064% (1486 1.28% 38 1353.88 | 374 028% | 7.48 055% [ 1497 1.11%
10 74045 | 249 034% | 497 067% | 994 134% 39 26749 | 094 035% | 187 070% [ 376 141%
1 43581 | 125 029% | 25 057% | 499 1.14% 40 56.26 061 1.08% | 1.22 217% | 244 434%
12 26651 | 089 033% | 1.78 067% | 356 1.34% 41 15558 | -0.31 -0.20% | -0.63 -0.40% | -1.27 -0.82%
13 70.17 044 063% | 087 124% | 175 2.49% 42 109.52 | -0.33 -0.30% | -0.66 -0.60% [ -1.33 -1.21%
14 531.57 | 191 036% | 382 072% | 765 144% 43 0.88 0 000%| 0 000% | 001 1.14%
15 221.97 04 018% | 08 036% | 159 0.72% 44 4.34 -0.24  -553% | -049 -11.3% | -1.01 -23.3%
16 41.97 0 000% | 001 002% |001 0.02% 45 1026.39 | 24 023% | 481 047% [ 9.63  0.94%
17 138.03 | 039 0.28% | 0.78 057% [ 157 1.14% 46 4.75 0 000% | 001 021% | 001 021%
18 31803 | 079 025% | 157 049% [ 3.15 0.99% 47 9.21 002 022% | 004 043% | 0.09 0.98%
19 855.99 25 029% [ 5  058% [10.01 1.17% 48 22691 | 052 023% | 1.05 046% [ 21  0.93%
20 936.42 | 297 032% | 593 063% [11.87 127% 49 56.12 015 027% | 03 053% | 06 1.07%
21 112712 | 34 030% | 679 0.60% [1359 1.21% 50 82.35 011 013% | 023 028% | 045 0.55%
22 270.18 | 1.24 046% | 248 092% | 495 1.83% 51 54579 | 1.06 0.19% | 211 039% [ 423 0.78%
23 228.87 | 097 042% | 1.94 085% | 387 169% 52 59.12 039 066% | 079 134% | 157 2.66%
24 188.08 | 073 039% | 145 077% [ 287 153% 53 12960 | 112 086% | 224 173% | 448 3.46%
25 128.08 | 033 0.26% | 0.66 052% [ 129 1.01% 54 28345 | 055 019% | 11 039% [ 22  0.78%
26 63.74 018 0.28% [ 036 056% | 072 1.13% 55 36.78 013 035% | 025 068% | 051 1.39%
27 3.74 -0.21  -5.61% | -0.43 -115% (-0.86 -23.0% 56 10.70 003 028% | 007 065% | 014 1.31%
28 217.27 05 023% | 1 046% [ 2  092% 57 20.43 007 034% | 014 069% | 028 1.37%
29 78.98 022 0.28% | 043 054% | 087 1.10% 58 357.96 | 132 037% | 264 074% [ 528 1.48%




Appendix D. Leak location solutions for various installations of pressure sensors and

flowmeters

Table D1. Summary table for the various sensor configurations tested in the case study

Config. 1 | Config. 2 | Config. 3 | Config. 4 | Config.5 | Config. 6 | Config. 7
# Pressure sensors 5 5 5 10 10 15 15
# Flowmeters 5 5 5 0 5 0 5
Total cases 38 38 38 38 38 38 38
Detection of node 8 8 9 10 10 15 16
Detection of area 16 8 10 10 13 15 17
No detection 14 22 19 18 15 8 5
Successful cases 24 16 19 20 23 30 33
Success rate 63% 42% 50% 53% 61% 79% 87%

This table shows both the number and type of sensors. Configurations 1 to 3 show the influence of
the position of the sensors according to the criteria of node sensitivity and spatial distribution. The
results show that the first criterion has a greater weight on the success rate than the second.
Configurations 4 to 7 explore the influence of the number of sensors used. It is clear that with a
maximum of 20 sensors (out of a total of 96 elements) the success rate nealry reaches 90%. The
detailed results for each configuration are shown in the following tables.



Table D2. Leak flows obtained with 5 pressure sensors and 5 flowmeters installed by combining criteria on highest sensitivity and spatial

distribution (nodes 5, 18, 27, 30, 37 and pipes 1, 9, 20, 36, 45)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 | 25 26 27 28 29 30 | 31 32 33 34 | 35 36 37 38
1 i0f{10)10(f(20})10f(10}20)10(20})10f20}|210f10}210}10(f(20})10f10|210|10}|20)})10f20)210|10|10]|10|20)10(20)10f10|10|10|20]10(f10]10
2 0909090909 (|09]09])09|09)|09(|09]09(|09]|09)]09(|09]09(|09]09]09]09]09(|09]09]09]|09]09]09)09(09]09(09]09]|09]|09]09]/(09]09
3 09109090909 (0909090909 (|09]09(|09]|09)]09(|09]09(|09]09]09]09]09(09]09]09]|09]09]09)09(09)]09(09]09]|09]|09]09]/|O09]09
4 6.1 -3 9 | -22|-32|-28| -5 -1 175|86|100]11.8|106)109 (163|138 8.7 | 86 |11.4|128|120( 81 |81 |81 71|17 (|20]| 7223|2066 ]|50]72]|113]| 9.1 (82 [157]19.9
5 |-14.2(12.6 | 38.2 |125.4|167.6(153.8| 22.3 | 6.7 |-18.0(-20.8|-24.5]-29.3(-26.3(-27.0|-40.5]-34.2(-21.2(-21.1|-28.2|-31.7(-29.8|-19.5|-19.6|-19.5(-16.8| -1.4 | -2.2 [-17.1( -3.3 | -2.4 |-15.6(-10.9(-17.1|-28.1]-22.3(-19.8[-39.0|-49.0
6 9.9 |-5.8 (-20.8|-91.3|-121(-112(-11.6| -2.2 | 12.0 | 13.6 [ 15.6 | 18.2 | 16.6 | 17.0 [ 24.2 | 20.9 | 13.8 [ 13.7 | 17.7 | 19.5| 185|129 (129|129 113 | 25 | 3.0 |11.5] 3.7 ( 3.1 |[10.7| 8.0 |11.5(17.6 |14.4]13.0|23.4 | 285
7 0909090909 (|09 (09]|09]09)]|]09|09]|]09]09|09|09]|]09|09(|09]09)|09(|09(|09(09]09]09(09]|09]09]09|09]09]09|09]|09]09]09]|o09](|o09
8 19 |-05(-45|-85|-106(-99(-16 |01 |21 |24 |26 |30)|27 |28 |37 |33|24(24|29|31(30(|23(23)|23]|21(08|09]21]10(09|20]16 |21 |29 ]|25]|23]|36]|42
9 |180(16.0(13.4) 92 | 66 [ 59 | 19 | 1.2 [319(276|233|189 | 42 (14 | 43 |01 |-51|-66)|-32]|-1.2(-23|-83|-8.8|-9.0(-15.0|-29|-3.2(-126(-36|-3.2|-57|-6.6-96|-3.2]|-43(-49| 27 | 83
