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DESCRIPTION

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This patent application claims priority from Italian patent application no.
102019000012138 filed on 17/07/2019.

TECHNICAL SECTOR OF THE INVENTION

[0002] The present invention relates to the search for leaks in a water pipeline network, i.e. a
general pipe network for transporting and/or distributing and/or conveying water. In particular,
the present invention relates to a method and system for searching for leaks in a water pipeline
network based on secondary cosmic radiation measurements.

BACKGROUND

[0003] As known, leaks in a water pipeline network, for instance a water main, represent a
serious problem, both economically, as they result in an economic damage for the
administration/institution/company managing the network, and environmentally, as they involve
wasting a natural precious resource.

[0004] A water leak may be due to different causes, such as a hole in a pipe, or a crack in a
stuffing box, or the rupture of a pipe connecting joint, etc. The pressured leakage of water
produces a "sound”, or better a mechanical vibration, with a frequency between 300 and 3000
Hz, which propagates upstream and downstream at a rate depending on, among other things,
the material constituting the pipe, as well as on the relative diameter and thickness.

[0005] Therefore, many of the methods known for searching for water leaks are based on the
use of instruments enabling to detect the aforesaid sound, such as geophones or the so-called
correlators (i.