0|08 |08 f08)|08)08|08(|08|08)08) 0808|0808 08|08)|08|08(f08[|08)|08|08(f08(|08)08)08|08|08)08)|08|08|08)08|08]|08]|08]08]|O08]|O08
11 |-242(-143(-82|-3.4|-04 | 03 | 48 | 5.6 |13.3|17.7 226 |-29.5|-11.9| -8.8 [-12.3|-73|-01 | 0.0 |-36 |-5.7|-44 |23 (22 |27 |72 |53 |52 |57 |51 |52]|23]43|39|-33]|-07]|0.4 [-10.4(-16.9
12 |358 (237|156 85 | 41|29 |(-36|-49]-8.9 |-10.7(-13.0|421|143| 72 |-72|-86| 10 (-10|-65|-82|-79(-57(-33|-23|-65|-53|-54|-61]|-54(-54]|-63]|-58|-61]|-77]-71]-68][-9.4(-11.0
13|08 |08 (f08)|)08)08|08(|08|08)08)|08(08|08)08|08|08)08|08(f08[|08)|08|08(f08(|08)08)08(|08|08)|08)|08(08|08)08]|08]|08]08]08]|O08]|O08
14 |46 (39 (33|26 |22 (211514 ]|21|29 38|49 |-02|-17|51 |46 |-22(-87|23 |40 |36 (03 (-40)-16]08 1212|005 |12 (12|16 | 11|08]|33]|25]22](57]|380
15109 (0909|0909 (09 (|09]09]09)|]09(09]|09]09|09[09]09|09(09|]09|09|09(09(|09)]09]09(|[09]09]09)]09|09]09)]09|]09]09]09]09]/(o09]O09
16 |-74|-60(-46|-30)-20(-18(-03| 00 |-27|-44|-61|-81]|-53|-52(-11.5|/205|-23(-16|-25|17.6|156( 1.0 (-06]-1.3]-03 |05 |06 | 05|07 (0.6 |49 | 17|20 [138] 97 | 7.9 [-31.5(-18.3
17 128 (2421|217 )15 (15|11 1114|1924 |30]|03|-04|31)|28|-06(-33|16|25|23 (06 |-14)-03]|08 (101006 |10 (101209 |08]|21]17]|15](35]|50
18 |-16.6(-13.6(-10.7| -7.5 | -55 | -5.0 [ -1.9 | -1.3 | -4.7 | -8.9 [-13.1|-18.1| 6.8 | 15.5[-19.3|-16.8| 18.2 [ 87.7 | -6.1 |-14.1|-12.2( 4.2 (299 |147]| 1.8 [-05|-0.4| 3.3 |-03 |-0.4 |-26| 0.4 | 1.6 [-10.5| -6.8 | -5.2 [-21.8(-32.2
9|08 |08 (f08|)08)08|08(|08|08)08)|08(08|08)08|08|08)08)|08(f08[|08)|08|08(f08(|08)08) 0808|0808 08|08|08)08]|08]|08]08]08]|O08]|O08
20 (61 )46 32|16 06 )03 |-12|-14|13 |30 |48 (68|44 |46 |129(328| 12| 06 | 6.2 [356]-200/-16]-04| 01 |-1.0]-20|-21(-19|-22]-21|-7.1|-3.2|-3.5]|-17.8(-12.8(-10.6/27.7|16.8
21 (-441-29]-15(01 |11 )13 |28 (31|03 ]|-14|-31(-51]-28]-3.0(-11.2(-31.1| 04 | 1.0 (-46(-339|216]3.2 |21 |15 |27 |36 |37 |36]|39]|38]|87]48|51]|[195(145]|12.3]-26.0|-15.1
22 (08 )08 )08 (|08|08)|08) 0808|0808 |08 (f08|08)08(|08(|08)08)08(f08(|08)08)08|08|08|08)|08|08|08)|08)|08|f08]|]08)08]|08](08]08]08]08
23 112910990 ( 68 | 54 |51 |29 |25 (49|78 [106(139|-3.2(-9.7|14.7(13.1|-11.7|-72.1| 5.8 |11.3|10.0]|-1.4 |-208]-9.1]03 |19 |19 |-07]|18 (19|34 |13 |05 |88 |64 ]53]/(16.3]229
24110(210)10(f(10}|20f10(20)210(f(20}|10f10}210}|10(|(20})10f20)10|10}|10)}|10|10])10|10)10)|10|10)10|210)10(20)10f10 10|10 |210]10(10]10
25 |-16.5(-14.5|-11.9( -7.7 | -5.0 | -4.3 | -0.4 | 0.4 |-30.4|-26.1|-21.8(-17.4|-26 ( 0.2 | -27 | 1.4 | 66 | 82 | 47 | 28 | 3.8 | 99 |103|106|16.6 | 44 | 47 (142 | 52 (48 | 7.2 | 82 |[11.1]| 47 [ 59 | 64 |-1.2|-6.7
26 (26 | 23|21 (17|15 |15 |12 |11 |21 |23 |25 (27|24 |24(|29 26|21 )21 (23 (25|24]19|20|20]|19] 10 (-149|19 | 10 |-129( 17 |14 |18 |23 |20 19| 28|33
27 |-08(-05|-02(01}|03|04]|07)|08]|-02|-04|-06|-09]|-06(-06]-11{-08]|-03|-02|-05]-0.7|-06]-01]-02]-02]-01|09 |307(00]|08{(07]|01]|04]|00]-05(-02]-01]-10]-15
28109 (09|09 (0909090909 (|09]|09(|09]|09)|09(|09)]09(|09]09|09]|09]09|09]09(|[09)09]09]09]09]09]09(09)]09](09]09](09]09]09]|O09]09
29 (27|24 )22 (18|16 |16 |13 |12 |22 |24 |26 (28|25 |25 (30|27 |22)22(24(26|25]|20|21|21]|20]11|(-128[ 20 | 1.1 |-147( 18 |15 |19 |24 (21|20 |29 |34
3 (-07)-05]-02(01}|03)03)|06]|07]|-02|-04|-06(-09|-06])-06{-11|-07)|-03]-02](-05(-06]-05]-01|-01]-02|00]|08(07]00]09(307(02)04]00](-05[-01]00]-10][-14
3180|6857 |45 |37 )|35|23|21|48|59|71(86|63|61|87 (3945|4149 (27 |18]28|35(39|33]|17|15|29 |14 )| 15|-142|104 | 21| 1.0 (-183(-25.6] 6.1 |11.3
32 |(07)07]07 (|07 }|07])07]|07|07]|07])|07|07 0707|0707 |07])07])07 (|07 (07])|07]07]|07]|07]|07]07](|07]|]07]07]07](07]07])07]|07](07]07]07]07
3% (111211211212 j21f11|12|)11fj21f11f12)11f11f11j12j11f21f11j12j11j11f11 |11 j11f11f11 |11 j11f11 1111111111 ])11]11
34 090909 (09|09)|09]|09(|09]|09)]|09|09 (0909|0909 (|09)]09]09(09(09)]09]09|09|09]|09]09([09]|]09]|]09|]09([09]09)09]|09(09]09]09]09
35 (112|195 |80 |61 |50) 47 |30|27|66|82]|100(120| 88 |84 12253 |62 |56 |68 |36 |22]37 |48 |53 |45]|20 |18 (38|16 | 18 |-23.4| 0.1 | 2.7 | 1.0 (-30.3(-43.1| 85 |15.7
36 (-16.5|-13.7|-11.0(-79 | -6.0 | -55|-2.6 [ -2.1 | -8.7 |-11.5|-14.5(-18.0|-12.5|-11.8(-18.2 -6.5 | -8.1|-7.0 [ -9.0 ( -36 | -1.3 | -3.8 | -5.7 | -6.6 | -5.1 | -1.0 [ -0.7 | -4.1 | -0.3 | -0.6 [40.3 | 2.2 | -2.1 | 0.7 [51.3 | 71.3 |-12.0|-24.4
37 (91|77 )63 |47 3735|2017 |44)|61|78 (98] 70|69 |133(-188| 40 | 3.3 | 4.3 (-159|-138] 07 |23 (30 |20]12 |11 (12|10 11|-32|0.0]|-03]-12.1(-8.0]-6.233.2]20.0
38 (04 )04 )04 (04]|04)04)|04(|04]|04)|04|04(04]|04)|04(|04(04)04)04(04(04)04]04|04|04|04]04(|[04]|04)|04|04(04]|]04)|04|04(04]|04]04]04




Table D3. Leak flows obtained with 5 pressure sensors and 5 flowmeters, installed at the least sensitive elements of the network (nodes 1, 12, 15,
16, 38 and pipes 6, 16, 43, 46, 56)

1 2 3 4 5 6 7 8 9 10|11 (12 (13| 14| 15|16 |17 (18| 19| 20| 21| 22 |23 (24| 25| 26|27 |28 |29 (30|31|32|33|34(|35|36]| 37|38
1 |(37,7|480|188(118|74|63|-02|-14(-28|-25|-26(-3,1|-42|-48(-87|-76|-38(-40|-61|-70(-66]-42|-39(-3,7|-33(-22|-23|-35(-24|-23|-40(-32|-38]-62(-52|-4,7|-86 (-10,8
2 |-13,7|-178|-62(-34|-1,7|-1,2| 13|18 (17|13]|09(06|25|33|71]|62|26(29]|49|58(54]33]|29[26|24(22|22]|27(23]|22]|34(27|30]51(43|39]|71](090
3 0909|0909 (09|09f09|(09}|09|09|]09]09|09|09|09|09]|09]09(09|09]09|09]09|09|09]09|[09]09]09(09]09]09|[09]09]09(09]0,9]0,9
4 09(09|09]09(09|09f09|(09]|09|09|]09]09|09|09|09(09]09]09(09]|09]09|[09]|]09|[09(09]09[09]09]09(09]09]09[09]09]09(09]0,9]0,9
5 1111411122221 ¢12 221112211112 J)11((121})22f21(f(12}214f11f(12)212)11112 1211121111111 1111|1111 (1111|1111
6 i1)1114f11f12)224)21¢12)12f(121¢12)21f11|12J)11((11})21f211(f(12 2141112211111 1111111111 })11 1111|1111 (11111111
7 0910910909 (09(09|09]09]09]09]09]09(09(09(09(09]09]09]09]09]09|09|09(09|[09]09]09]09]09]09]09([09([09([09]09]0,9]09]0,9
8 06)06|06|06(06(06|06|06)06)|06)|06)|06|06(|06|06|(06|06|06]|06]06)06|06|06(|06(f06|06|06)06)06)|06]|06|06|06(f06|06]|06]06]06
9 o8)o08|08|08(fo08fog8|os8|og8jo08)08j08)08(fo08fosfosfos|os|o8|08j08j08fo08jos8fosfosfosf{os|o8jo08j08j|08fos8fosfos|os|os|os|os
i0 (o8 |(0o8|08|08})08|08|08|08(08(f08|08|08|08J08|08|08(08(f08(f08|08(|08|08|08|08|08(f08f08(08(08|08|08]08]08]08|08([08(08]|08
11 |-14,5|-175|-85|-51(-3,0(-25| 0,7 [ 1,3 | -40|-7,7 |-11,6/-16,1| -1,2 | 45 |30,0({25,0| 1,0 | 3,7 |16,7|22,11200( 72 |39 |17 (1323|2530 |27(25(|81]|44|55(181]134|11,4/30,4]|419
12 |05 |-14|31|24(20|19]12(11]10,2] 16 | 22 |29,2| 6,7 |-1,8]-39,0|-31,9| 3,0 | -1,0 |-20,0{-27,8|-24,7(-63|-1,3] 19| 23| 0,0 ]-03(-0,2|-0,6|-0,3(-7,8|-2,7|-3,8 [-22,0]-15,4]|-12,5(-39,7|-56,3
13 |-08|-11|-01)02|(04|05|08f09]|03]-01(-05|-09|06(12]39|34[09|11]25(|31|29(15(12]09|09|10]10(11|10]|10(|16|12]|13(27]|22]20(40]5.2
14 | 2122|1816 (|(15|15|13|(13|16|17|(19|22|09(|(03]|-33|13|11|09]|-0,7|12|12|08(|10]211|13|13 |13 (1213|1312 |12|11(12]|12]|12(14]17
15 |-48|-55(-33|-25(-20(-18]-1,1(-09|-20]-30(-40]|-52(22(59]291|-35|10]21|118(|-27|-24(21|13]|05(-06]|-0,7]-0,7(-0,2|-0,6(-0,7(-0,8]-0,3|0,1(-21]-15]|-1,2[-49]-7,9
16 |-62,4|-71,0(-44,1|-33,9(-27,5|-25,9|-16,2(-14,4|-31,5|-42,5|-53,9|-67,0|-41,7(-36,5]|-45,4| 106 [-25,5|-19,8|-13,8| 89 | 76,7 | -4,6 |-15,0|-20,2(-15,9(-11,1]-10,5(-10,5| -9,7 |-10,4( 14,8 -3,9 | -1,4 [ 66,5 | 42,3 | 31,8 | 50,1 |-66,0
17 | 09(09]|09]|09]09]09|(09|09(09(09|09]09]09]09|09]09(09(09[09]09[09]09]09]09]09(09[09[09(09]|09]09]09]09]09[09[09(0,9]0,9
18 (09(|(09]|09]|09]09]09|09|09(09(09|]09]09]09]09|09]09(09(09[09]09[09]09]09]09]09(09[09[09(09]09]09]09]09]09[09([09(09]0,9
19 | 2932|2421 (20|19|16(16|20]|24(|27|31|11|(02]|-58|-0,7(13|11]|22|-1,2|-08(14(|13]|14|16|15]|15(14|15]|15(08|13]|13(-05|/01]04/(02]20
20 |42,1(47,8]30,3|23,6]19,4]18,3|12,0|10,8(22,0(29,2|36,645,2|28,3|24,8|29,5]|-67,0(17,8(14,0| 6,0 |-55,2(-47,5| 3,5 |10,8|14,3|11,7| 86 | 82 (82 | 7,7 | 81 |-7,9| 3,9 | 2,2 |-40,9|-25,4|-18,8(-30,2| 44,7
21 |09(09]|09]|]09]09]09|09|09(09(09|]09]09]09]09]|09]09(09(09[09]09[09]09]09]09]09(09[09[09(09]|09]09]09]09]09[09([09(0,9]0,9
22 |ogs|o8|08|08})08|08|08|08(08(f08|08|08|08J08|08|08(08(f08(|08|08(|08|08|08|08|08(f08|08(08(08|08|08]08]08]08|08([08(08]|08
23 |o6|(07|08|09}10]10(|11|11(05(05|05|05]|-05]15|15]|15(-120(52(22|15(|16|28|70]-126/05(12(12|15(13|12|15]|15]|18|16(|16(|16 (14|11
24 (14(13|12|11})10|10|08|08(14((14]|15|14]|25]|]05|05]|05(140(-33(-03|04|04]|-09|-50|145|14(07|07|(05(|(07]|07]|04]04]02]04|04[04(06]|08
25 (og8|fo8|08|08})08J08|08|08(f(08(f08|08|08|08J08|08|08(08(f08(f08|08(|08|08|08|08|08(f08f08(08(08|08|08]08]08]08|08(|08](08]|08
26 [09(09]09]09]09]09|(09|09(09(09]09]09]09]09|09]09(09(09[09]09[09]09]09]09]09([09[09[09(09]|09]09]09]09]09[09[09(09]0,9
27 |09|09|10(|10}10]10|10|10(09f(09|09|09]|09]09|09]|09|(09|(09|09|09|09]|09]|09]09]09](10](216(09]|08]-205/09]09]09]09[09([09(09]O09
28 (09(09]09]09]09]09(09|09(09(09]09]09]09]09|09]09(09(09[09]09[09]09]09]09]09(09[09[09(09]09]09]09]09]09[09[09(0,9]0,9
29 1101010101010} 210f10})20})210(210}|20f20(f210})20}210(10|20}10|(10}|210f210(f(10}210f10|10})10(10(20|10(f(10|120]10(10]|10]10(10]10
3 |09|09f09f09|0O88|0O8|08|08|]09]|]09(09(09|[09|09]|09]|]09]09]09]09[09|[09(09(09]09]09]08]-197[09]|10(223(10|10[09]09]09]09]09]0,9
31 (182023 (26]28|29(132]33(22|20|18(16|18]17(09|-10(21(21]|14(|-12(-15]121|22|22)|23(34|35]|23(36|35]181|41]23]-17(-185(-255|-0,5( 0,6
32 (070707 (07])|07|07|07]07(|07}|07]|07(|07)|07]07}|07)|07|07(|07]|07|07(|07]07]|07]|07)07(07}|07]07/|07]|07]07|07]07]07]|07]07]0,7]|0,7
311111122 })214f21¢229J)21(12¢2124J11f22)22)11¢112¢21f11(22}21¢f11f2121J)214)11¢11)11f11¢11 111111111111 )11f11 111111
34 (0909090909 |09|09]09(|(09]|09]|09(|09]|09]09|09]|09|09|(09]|09|09(|(09]09]09]09)09(09|09]09[09]09]09(09]09]09(09]09]0,9](0,9
3 (08|08f08(08|08|08|08)08(08|08|08|08|08|08(08|08|08(08|08|08(|08J08|08|08)08(08|08)08f08|08)J08(08|08)08(|08]08]08]|0,8
36 (01|-02|-05(-08]-10|-1,1|-14]|-14(-04]|-02]00(|02)|00)01|09]|28(-02(-02|04{31(33]-03|-03|-0,3)|-05(-16(-1,7]-05(-1,7|-1,7]-16,2(-22]|-0,5]3,5(20,3|27,3|23 (1,2
37 [256]29,1(185(145]120(11,4| 7,7 | 7,0 (13,5|17,8|22,3(27,5]|16,6|14,0(13,4|-35,8(10,8| 8,5 | 4,6 |-30,0(-258| 28 [ 68|89 | 75| 57 | 55|54 (52|54 |-38] 3,0 | 2,0 |-22,2|-13,7| -9,9 (-18,5[19,2
38 [-82]|-93|-59(|-46]|-38|-36|-25]-22(-43|-57|-71(-87|-53|-45(-43|116(-34(-2,7|-15(97|83]-09(-22|-28]|-24|-1,8|-18|-1,7(-,7]-1,7|12|-09]-06]| 72| 44|32 (155(239




Table D4. Leak flows obtained with 5 pressure sensors and 5 flowmeters, installed according to spatial distribution criteria (nodes 2, 8, 18, 20, 32
and pipes 11, 17, 25, 36, 42)

1 2 3 4 5 6 7 8 9 1011|1213 |14 |15 16| 17| 18 | 19 20 21 22 1232425126 |27 |28 |29(30(31|32]|33)|34|35]|36|(37]38
1 -6.3 |-24.8|-17.4]-10.6(-6.3|-52| 13| 24 |38 | 36 | 36 (41|52 |58 [100|87 (48 |51|72]| 82 77 [53]|50]|47|44)132(33|46|34(33|51(42|49|73|63)|58]|98]122
2 176 | 61.7|43.6|27.4|175(149| 04 | -22|-5.2|-48-49]|-59(-8.3|-9.7 |-18.7|-16.0| -7.5 | -8.1 |-12.7| -14.8 | -139 (-8.6 |-7.8 |-7.2|-65]|-39|-41|-70|-4.4|-42|-8.0|-6.2|-7.6 [-13.0/-10.7| -9.7 |-18.4]|-23.5
3 -7.7 |-31.7|-21.6]-129(-76|-63| 12| 25| 41|38 |39 (44|56 |63 [108]| 95|52 |55|78]| 88 84 (575315147 )|34(35(149|36|35|55(46(53|80]|6.8)6.3]|10.6)|13.1
4 6.9 |14.4(22.8|345|-16.7|-149|-46(-27| 13 (21|27 |33 20|17 (18|13 |12|10|10( 11 10 |05])08(09]|06(-1.7|-16]05(-1.4]-16(-01|-05]03[09]04(02] 16|22
5 -2.4 |-11.3]-20.7(-33.4(17.2|153| 42 | 22 |13 (11|14 | 27| 20|22 |56 (39 17| 18| 27| 33 30 |19]18(17|1619|19|17|19(19(20|18|18]|28|23|22(55]65
6 i1f11(11f11(f121j21fj11j21jy11¢y11j11f11j11j11j11j11f11j11j11| 11 i1 |]11j11(f11j11f11j11j11f11j11f11j11j11f11j11f11r)11f11
7 126 | 75| 1.8 | -5.9 |-11.3(-12.8|-22.3|-24.3| 48 | 8.1 (11.4]15.1(11.0{10.8|18.6|14.2| 6.5 59 [10.3| 125 | 11.1 ( 40 | 46 | 49 | 2.6 |-14.0(-13.0| 2.5 |-11.8[-12.9] 0.0 (-39 | 2.0 |10.0| 55 | 3.5 [17.3|23.7
8 |-48.5]-26.5[-3.2]28.1(49.6|55.4]92.4| 100 |-15.5(-29.1|-43.1(-59.7|-41.4]-40.7|-75.2|-55.4(-22.6|-20.3|-38.4| -47.8 | -42.0 |-12.2|-14.8|-15.8| -6.4 [ 60.1|56.3 | -6.2 [ 51.5|55.7 [ 3.9 | 20.0| -4.2 |-37.0|-18.4(-10.1|-69.8(-97.2
9 48 (2911 (-12|-27(-30(-51]|-55(20 31|43 |57 (42(41]70(|53]|26|24|39] 47 42 |118|20|21(13|-33|-31(13|-28(-30|05]|-06(12)|38(23|16]|65]091
10 | 08 |08 |08|08|08|08|08|08|08|08|08|08|08|08([08|08|08|08]|08]( 08 08 (o8|08|08|08)08(08|08|08|08)08(|08|08|08|08)08]|08]08
11 |-249|-16.6(-99|-45|-1.1|-0.2| 48 | 57 |135(17.9|22.8|-29.2|-11.5| -8.4 (-11.4|-6.6| 0.2 [ 0.4 |-3.1| -50 | -38 [ 27 | 25|30 | 755554 |60 (|53 |54]|27 46|43 (-28]|-0.2]0.9 [-95]-159
12 | 253 |153( 92| 45| 15|07 |-3.7(-45]|-122( -17 | -22 |30.5(129| 9.8 (13.3| 83 | 1.2 | 1.1 | 47 | 6.7 55 (-13|-11]-16(-6.1)|-43(-42|-46|-41|-42|-12(-33|-29| 44| 18| 0.6 (11.4)|18.0
13 |08 |08|08|)08|08|08|08(08|08(08|08|08|08|08(08|08|08|08]|08]( 08 08 (0o8|08|08|08)08(08|08|08|08)08|08|08|08|08)08]|08]08
14 | 46 |39(33|126|22|21|15(14|21(29|38]|49(-02|-17(51]|46]|-22(-87|23( 40 36 (03|-40]|-16(08)12(12|05|12|12)16(|11]|08|33|25]|22]|57]80
15 | 34 |28(23|16|12|11|05(04|14(21|28|37 38|46 1531|1510 ]|-176( 23 19 |-32]00(08]04(02|02]00(02]02[03]-02]|-05(16]10(07]|44](74
16 | 47.3 (40.1(33.2|25.4|20.5|19.3]|12.0( 10.7|23.6|32.0|40.7|50.9(31.9(28.4| 38 |-47.8/19.3|15.1|11.7| -64 |-56.1| 3.6 |11.3|15.2|11.8|82 (7.7 (78| 7.1 | 7.6 |-11.2| 2.7 | 0.9 (-48.8|-31.4|-23.8|-15.7| 55.7
17 | 28 |24 (21|17 |15|15|11(11|14(19|24|30|03|-04(31]|28]|-06[-33|16( 25 23 (06 -14]|-03|/08)10(10|06|10[10]12|(09|08|21]|17]15|35]50
18 |-16.6 |-13.6(-10.7| -7.5|-55|-5.0 | -1.9( -1.3 | -4.7 | -8.9 |-13.1]-18.1| 6.8 | 15.5(-19.3|-16.8|18.2(87.7|-6.1 | -14.1 | -12.2 | 42 |299(14.7| 1.8 |-05|-0.4| 33 [-0.3|-04|-26 | 0.4 | 1.6 [-10.5| -6.8 | -5.2 |-21.8]-32.2
19 | -10|-06(-01)04]07|08|13(14|06(00]|-06]|-13(-16|-26(-13.1/-21|05|09| 19 -16 | -11 |49 |18 (1114|1616 |18(16|16|12|19]|22(-07)02]06]-3.0]|-49
20 | -103 | -87 (-71.8]|-54.5|-43.6|-40.8|-24.4(-21.4]|-50.5(-69.1|-88.4| -111-69.0|-61.2(-82.4| 115 |-40.9(-31.4|-23.7 156 | 136 |-5.4|-22.9(-31.6|-24.1|-15.8(-14.7|-14.9(-13.3]|-14.5(28.7| -3.4 | 0.8 | 118 | 76.2(58.1| 39 [-121
21 | 57.4148.9(40.7|31.3|25.4|23.8|14.8(13.2129.1(39.3|49.6|61.6(39.2|34.9(46.4|-64.3|123.9(18.7|14.4( -88.3 | -76.1 | 43 |14.0(18.8|1146|10.1| 95 | 9.6 | 8.7 | 9.4 |-14.7| 3.2 | 0.9 (-65.8]|-41.7|-31.4-20.7| 67.0
22 |08 |08f08|08|08|08|08|08|08|08|08|08|08|08(|08|08|08|08]|08]( 08 08 (08|08|08|08)08(08|08|08|08)08(|08|08|08|08)08]|08]08
23 1129109 90| 68|54 |51129 (25|49 78|106]|139(-3.2|-9.7(14.7|13.1|-11.7|-72.1| 5.8 | 11.3 | 10.0 |-1.4]-20.8(-9.1)1 03 | 19|19 |-07| 18| 19| 34| 130588 | 6.4 |53 [16.3|229
24 110 |)10(f(10)10|10|10|210(f(10|10f(10|10]|10|10|10f10|10]|10|10]|10{ 10 10 |10)10(10|10f10|10})10|(10)10f10|10|10(10])10f10]10( 10
25108 )|)08f(08)|)08|08|08|08(08|08(08|08|08|08|08(08|08|08|08]|08]( 08 08 (o8|08|08|08)08(08|08|08|08)08(|08|08|08|08)08]|08]08
26 | 34.0 (23.9(12.8|-2.5|-13.3|-16.4|-36.2(-40.4| 13.0| 21.3|29.6 | 38.8  26.2 (25.1| 44.4131.0|13.9|11.2|20.7 | 26.1 | 222 | 3.0 | 7.3 | 9.6 | 4.6 |-10.5(-33.8 2.0 |-58.7|-36.9|-14.8|-27.9| -3.1 [ 18.8| 3.5 | -3.3 | 40.1|58.6
27 | 09 [09[09]|09]|]09]09]09(09|09]|09]|09]|]09(09([09[09]|09]|09]09]09]( 09 09 1]09]09(09(09|09]|09]|09]09(09([09]09]09]09|09|09(09]09
28 | 09 ([09[09]|09]|]09]09]09([09|09]|09]|09]09(09[09[09]|09]|09]09]09]( 09 09 ([09]109]09[09)09(09|09|09[/09]09[09]09|09]09]09|09]09
29 | 222 |12.6( 2.6 |-10.2|-18.4|-20.6]-33.4(-35.8| 6.5 [12.9|19.5]|26.9|18.7|185(34.4|1258| 95| 86 |17.8( 224 | 19.7 | 51 | 59 | 6.1 | 1.1 |-42.8/-18.0| 1.5 | 8.8 |-14.6| -2.2 |-10.7] 1.2 (17.4]| 8.8 | 4.8 |32.1|44.7
30 (09 ([09]09(09]|]09([09(09]09(09]09[09]|09([09(09]09([09]09(|09(|09] 09 09 (09]109]09|09)09(09|09]|09|/09]09|[09]09|09]09]09]|09]09
31|54 (42]29(15]|06(03(-10]-13(22]|34|46|60(40(38 68|47 21|17 (31] 39 33 (05(12)15|08)-19(-21|04|-23|-21]|-20(-3.7|-03| 28|06 |-04|6.1]9.1
32 |[-55.2(-40.0|-24.8 -6.6 | 4.9 | 7.9 [25.5] 28.8 |-15.8]|-30.4(-45.5|-62.8(-37.8-35.5|-72.8-46.4|-14.6( -9.6 |[-27.0| -37.0 | -29.7 | 54 | -2.6 | -6.7 | 2.2 |36.6(38.7| 7.0 |41.3|39.0|37.5(60.6 | 16.3 |-23.3| 4.6 | 16.9 [-64.3]| -102
33 [29.1(21.3]|136( 4.7 |-0.9 (-2.3 [-10.5|-12.0 9.2 | 16.4(24.1|33.1(20.2(19.0|38.4(24.6| 86 | 6.1 [14.7] 198 | 16.1 (-1.1| 2.7 | 47 | 0.4 |-15.5(-16.5| -1.9 |-17.6[-16.6|-15.9(-26.1| -6.3 | 12.9 -0.7 | -6.5 [ 33.8 | 54.1
34 [ 09 (09]09(09]|]09(09(09]09(09]09|09]|09(09(09]09(09]09(|09(|09] 09 09 (09]109]09|09)09(09]|09]|09|/09]09(09]|09|09]|09]09]|09]09
35 |17 |(15]12|(09]|06|06(03]02(13]|15|17|19(17 (182645141421 ] 48 51 (14131312 )00(00]|12|-0.1|0.0]|-140(-06| 1.2 |53 |235]|-26.2( 40| 29
36 (00 (03)06|(09|11f12|(15]16(|(05]03|01]|-01f00(00]|-08(-28|/03|03(-03]-30| -33 (0404040617 (18(06] 18|18 |158( 23 |0.6|-3.5(-21.8/280(-23|-1.2
37 |08 |o8|08|(08|(08|08|08)08|08|(08(08|08]08]08|08(|08(|08]|]08]|08]| 08 08 jog8|o08|08|08|08|08|08|08(08(|08|08|08)|08|08|08](08]08
38 | 04]04|04(04(04]|]04|04)04[04(04(04]|]04]04]04|[04(04(04]04]|04] 04 04 104)04(04|104]|04)|04)04]04(04(04|/04]|04)04|04|04(04]04




Table D5. Leak flows obtained with 10 pressure sensors (nodes 2, 5, 8, 18, 19, 20, 27, 30, 32, 36)

1 2 3 4 5 6 7 8 9 (1011|1213 |14 (15|16 |17 | 18| 19 20 21 | 22| 23|24 (2512627 |28(29|30|31|32]|33|34(35(|36]|37]38
1 -6.3 [-24.8(-17.4)-10.6/-63|-52( 13| 24 |38 |36 |36 |41 (|52]|58]100|87 |48 (51(72] 82 77 [53(50)47|44|32(33(46|34|33|51(42(49)|73|63]|58](98](122
2 176 [61.7(43.6(27.4(175(149( 04 | -22 | -5.2|-48|-49|-5.9|-8.3|-9.7 |-18.7|-16.0| -7.5| -8.1 -12.7| -148 | -139 (-86 | -78-7.2|-65|-39|-41|-7.0|-4.4|-42|-8.0|-6.2|-7.6 |-13.0/-10.7] -9.7 |-18.4]-23.5
3 -7.7 |-31.7|-21.6|-129|-76|-63| 1.2 25 [ 41| 38 | 39| 44 | 56 | 6.3 |1108| 95|52 |55| 78| 88 84 |57 |53|51|47]134|35]49|36|35|55]46]53|80]68]|6.3]106(13.1
4 6.1 |-2.7]-9.2 [-22.0(-32.1|-28.4|-5.4|-09 | 75| 86 |10.0|11.8|10.6|109|16.3(13.8| 8.7 | 86 (114 128 | 120 (81|81 |81 | 71| 17|20 |72]23]|20]|66]50]72]11.3]|91|8.2]157[19.9
5 |-125|14.3|38.4| 125| 167 | 153 | 19.1| 4.1 |-17.5|-19.9(-23.2|-27.5(-25.1|-25.7(-38.3|-32.6(-20.5(-20.4-27.1| -30.3 | -28.5 |-19.1|-19.1|-19.0|-16.5| -3.0 | -3.8 |-16.9| -4.7 | -3.9 |-15.7|-11.5(-16.9|-27.0(-21.7(-19.4(-37.0(-46.2
6 9.9 |-5.8]-20.8|-91.3|-121|-112|-11.6] -2.2 | 12.0|13.6 | 15.6 (18.2( 16.6 | 17.0| 24.2|20.9(13.8|13.7|17.7| 19.5 | 185 |129]|129(129(11.3( 25| 3.0 |11.5| 3.7 [ 3.1 (10.7]| 8.0 |11.5(17.6(14.4(13.0|23.4|28.5
7 126 | 75| 1.8 [-5.9(-11.3(-12.8(-22.3|-24.3| 48 | 8.1 |11.4]|151|11.0|10.8|186|14.2| 65 | 5.9 (10.3| 125 | 11.1 [ 40 | 46 | 49 | 2.6 |-14.0[-13.0| 2.5 |-11.8|-129] 0.0 |-3.9]| 2.0 |10.0| 55 | 3.5 |17.3|23.7
8 |-46.5(-28.2| -8.518.9|37.9|44.691.1| 99.7 |-13.9|-27.0(-40.3|-55.2(-38.6|-37.9(-68.8(-51.1(-20.5(-18.3|-35.5| -44.2 | -38.9 |-10.5|-13.0|-14.1]| -4.9 | 60.3 | 56.5| -4.7 | 51.8 | 56.0 | 5.3 | 20.9 | -2.7 |-34.2|-16.4| -8.4 |-63.8(-89.7
9 48 (2911 (-1.2|-27(-80|-51|-55]|20|31|43|57|42]|41|70(53]|26|24(39]| 47 42 | 1820|2113 |-33|-31]13|-28|-30|05]|-06|12]|38|23(16]65](91
10 |08 (08|08|08|08|(08|08|08|08|08|08|08|08|08|08(08|08|08|08]| 08 08 |08|08|08|08|08|08|08|08)|08|08|08|08)]08|08](08]|O08]|O08
11 | 01 |-16|-09(-03(01]02]08)|09|10|10|10|11]|12|12|16|15|11]|12]|14]| 14 14 |12|11f(11f11|10|10|21|10(f10|12|11|11(14(13|12]|16]18
12 103 (03|03|(03|03(03|03|03|03]03|03]03|03]03|03(03|]03[03|03]( 03 03 |03|03|03|]03]03|03]03|03]03|03]03(03]03|03(03]03]O03
13 |08 )o8|08|(08f(08]08)08)08|08|08|08|08|]08|08|08|08|08]|08]|08]| 08 08 (osf08)08|08|08|08|(08[|08)|08|08(|08(f08]|]08]08)|08]|08]|O08
14 | 46 (3933|2622 (2115|1421 ]|29|38]|49|-02]|-1.7|51|46|-22(-87|23 | 4.0 36 |03)|-40(|-16/08]12|12]05|12]12|16]11|08]33|25(22]57]380
15 |1 42 (363125212014 13|22]|29|37]|45|23|17|06|25]|14](0.7 |-11.5( 2.0 18 |-15|04)11|12(f11f11f09 1011100704 (16|13 |12]|35]056
16 | 47.3140.1|33.2(25.4(20.5]/19.3|12.0| 10.7 | 23.6|32.0(40.7|50.9|31.9|28.4|38.0(-47.8/19.3|15.1|11.7| -64.5 | -56.1 | 3.6 [11.3(15.2|11.8| 82 | 7.7 | 7.8 | 7.1 | 7.6 |-11.2| 2.7 | 0.9 |-48.8|-31.4|-23.8|-15.7| 55.7
17 | 28 (24|21 |17 |15(15|11|11)|14]19|24]30|03]-04|31(28]|-06(-33|16| 25 23 |06|-14|-03|08)10)|10]06|10]10|12]09|08]21|17(15(|35](50
18 |-16.6|-13.6|-10.7(-7.5(-55]-5.0]-1.9| -1.3 | -4.7 | -8.9 |[-13.1|-18.1| 6.8 | 15.5|-19.3|-16.8/18.2|87.7|-6.1 | -14.1 | -12.2 | 42 |299(14.7| 1.8 |-05|-04| 3.3 |-03|-0.4|-26| 0.4 | 1.6 [-10.5| -6.8 | -5.2 |-21.8(-32.2
19 | -74 (-60|-46(-31|-21(-19|-04|-02|-25|-42|-60|-82|-26]|-09| 20 (-44(-03| 14347 -33 | -26 |72|21|04|01]03|04]09]|05]04|03]12|20]-20(-09(-0.4](-6.5](-11.0
20 | -102 |-86.4(-71.4|-54.2(-43.4|-40.6(-24.3(-21.3 |-50.2|-68.7|-87.9| -110|-68.8|-61.0|-82.5| 116 |-40.8]|-31.5|-25.9] 156.6 | 135.9 | -5.8 (-23.0(-31.6(-24.0(-15.7(-14.7[-14.9]|-13.3|-14.5| 28.7 | -3.4 | 0.7 | 118 | 76.3|58.2|39.7 | -120
21 | 57.448.9(40.7|31.3|25.4|23.8(14.8(13.2(29.1(39.3|49.6|61.6|39.2(34.9(46.4|-64.3|123.9|18.7|14.4| -883 (-76.1 | 4.3 [14.0|18.8|14.6|10.1( 95 [ 9.6 | 8.7 | 9.4 |-14.7 3.2 | 0.9 |-65.8|-41.7|-31.4(-20.7| 67.0
22 | 57 |49|41 3226|2416 14 |28|38|49|61|29|20|04]32]|16]06|-183] 25 22 |-27|102(11213]1111]08|10]11|10]06(01]19]|15(13]|47|77
23 |129(109( 90|68 |54 |51|29(25 (49| 78|106|139|-3.2(-9.7(14.7|13.1|-11.7|-72.1| 5.8 | 11.3 | 10.0 (-1.4(-208|-9.1|1 03 | 19 (19 (-07| 18|19 |34 (13| 05|88 | 64|53 (163|229
24 (1010|210 |10f210|210f210f(10(10|10|10}|10|10|10|10]210]|210]10]|10] 10 10 |10|10}210|10f10|210f10|10f10|10(f10|10(f(10|10|10|10] 10
2508 |o8|08|08|08|08|08(08(|08|08|08|08|08|08|08|08|08]08]|08] 08 08 |08|08|08|08|08|08|08|08)|08|08|08|08)]08|08(08]|O08]|O08
26 | 33.4]19.6| 4.5 |-16.1{-30.3|-34.2(-59.2(-64.4 | 12.4 | 21.2| 30.1 | 40.0| 29.0 | 28.5|49.4|37.5|16.9|15.4|27.1| 329 | 29.3 [10.2(11.9|12.6| 6.4 [-37.9(-51.2| 6.2 [-32.2|-48.8| -0.5 |-11.1| 4.9 |26.1|14.2| 8.8 | 46.0|63.3
27 | -08|-05[-02]01f03)|04(07(08(-02|-04|-06|-09|-06|-06|-11]-08]|-03]|-0.2]-05] -0.7 | -06 |-0.1(-0.2|-0.2(-0.1( 0.9 (30.7(00|08|07]01|04]00]|-05]|-02]|-01]|-1.0]|-15
28 |09 [09(09]09]09]|09|09(09(09(09[09]|09]|09[09([09[09]09]09]09| 09 09 [09(09])09]09|09(09(09[09]09]|09(09([09]09]09]09]|09](O0.9
29 [26.2]19.7(132| 51 [-0.2|-1.6(-9.9(-11.5( 9.4 |15.7|22.1|29.3|18.9|18.0|33.4|226| 89 | 6.7 |144] 187 | 155 [-0.1| 3.5 | 5.4 | 1.3 [-15.3(-30.1 -0.8 [-17.6[-32.2|-15.0{-26.5| -5.1 | 12.8| 0.4 | -5.3 | 30.0 | 44.8
30 | -07|-05(-02]01]03|03|06(07](-02|-04|-06|-09|-06(-06(-11]-0.7|-03]|-02|-05| -06 | -05 (-01|(-01]-0.2|0.0|0.8(0.7|00]09]307|02(f04|00]-05|-01|0.0](-1.0]|-1.4
31 (125]10.1| 78 | 5033|2904 (-01(6.1]|84]108|13.7| 94|90 |146]|76|57]|49]|71] 57 42 | 241384532 ]-12|-14]24|-18]|-15]|-17.1]-42] 0.9 | 2.9 |-18.6(-26.9| 11.3|19.6
32 [-55.2]-40.0(-24.8| -6.6 | 4.9 | 7.9 [25.5( 28.8 |-15.8(-30.4|-45.5|-62.8|-37.8|-35.5|-72.8|-46.4|-14.6| -9.6 |-27.0| -37.0 | -29.7 | 5.4 [-2.6 | -6.7 [ 2.2 |36.638.7| 7.0 | 41.3|39.0|37.5|60.6 | 16.3 |-23.3| 4.6 | 16.9 |-64.3]| -102
33 | 29.1(21.3(136]| 47 |-0.9|-2.3|-10.5(-12.0( 9.2 [16.4|24.1|33.1|20.2(19.0(38.4|24.6| 86 | 6.1 [14.7| 198 | 16.1 (-1.1| 2.7 | 47 | 0.4 |-15.5(-16.5( -1.9 |-17.6|-16.6|-15.9(-26.1| -6.3 | 12.9| -0.7 | -6.5 [ 33.8 | 54.1
34 [ 09 ]09[09]09(09]09(09(09|09|09|09|09|09|09|09]09|09]09]09] 09 09 |09)109|09]|09]09|09]09|09]09|09]09|09]09]|09(09]O09](O09
35 |112|95(80|61]|50|47|30(27 (66(82[100|120| 88 |84 (12253 |6.2 |56 |68 3.6 22 (37|48 ]|53|45|20(18(38| 16| 18 [-23.4(0.1( 27 | 1.0 |-30.3|-43.1 85 [15.7
36 [-16.5|-13.7-11.0|-79(-6.0|-55(-2.6 | -2.1 | -8.7 |-11.5|-14.5|-18.0|-12.5|-11.8|-18.2| -6.5|-8.1 | -7.0|-9.0| -36 | -1.3 [-38(-57|-6.6(-51-1.0(-0.7[-41]|-03|-0.6 |40.3| 2.2 |-21| 0.7 |51.3|71.3|-12.0|-24.4
37 |08 |o8fo08|08f08|08|08|08(|08|08|08|08|08|08|08|08|08)08|08] 08 08 |08|08|08|08|08|08|08|08)|08|08|08|08)]08|O08](08]|O08]|08
38 | 04 |04(04]04]04]|04|04(04(04(04[04]|04]|04([04([04[04]|04]|04]|04]( 04 04 [04(04)04]|04|04(04(04[04]04]|04(04(04]04]04)04|04](04




Table D6. Leak flows obtained with 10 pressure sensors and 5 flowmeteres (nodes 2, 5, 8, 18, 19, 20, 27, 30, 32, 36 and pipes 11, 17, 25, 36, 42)

1 2 3 4 5 6 7 8 9 10| 11|12 (13| 14 (15| 16 | 17 | 18 | 19 20 21 22 |1 23| 24252627 28|29|30)|31]|32]33|34|35]|36]|37]|38
1 -6.3 |-24.8|-17.4|-10.6|-6.3(-52| 13| 24 | 38|36 (364152 |58]|100(87 |48 |51(72]| 82 77 [53]|50)|47 (4432|133 (46|34|33(51]|42]|49(73|63]|58](98]122
2 176 |61.7|43.6(274|175]|149( 04 | -22 |-52|-48|-49|-59]|-83]-9.7 (-18.7|-16.0| -7.5(-8.1 |-12.7| -148 | -13.9 | -86 | -7.8|-7.2|-65|-3.9|-41|-7.0|-4.4|-42(-8.0|-6.2|-7.6 |-13.0[-10.7] -9.7 |-18.4|-23.5
3 -7.7 |-31.7|-21.6|-129|-76-63| 12| 25 | 41|38 39|44 |56 631089552 |55(78]| 88 84 (5753|151 (47|34|35(49|36|35(55|46]53(80]6.8]6.3]|10.6]/13.1
4 21 117.9133.1(59.8|15.0(13.0| 1.2 | -1.1 |(-46|-48(-54]|-6.4|-6.7|-7.2|-11.6(-10.0|-58-59|-82| -93 | -88 |-59|-57|-55(-49|-24(-26|-51|-28]-26|-53(-42|-53(-83]-6.9(-6.3|-11.3|-14.2
5 -84 1-63(-3.8|429|120( 111|124| 42 |-54|-66(-78|-9.2|-7.7(-76|-10.4(-88(-6.0|-59(-75| -82 | -78 |-52|-54|-55|-46| 11|08 |-46]|04]0.7|-38]|-23|-45(-73]-5.7[-50(-9.9]|-12.0
6 9.9 |-5.8(-20.8(-91.3|-121|-112|-11.6] -2.2 |12.0|13.6|15.6|18.2|16.6(17.0(24.2|20.9(13.8(13.7|17.7| 195 | 185 (129(12.9|129(11.3| 25| 3.0 (11.5]| 3.7 | 3.1 [10.7| 8.0 |11.5(17.6|14.4|13.0(23.4|285
7 126 | 75| 1.8 [ -59|-11.3]-12.8|-22.3| -243 | 48 | 8.1 |11.4|15.1|11.0|10.8(18.6|14.2| 6.5 | 59 |10.3| 125 | 11.1 [ 40 | 46 | 49 | 2.6 |-14.0/-13.0 2.5 |-11.8]-129( 0.0 | -3.9] 2.0 [10.0| 55| 3.5 (17.3]|23.7
8 |[-46.5]-28.2|-8.5(18.9|37.9(44.6|91.1| 99.7 |-13.9|-27.0(-40.3]|-55.2|-38.6(-37.9(-68.8|-51.1(-20.5|-18.3(-35.5| -44.2 | -38.9 [-10.5|-13.0|-14.1| -4.9 | 60.3 | 56.5| -4.7 | 51.8 | 56.0 | 5.3 | 20.9| -2.7 |-34.2|-16.4| -8.4 |-63.8]-89.7
9 48 (2911 (-12(-27|-30(-51| -55 (20|31 |43 (57|42 )|41|70|53]|26|24]|39] 47 42 118(20(21]13(-33|-31|13(-28|-30|05(-06|12|38(23|16]|65](091
10 | 08 |J08|(08|08)08|08|08]| 08 |08]|08|08|08|08|08|08]|08(08|08]|08]( 08 08 |o8|o08|08)08f08|08|08|(08|08|08(08|08)|08(|08|08]08]|O08
11 [-249(-16.6|-99|-45|-1.1|-0.2| 48 | 57 [135]|17.9(22.8(-29.2|-11.5(-8.4|-11.4(-66) 0.2 [ 04 |-31| -50 | -38 | 27| 25|30 75|55(54|60|53]|54)|27|46|43([-28]-02|0.9 |-95]-159
12 | 253 )153( 9245|1507 |-3.7]| -45 |-12.2]-16.6(-21.5/30.5|12.9( 9.8 [13.3| 83 (1.2 | 1.1 | 47 | 6.7 55 (-13|-11]|-16(-61|-43|-42(-46|-41]|-42|-1.2|-33]|-29(44 | 18| 0.6 [11.4]18.0
13 |08 )08f(08|08)08|08|08]| 08 |08]|08|08|08|08|08|08]|08(08|08]|08]( 08 08 (o8|08|08f(08|08)08(08|08)08(08|08]08([08|08]08]|08]0.8
14 | 46 |39 (33 |26]22|21]|15 14 121)129(38|49]-02|-1.7(51]|46(-22|-87]|23| 4.0 36 [03|-40|-16(08|12)12(05|12]12(16]|11]08(33]|25]22]|57]8.0
15|02 )02(01|01])01]|01|]00] 00 |01]02[02]|]02]|24(39(156]15(10|11]-59( 1.2 10 (-10|/04)|)06|(01]|00)00f(00|00]00|02]|00]-01{08]|05]04([19]29
16 | 47.3 140.1(33.2125.4]20.5(19.3|12.0| 10.7 |23.6|32.0(40.7|50.9|31.9(28.4|38.0|-47.8(19.3|15.1|11.7| -645 | -56.1 | 3.6 |11.3|152(11.8| 82 | 7.7 | 7.8 | 7.1 | 7.6 |-11.2| 2.7 | 0.9 (-48.8|-31.4|-23.8(-15.7| 55.7
17 | 28 |24 (21|17 ]15|15]| 11 11 | 1419|2430 03|-04(31]|28(|-06(-33]|]16]| 25 23 (06 |-14|-03(08|10)|10(06|10)10(12|09]|08|21]|17]15|35]5.0
18 |[-16.6 [-13.6|-10.7| -7.5|-55|-5.0(-1.9| -1.3 |-4.7|-8.9 [-13.1|-18.1| 6.8 | 15.5|-19.3(-16.8|18.2(87.7| -6.1 | -14.1 | -122 | 42 [29.9|14.7| 1.8 | -05(-0.4| 3.3 |-0.3|-0.4|-26| 0.4 | 1.6 |-10.5| -6.8 | -5.2 |-21.8|-32.2
19 | -34|-25(-1.7|-0.7]-0.1| 0.0 | 0.9 11 |-04]-14|-26(-38|-27(-3.1(-129]-33( 0110|291 -25 | -18 (662209 (12|14]|14(18|15]15(11]|20]25(-1.2|-01]03(-49]|-82
20 | -102 |-86.4|-71.4(-54.2|-43.4(-40.6]-24.3| -21.3 |-50.2|-68.7(-87.9] -110(-68.8]-61.0(-82.5| 116 |-40.8(-31.5|-25.9( 156.6 | 135.9 | -5.8 |-23.0(-31.6(-24.0-15.7(-14.7]|-14.9(-13.3]|-14.5| 28.7 | -3.4 | 0.7 | 118 | 76.3 [ 58.239.7 | -120
21 | 57.4 148.9]140.7(31.3|254123.8(14.8| 13.2 [29.1|39.3|49.6(61.6|39.2|34.9|46.4|-64.3|1239(18.7|14.4| -883 | -76.1 | 43 (14.0|18.8|146(10.1| 95 | 9.6 | 8.7 | 9.4 |-14.7| 3.2 | 0.9 |-65.8(-41.7|-31.4]|-20.7| 67.0
22 | 57 |49 |41 (32|26 |24(16 14 | 2838|4961 ]29|20(04]32(|16 |06 ]-183 25 22 (-27]102)|12(13|11)11(08|10]11(10|06]01(19]|15]|13|47|77
23 | 129 (109| 90 (68 |54 |51 (29| 25 (49|78 ]106(139|-3.2]-9.7|14.7|13.1|-11.7-72.1| 5.8 | 11.3 | 10.0 |-1.4(-208/-91| 03 (19|19 |-0.7( 18| 19|34 13| 05|88 |64 |53]163[229
24 | 10 (10|10 (|(10| 10|10 10 10 |10)10|10|10)10|10(10]|10(f10|10]10| 10 10 (1010|1010 10)10(f(10|10)10(|(10|10]10|10]|10]10(|10] 10
25|08 08|08f(08|08|08(f(08| 08 (08|08)08|(08|08)08|08|08]08|08]|08] 08 08 jos|o8|08)|08f08|08|08(08|08|08(08|08)|08(08|08]08]|O08
26 | 35.7 [25.3]|14.0( -1.6 |[-12.7|-15.8(-36.0 -40.2 [ 14.2|22.6|31.1(40.6 | 27.7|26.6 |46.4|32.6|15.1(12.4|22.2| 27.6 | 23.7 | 40 | 8.4 |10.7| 5.6 [-10.5|-49.6| 2.9 (-58.6|-50.8(-14.0(-27.4| -2.2 |20.2| 4.6 | -2.3 |42.0[61.0
27 | -08]|-05|-02f01|03|04)07| 08 |[-02|-04|-06]-09(-06]-06(-1.1|-08]|-03|-0.2]-05( -0.7 | -06 |(-0.1]-0.2(-0.2|-0.1| 0.9 |30.7)00(08|07(01]|04]00]-05/-02(-01]|-1.0(-15
28 1 09 (090909090909 09 [09|09)09([09]09]09]09|09]09|09]09] 0.9 09 |09(09(09]09[09(09]09(09|09]09(09]109]09(09]09]0.9]|0.9
29 | 239 |14.0]| 3.8 [-9.4|-17.8]-20.0(-33.2| -35.6 | 7.6 |14.3|21.0(28.7|20.2|19.9(36.3|27.5]|10.7| 9.7 |19.2]| 240 | 21.2 | 6.1 | 70 | 7.2 | 2.1 [-42.7|-31.8] 2.5 | 8.9 |-30.3| -1.5 |-10.2| 2.1 |18.8| 9.9 | 5.8 |34.0[47.0
30 |-07|-05]-02f01|03|03f06]| 07 (-02]|-04)-06(-09]|-06]-06]-1.1|-0.7]-03|-0.2|-05]| -06 | -05 |-0.1(-0.1|-0.2] 0.0 (08| 0.7|00(O09]30702|04]|]00]-05(-01|]0.0]-10(-14
31 |125(101| 78 (50|33 |29(04| -01 (61]84)108(13.7|194 9.0 |146| 76|57 |49 71| 57 42 |24 (3845|132 (-1.2|-14]|24(-1.8|-15|-171(-42]| 09 | 2.9 |-18.6/-26.9|11.3|19.6
32 |-55.2]-40.0|-24.8(-6.6 | 49 | 7.9 | 25.,5| 28.8 [-15.8|-30.4(-45.5|-62.8(-37.8]-35.5(-72.8(-46.4|-14.6| -9.6 |-27.0( -37.0 | -29.7 | 5.4 | -2.6 | -6.7| 2.2 | 36.6[38.7| 7.0 [41.3]39.0|37.5|60.6 | 16.3 |-23.3| 4.6 | 16.9 |-64.3| -102
33 | 29.121.3]|136( 47 |-0.9|-2.3(-10.5] -12.0 | 9.2 |16.4|24.1(33.1|20.2|19.0|38.4|246| 86 | 6.1 |14.7| 198 | 16.1 |-1.1| 2.7 | 47 | 0.4 [-15.5|-16.5| -1.9 (-17.6]-16.6|-15.9(-26.1| -6.3 | 12.9( -0.7 | -6.5 | 33.8 | 54.1
34 |1 09 (09]09(09|09]|]09(09| 09 [09|09]09([09|/09]09|]09|09]09|09]|09] 09 09 [09]/09]|]09(09|09)|09(09|09]09(09|]09]09[09]|09]09]|09]0.9
35 |-75(-63|-52(-39(|-31|-29(-1.7| -14 (-39|-52)|-65(-81|-55]-51|-75|05]|-34|-29]-33]| 23 38 (-1.2|-22|-28(-21|-10|-09(-16|-08]-09| 88| 0.1 |-05( 5.2 |57.3|16.0(-2.9]-10.2
36 |21 (212121212120 20 (18]|19)20(|21|18|17|14|-17|16(|14|211| 24| -29 |11|14|15(15|20|20(13|20|20(|80|21]11]|-35(-363]123[-05] 15
37 |08 |(08|08f(08|08|08f(08| 08 (08|08)08(|(08|08)08|08|08]08|08][|08] 08 08 jos|o8|(08)08f08|08|08(08|08|08(08|08)|08(08|08]08]|O08
38 | 04 (04]|]04(04|04]|04(04]| 04 [04]|04)04(04]|04]04|04]|04]04|04]|04] 04 04 |04|04(04]04[04|04]|]04(04]|04]|04(04]|04]|04(04]|04]04](04




Table D7. Leak flows obtained with 15 pressure sensors (nodes 2, 5, 8, 10,

13, 18, 19, 20, 24, 27, 28, 30, 32, 34, 36)

1 2 3 4 5 6 7 8 9 10 (11 (12| 13| 14 | 15|16 | 17 ( 18 [ 19 | 20 21 22 |1 23|24 2526|271 28| 29]|30)31]|32|33(34|35|36|37] 38
1 -6.3 |-24.8|-17.4)-10.6(-6.3|-52| 13| 24 | 38|36 |36 |41|52|58(100|87 |48 (51|72 82 77 [53|50|47 (4432|3346 |34(33|51|42(49]|73|63(58]098]122
2 176 [61.7|1436|27.4|175]|149| 04 | -2.2 |-52|-48|-49(-59|-83]|-9.7 |-18.7|-16.0( -7.5| -8.1 |-12.7 -14.8 | -139 | -86|-7.8|-7.2|-65|-39(-41|-7.0|-44(-42|-8.0]|-6.2 | -7.6 |-13.0(-10.7| -9.7 |-18.4(-23.5
3 -7.6 |-31.7|-21.6|-129(-77|-64]) 11| 25 |38 |35|38|45|57|65(11.3|99(|52(|55]|81( 92 87 [58|54|51(46|33|35(49|36(35|55|45(53]82|70](6.4]11.2(139
4 6.1 |-2.7]-9.2 (-22.0|-32.1|-28.4| -54| -09 (75| 8.6 |10.0|11.8|10.6(109|16.3|13.8( 87 | 86 (114] 128 | 120 |81 |81 (81| 71(|17|20|72]|23)|20(|66]|50]|72]|113]| 9.1 8.2 |15.7[19.9
5 |[-125]143(38.4| 125 167 | 153 | 19.1( 4.1 |-17.5(-19.9(-23.2|-27.5(-25.1|-25.7(-38.3|-32.6|-20.5(-20.4|-27.1| -30.3 | -28.5 |-19.1(-19.1|-19.0(-16.5| -3.0 | -3.8 [-16.9| -4.7 | -3.9 [-15.7|-11.5|-16.9(-27.0]-21.7|-19.4(-37.0|-46.2
6 9.9 |-5.8(-20.8{-91.3]|-121(-112|-11.6{ -2.2 |12.0(13.6(15.6|18.2(16.6|17.0|24.2(20.9|13.8|13.7(17.7]| 195 | 185 |129(129|129|11.3( 25| 3.0 |115( 3.7 | 3.1 [10.7( 8.0 |11.5(17.6|14.4|13.0(23.4|285
7 126 (75| 1.8 | -5.9|-11.3]-12.8|-22.3| -243 | 48 | 8.1 |11.4(15.1|11.0|10.8|18.6|14.2( 65| 59 |10.3| 125 | 11.1 | 40 | 46 | 49 | 2.6 |-14.0{-13.0| 2.5 |-11.8[-129| 0.0 | -39 2.0 |10.0( 55 | 3.5 |17.3|23.7
8 |[-46.5]-28.2| -8.5[18.9(37.9|44.6191.1( 99.7 |-13.9(-27.0[-40.3|-55.2(-38.6|-37.9(-68.8|-51.1|-20.5(-18.3|-35.5| -44.2 | -38.9 |-10.5(-13.0|-14.1| -4.9 | 60.3 | 56.5  -4.7 [ 51.8 | 56.0 | 5.3 [ 20.9| -2.7 [-34.2]|-16.4| -8.4 [-63.8]-89.7
9 145(69 )10 |-33|-6.1|-6.8(-10.8| -11.5 [-19.5|-28.2| -6.0 [ 18.5|15.4| 185|54.4|41.4( 42 | 6.0 |26.4| 357 | 313 | 65|32 |06 |-65|-78|-72|-28|-65(-71]| 6.3 |-1.5] 2.0 |27.5(17.6|13.3]|52.2|75.2
10 |-185]-70( 10| 50| 7.5 | 8.2 |11.9( 125 |43.0(62.0|21.0|-24.5(-21.5|-27.7|-94.2(-71.1] -2.3 | -6.3 [-44.0| -60.9 | -53.1 | -85(-1.6| 3.7 |16.3| 9.6 | 9.0 [ 89 | 8.2 | 8.9 [-10.5| 2.5 | -0.8 |-46.3|-29.7|-22.4(-90.7| -132
11 | 95 (22 |-10|-23(-3.2]|-34(-46| -48 |-19.4(-285]|-8.8(13.5|12.1|15.2(486|37.0| 2.7 | 46 |23.3| 31.8 | 279 | 57| 23 |-03|-64|-33(-30]|-28(-26|-29]| 6.7 | 03 | 1.9 [245|16.2|12.6|46.9|68.2
12 | 23 |20(18 |16 |14 (14|22 11 |13|(16|19]|24(-110/-66|34(38]|-35|-21(20] 34 31 (09|-08|-16(07|11|11(07|11(11(16]|11|[10(28]22(20|46]|64
13 | -73|-63(-55|-45|-39(-38|-29( -27 |-32|-46|-6.0|-7.8(53.8|31.3|-11.6(-13.4|16.8(10.7|-6.2| -11.8 | -106 |-19| 52 | 85 |-1.0(-25]|-25(-1.1|-25|-25(-44|-26|-23(-95]|-7.2|-6.1 -16.6]|-23.2
14 | 89 |78 |67 | 55|48 |46 |35 33 |42(58]|75]95(-31.6/-19.1|11.8(12.2]-11.1|-141( 6.1 | 108 | 9.7 | 1.8 (-6.4|-58| 18 3030|1530 ]|30(|45|29]|25(88]|6.8]59(14.9]20.6
15| 42 |36 (|31|25|21(20|14(| 13 |22(29|37|45(23| 17|06 (25| 14|07 (-115] 20 18 |-15|/04(11|12)11(11]09]10(11)10]07|04)16(13|12]|35]|56
16 | 47.3 140.1(33.2|125.4(20.5(19.3|12.0( 10.7 |23.6(32.0(40.7|50.9(31.9| 28.4|38.0 (-47.8/19.3|15.1(11.7| -645 | -56.1 | 3.6 (11.3|15.2|11.8( 82 | 7.7 | 7.8 [ 7.1 | 7.6 |-11.2| 2.7 | 0.9 (-48.8|-31.4|-23.8(-15.7| 55.7
17 | 141 |115(92 | 67|52 |48 |25 21 |39 73[109]|155(-11.2| -7.1|19.5(16.4]-17.6(-10.5( 83 | 141 | 123 | 09 (-74|-219|-1.2|( 16| 16 |08 16 | 16 [ 39 | 15| 1.0 (10.8| 76 | 6.2 [21.1]31.9
18 |[-16.6 [-13.6|-10.7| -7.5(-55]|-5.0(-1.9| -1.3 |-4.7(-8.9 |-13.1(-18.1] 6.8 | 15.5(-19.3|-16.8| 18.2|87.7|-6.1 | -14.1 | -12.2 | 42 |299|14.7| 1.8 |-05(-04| 33 [-03|-04|-26| 0.4 | 1.6 |-10.5| -6.8 | -5.2 |-21.8|-32.2
19 | -74)-60(-46|-31|-21(-19|-04( -02 |-25(-42|-6.0]|-82|-26|-09| 20 (-44]-03| 14 |347| 33 | -26 |72|21]04(01(03|04(09|05]|04(03]|12]20(-20]-09(|-0.4(-65]-11.0
20 | -102 |-86.4|-71.4(-54.2|-43.4|-40.6]-24.3| -21.3 [-50.2|-68.7(-87.9]| -110|-68.8(-61.0]|-82.5| 116 (-40.8|-31.5(-25.9] 156.6 | 135.9 | -5.8 [-23.0(-31.6|-24.0(-15.7|-14.7|-14.9|-13.3|-14.5(28.7 | -3.4 | 0.7 | 118 | 76.3(58.2|39.7 | -120
21 | 129 | 108 | 88.7 [66.3|52.2|48.6 (27.6| 23.8 (61.2]|85.3( 110 | 140 |86.9( 77.7| 113 |-101|49.8|38.0|35.0 |-145.4|-150.2| 5.2 | 26.8(37.7|27.4]16.615.2|15.7|13.4| 14.9|-41.1] 0.7 | -4.4 | -155(-102|-79.1|-16.6| 164
22 | 57 |49]|41(32|26|24(16| 14 (2838|4961 ]29|20|04]|32]|16]|06 |-183| 25 22 (-27102)12(13|11|11(08|10|11 (10|06 (0119|1513 |47]|77
23 | 235(19.1|149(102) 71|63 16| 07 |57 ]121(18.4(257] 05 (-6.129.1|23.1(-20.9/-75.6/10.9| 19.5 | 16.8 | -3.6 |-25.7(-22.3| -4.7|-05|-0.6 | -7.3|-0.8-0.7| 2.8 | -1.7 | -3.3|14.3| 9.0 | 6.7 | 29.9[435
24 |-18.2-14.3|-10.7(-69|-45|-39(-03| 04 |[-23]-7.7(-13.2[-20.1] 3.6 | 1.9 |-25.8|-19.9]133.8|12.1|-9.7 | -16.7 | -14.2 | 1.5 |119(474| 6.0 | 1.2 | 12| 49|12 | 12 |-23| 13| 19 |-12.1| -75|-5.5|-26.3|-40.4
25 | 84.1162.6|43.3(225] 99 | 6.6 |-11.9] -15.2 | 4.2 |31.1|59.9]95.1|38.0( 34.7| 121 (77.5(-13.4|-14.6(35.7| 61.0 | 48.7 |-18.1|-26.2|-32.2|-34.8(-19.9]-20.3|-48.5|-20.8|-20.4 -8.0 |-24.1|-29.8|38.1| 16.3| 7.0 | 110 | 187
26 | 33.4 [19.6| 4.5 (-16.1]|-30.3|-34.2(-59.2]| -64.4 [12.4]21.2(30.1(40.0|29.0(28.5|49.4|37.5(16.9|15.4|27.1| 329 | 29.3 |10.2|11.9(12.6| 6.4 |-37.9|-51.2| 6.2 |-32.2|-48.8]| -0.5 |-11.1| 4.9 |26.1|14.2| 8.8 |46.0[63.3
27 | -08|-05|-02(01)03|04(|07] 08 [(-02]-04|-06(-09]|-06|-06]|-11]-08(-03)|-02|-05| -0.7 | -06 |-0.1]-0.2(-0.2]-0.1] 0.9 [30.7|/0.0]08]|07]01]|04]|00]-05(-02]-01]-1.0(-15
28 | -127 |-94.5|-64.7(-32.0|-11.6| -6.4 [ 24.0| 29.6 |-3.1|-46.0(-90.7|-143|-64.5(-57.8|-180|-115| 7.6 | 21.3|-52.7| -90.5 | -71.5 | 34.0|42.3|32.3|61.9|37.6|38.3|88.1|39.2|38.4|18.5|45.2|55.1 |-55.2(-20.8| -5.9 | -163| -271
29 | 26.2 19.7|132( 51 |-0.2|-16(-99] -11.5| 9.4 |15.7(22.1(29.3|18.9(18.0|33.4|22.6| 89 | 6.7 |14.4| 187 | 155 |-0.1| 3.5 | 5.4 | 1.3 |-15.3{-30.1| -0.8 |-17.6[-32.2]|-15.0|-26.5| -5.1 | 12.8 | 0.4 | -5.3 |30.0 | 44.8
30 |-07|-05|-02f(01)03|03|06]| 07 (-02]|-04(-06(-09]|-06(-06|-11]-0.7(-03]|-0.2|-05| -06 | -05[-01]-0.1(-0.2|]0.0] 08|07 )00]09]307]02|04]|00]-05(-01|0.0]-10(-1.4
31 | 12510178 (50|33|29(04] -01 (6.1]84(108(13.7| 94|90 |146|76 |57 |49]|71]| 57 42 | 2438|4532 (-1.2|-14|24(-18]-15(-17.1(-42] 0.9 | 2.9 |-18.6]-26.9(11.3|19.6
32 |-55.2]-40.0|-24.8(-6.6 | 49 | 7.9 |25.,5| 28.8 [-15.8]|-30.4|-45.5|-62.8|-37.8|-35.5|-72.8|-46.4(-14.6| -9.6 [-27.0| -37.0 [ -29.7 | 5.4 | -2.6 | -6.7| 2.2 [36.6|38.7| 7.0 |41.3]|39.0(37.5]|60.6 | 16.3 |-23.3| 4.6 | 16.9 |-64.3| -102
33 | 814 |61.7|428(21.0| 7.1 | 3.5 [-17.4] -21.3 [14.7]39.0(63.5(91.2|49.2| 45.2| 106 |59.4| 9.4 | 1.1 |36.3| 43.7 | 31.3 |-13.3]-11.1| -4.5 |-21.0|-28.4-29.7|-34.6|-31.3|-29.9|-25.9|-43.0[-27.4] 20.3 | -1.1 |-10.5| 89.0 | 151
34 |-83.0(-68.7|-55.3(-40.0|-30.6|-28.1|-14.1] -11.5 |-36.7|-53.0(-70.1[-90.2|-54.9(-49.1|-76.3| 43.8 [-29.5|-21.7|-23.3| 68.4 | 88.5 | -0.2 |-14.1|-21.2|-14.0| -6.7 | -5.8 | -6.2 | -4.6 | -5.7|32.0| 3.8 | 7.1 | 107 [ 725|57.2|-3.9 | -112
35 | 142 |121]100( 76| 61|57 (35| 31 |80]10.2(12.6(153]10.9(10.3|150|36 |73 |64 | 77| 10 -12 | 3753625023 (21]|41]18]|20]-246|00 | 24 |-3.2(-33.1|-45.2| 8.7 [19.8
36 |-16.5(-13.7|-11.0(-79|-6.0|-55(-26 | -2.1 |-8.7|-11.5(-14.5|-18.0|-12.5(-11.8|-18.2| -6.5|-81|-70|-9.0| -36 | -1.3 |-38|-57|-6.6|-51|-1.0|-0.7]-41|-0.3]|-0.6|40.3| 2.2 |-2.1| 0.7 |51.3]|71.3|-12.0[-24.4
37 |08 |08|08f(08|08|08[(08]| 08 [08]08|08|(08]|08|08|08|08|08)|08]|08]| 08 08 (o8|08|08f(08|08|08(08|08|08(08|08(08|08)08(08]|08]08
38 | 04 |04]04(04)|)04]|04(04] 04 [04]04|04(04]04[04]|04]04]04]|04]04]| 04 04 (04]|04]04(04]|04|04(04]|04|04(04]|04[04(04]04(04]|04]04




Table D8. Leak flows obtained with 15 pressure sensors and 5 flowmeteres (nodes 2, 5, 8, 10, 13, 18, 19, 20, 24, 27, 28, 30, 32, 34, 36 and pipes
11, 17, 25, 36, 42)

1 2 3 4 5] 6 7 8 9 10 (11|12 | 13| 14| 15 16 | 17 | 18 | 19 20 21 22 (23|24 |1 25| 26|27 (28|29 (30)|31|32]33|34(|35]|36]|37]38
1 -6.3 |-24.8|-17.4)-10.6| -6.3 | -5.2| 1.3 24 | 38|36|36|41(52(58 (100|187 |48|51|72] 82 77 |53|50(47|44(32|33|46|34|33|51|42]|49|73|63]|58]|98]122
2 176 [61.7(43.6(27.4|175|149| 04 | -22 |-52|-48|-49(-59|-8.3|-9.7 |-18.7|-16.0| -7.5|-8.1 |-12.7| -148 | -139 (-86 (-78|-7.2|-65|-3.9|-41|-7.0|-44|-42|-80(-6.2 | -7.6 [-13.0[-10.7( -9.7 |-18.4]|-23.5
3 -7.6 |-31.7|-21.6]-12.9|-7.7 | -6.4 | 1.1 25 | 38|35|38|45(57|65(11.3]99|52]|55|81] 92 87 |58)|54]151|46|33[35(49(36(35|55|45(53]|82]70]6.4]11.2(139
4 21 (179(33.1|59.8|15.0|130| 12| -11 |-46|-48(-54|-6.4|-6.7]|-7.2|-11.6/-10.0|-58|-59|-82| -93 | -88 |-59|-57|-55]|-49|-24|-26(-51|-28(-26(-53-42|-53]|-83|-6.9]-6.3|-11.3|-14.2
5 -84 |1-6.3|-3.8]429| 120 | 111|124 42 |-54|-66|-78|-9.2|-7.7|-7.6|-10.4|-88(-6.0|-59(-75( -82 | -78 |-52|-54|-55|-46]| 11|08 (-46| 04|07 |-3.8|-23|-45]|-7.3|-5.7]-5.0]-9.9]|-12.0
6 9.9 |-5.8(-20.8/-91.3|-121|-112|-11.6] -2.2 (12.0(13.6(15.6|18.2|16.6|17.0|24.2120.9|13.8|13.7|17.7| 195 | 185 [129]129|129]11.3| 25| 3.0 |11.5] 3.7 | 3.1 [10.7| 8.0 (11.5|17.6|14.4|13.0|23.4|28.5
7 126 (75| 1.8 | -5.9 |-11.3|-12.8|-22.3| -243 | 48 | 81 |11.4(15.1(11.0/10.8(18.6|14.2| 6.5 | 59 |103| 125 | 111 [ 40 | 46 | 49 | 2.6 [-14.0{-13.0| 2.5 |-11.8/-129] 0.0 | -3.9| 2.0 [10.0( 55 | 3.5 [(17.3|23.7
8 |-46.5(-28.2|-85]18.9|37.9|44.6|91.1( 99.7 [-13.9/-27.0|-40.3|-55.2|-38.6|-37.9]-68.8|-51.1(-20.5|-18.3(-35.5( -44.2 | -38.9 |-10.5|-13.0|-14.1| -4.9 | 60.3 | 56.5| -4.7 | 51.8 [ 56.0 | 5.3 | 20.9 | -2.7 |-34.2|-16.4| -8.4 |-63.8]-89.7
9 145(69 (10 (-33|-6.1|-6.8|-10.8] -11.5 |-19.5(-28.2| -6.0 [ 18.5|15.4|18.5(54.4|41.4| 42 | 6.0 |26.4| 35.7 | 31.3 [ 6532 | 06 |-65(-78|-72|-28|-65]|-7.1]| 6.3 |-1.5]| 20 [275(17.6(13.3(52.2|75.2
10 |-185(-7.0| 1.0 | 50| 75| 82 |11.9| 125 [(43.0(62.021.0(-24.5|-21.5|-27.7|-94.2]-71.1] -2.3 | -6.3 |-44.0 -60.9 | -53.1 [ -85|-1.6| 3.7 |16.3| 9.6 | 9.0 | 8.9 | 8.2 | 8.9 [-10.5| 2.5 [ -0.8 |-46.3]|-29.7|-22.4]|-90.7] -132
11 |-15.5(-12.8|-10.0|-6.5|-44|-38|-06| 0.0 |-6.9(-11.6(13.0(-16.8|/-0.6| 5.6 |35.61289| 1.8 | 3.8 |189 254 | 227 (73 | 3.7 |16 00| 1215|2117 |15(82]| 38|50 (204]14.7|12.2|35.7|50.5
12 | 273 (17.1|108| 58 | 26 | 1.8 | -2.8| -3.7 (-11.2|-15.3(-19.8{32.7| 1.7 | 29 |16.4]|119|-26|-1.3| 6.4 [ 9.9 83 |-06)|-22]|-35|-57|-34(-34(-41(-32(-33|01|-24]-21]|69 |37 |23 ]158(24.1
13 | -73|-63|-55|-45(-39(-38|-29| -27 (-32(-46]|-6.0|-7.8|53.8|31.3(-11.6(-13.4| 16.8|10.7|-6.2 | -11.8 | -106 |-19| 52 | 85 |-1.0|-25|-25|-1.1|-25|-25(-44(-26|-23|-95|-7.2|-6.1 -16.6(-23.2
14 | 89 | 7867|5548 (46|35 33 |42|58]|75]|95(-316(-19.1(11.8(12.2|-11.1|-141| 6.1 | 108 | 9.7 |18 (-64(-58| 18 30|30 |15|30|30]|45|29|25(|88|68]|59(149]20.6
1502 ]02)01]01(01(01]fO0.0 00 |01|02|02]|02]|24]|39|156(15(10]|11]|-59] 1.2 10 |-10|/04|06(01]00]00]|00|00|00|02|00]-01]08]05|04](19]29
16 | 47.3 (40.1133.2|25.4|20.5/19.3|12.0| 10.7 [23.6(32.0(40.7|50.9|31.9|28.4|38.0|-47.8|/19.3|15.1|11.7| -645 | -56.1 | 3.6 |11.3|15.2|118| 82 | 7.7 | 7.8 | 7.1 | 7.6 |-11.2| 2.7 | 0.9 |-48.8|-31.4|-23.8|-15.7| 55.7
17 | 141 )115)92 | 6.7 | 52 | 48 | 25 21 |39|73(109|155(|-11.2|-7.1|19.5|16.4|-17.6(-10.5| 83 | 141 | 123 | 09 |-7.4|-21.9|-1.2| 16 | 16 (-08| 16 |16 | 39| 15| 1.0 (108 7.6 | 6.2 |21.1|31.9
18 |-16.6 [-13.6|-10.7| -7.5|-55|-5.0|-1.9| -1.3 (-4.7|-8.9 |-13.1|-18.1| 6.8 | 15.5|-19.3]-16.8| 18.2|87.7|-6.1 | -14.1 | -12.2 | 42 |29.9|14.7| 1.8 |-05|-04 | 3.3 |-0.3(-0.4|-26| 0.4 | 1.6 |-10.5| -6.8 | -5.2 |-21.8]-32.2
19 | -34|-25]-1.7|-0.7|-0.1 | 0.0 [ 0.9 11 |-04|-14(-26|-38|-27|-31(-129|-33( 01|10 |291| -25 | -18 |66 ]|22]|09|12|14|14(18]|15]15]11)|20(|25(-1.2(-01]03]-49]|-82
20 | -102 |-86.4(-71.4(-54.2(-43.4(-40.6|-24.3| -21.3 |-50.2|-68.7|-87.9| -110(-68.8|-61.0(-82.5| 116 |-40.8|-31.5|-25.9] 156.6 | 135.9 | -5.8 (-23.0(-31.6[-24.0|-15.7|-14.7|-14.9|-13.3]|-14.5| 28.7 | -3.4 | 0.7 | 118 [ 76.3 [ 58.2(39.7 | -120
21 |129.2]| 108 | 88.7 (66.3|52.2|48.6|27.6| 23.8 |61.2|85.3| 110 | 140 | 86.9(77.7| 113 |-101|49.838.0 [ 35.0 (-145.4|-150.2| 5.2 (26.8(37.7(27.4|16.6 | 15.2|15.7 [ 13.4 [ 14.9 (-41.1| 0.7 | -4.4 | -155| -102(-79.1(-16.6| 164
22 | 57 |49 |41 (3226|2416 14 |28(38|49(61(29|20(04]32]| 16| 0.6 |-183] 25 22 |-27)102]12|13)11|11(08|10(11(10|06|01]|19|15]|13 |47 |77
23 | 235(19.1|149(102| 71|63 | 16 0.7 | 57 (121(184(25.7| 0.5 |-6.129.1|23.1|-20.9|-75.6|10.9| 195 | 16.8 |-3.6 |-25.7|-22.3| -4.7|-05|-0.6 (-7.3|-0.8|-0.7]| 2.8 | -1.7 | -3.3 (14.3| 9.0 | 6.7 |29.9|43.5
24 |[-18.2|-14.3(-10.7(-69(-45(-39-03| 04 |-23|-7.7|-13.2|-20.1 3.6 | 1.9 (-25.8(-19.9|33.8(12.1|-9.7 | -16.7 | -142 | 1.5 [119(474| 60 (12 (12 |49 | 12| 1.2 |-23| 1.3 | 1.9 |-12.1| -7.5|-5.5 [-26.3(-40.4
25 | 84.1]626(433(225| 99| 6.6 |-11.9| -15.2 | 42 |31.1|59.9(95.1(38.0(34.7| 121 | 77.5|-13.4|-14.6( 35.7 | 61.0 | 48.7 [-18.1|-26.2(-32.2(-34.8]-19.9|-20.3|-48.5(-20.8(-20.4 -8.0 |-24.1]|-29.8| 38.1| 16.3 | 7.0 | 110 | 187
26 | 35.7 |253(14.0(-1.6 [-12.7(-15.8{-36.0| -40.2 | 14.2|22.6|31.1|40.6 (27.7|26.6 (46.4|32.6|15.1|12.4|22.2]| 276 | 23.7 | 40 | 84 [10.7| 5.6 [-10.5|-49.6| 2.9 |-58.6/-50.8|-14.0|-27.4]| -2.2 | 20.2 | 4.6 |-2.3 [42.0(61.0
27 | -08-05|-02( 01| 03] 04]07 08 |-02|-04(-06|-09|-06]|-06|-1.1|-08(-03|-0.2|-05]| -0.7 [ -06 |-0.1]|-0.2]-0.2]-0.1|0.9 |[30.7(0.0]08]07]01)04|00(-05(-02]-01]-1.0|-15
28 | -127 |-94.5(-64.7(-32.0(-11.6( -6.4 | 24.0 | 29.6 | -3.1|-46.0|-90.7|-143(-64.5(-57.8(-180|-115| 7.6 |21.3|-52.7]| -90.5 | -71.5 | 34.0(42.3(32.3|61.9|37.6|38.3|88.1|39.2|38.4|18.5|45.2|55.1 (-55.2(-20.8( -5.9 | -163 | -271
29 | 239(140( 3.8 [-9.4|-17.8]-20.0|-33.2| -35.6 | 7.6 | 14.3|21.0(28.7(20.2(19.9]36.3|27.5|10.7| 9.7 (19.2( 240 | 21.2 [ 6.1 | 7.0 [ 7.2 | 2.1 |-42.7|-31.8| 25 | 8.9 (-30.3[ -1.5|-10.2| 2.1 | 18.8| 9.9 | 5.8 [34.0(47.0
30 [ -0.7 |-05(-0.2 01|03 |03]0.6 07 |-02|-04]|-06|-09(-06(-06(-1.1|-0.7|-0.3|-0.2|-05| -06 | -05 |-0.1|(-0.1|(-0.2| 00 08|07 ]|00]09]307|02]|04]00|-05(-01|00(-1.0(-1.4
31 |125(101( 78 (5033|2904 -01|61]|84](108(13.7(94 (9014676 |57 49|71 57 42 (24 (38|45|32|-12|-14|24(|-18]|-15]-17.1]-42| 0.9 | 2.9 (-18.6]-26.9|11.3|19.6
32 [-55.2|-40.0(-24.8( -6.6 [ 49 | 7.9 | 25.,5| 28.8 |-15.8|-30.4|-45.5(-62.8(-37.8|-35.5(-72.8-46.4|-14.6| -9.6 |-27.0| -37.0 | -29.7 | 5.4 [-2.6 [-6.7 | 2.2 |36.6|38.7| 7.0 |41.3|39.0|37.5|60.6 | 16.3 [-23.3| 4.6 [ 16.9 |-64.3| -102
33 | 814 |61.7(428(21.0| 7.1 | 3.5 |-17.4| -21.3 | 14.7139.0| 63.5(91.2(49.2(45.2]| 106 | 59.4| 9.4 | 1.1 (36.3| 43.7 | 31.3 [-13.3|-11.1( -4.5 [-21.0|-28.4|-29.7|-34.6(-31.3(-29.9(-25.9|-43.0|-27.4| 20.3 | -1.1 [-10.5({ 89.0 | 151
34 |[-83.0|-68.7(-55.3(-40.0(-30.6(-28.1|-14.1| -11.5 |-36.7|-53.0|-70.1(-90.2(-54.91-49.1(-76.3| 43.8 |-29.5|-21.7|-23.3| 68.4 | 88.5 | -0.2 [-14.1(-21.2|-14.0| -6.7 | -5.8 | -6.2 | -4.6 | -5.7 | 32.0| 3.8 | 7.1 | 107 [ 72.5(57.2|-3.9 | -112
35 |-44|-38(-31(-24(-19(-18(-11| -1.0 |-25|-3.2|-39|-48(-34(-32(-47(-1.1|-23|-20[-2.4| -0.3 04 |-12)-17]-19|-16|-0.7|-06(-1.3|-06(-06| 76 | 0.0 |-0.8| 1.0 |54.5]|13.8]-2.7|-6.1
36 [ 21 |21f21|21(21|21]20 20 |18|19|20(|21(18|17|14|-27|16 |14 | 11| -24 | -29 |11 |(14|15|15|20|20]|13|20)20|80(21]11(-35(-36.3[123|-05] 15
37 | 08 |08|08|08|08]|08]08 08 |08|08|08|08|08|08|08|08(08]08]|08] 08 08 (osfo08f08|08|08|08|08|08|08|08|]08|08|08|08|08]|08]08
38 (04 |04(04(04(04(04]|04)| 04 |0O4|04]|04(04(04]04(04]|04|04]|04]|04] 04 04 |04)04)04|04]04|04(04|04(04|04|04]|[04]|04)|04|04]04]04




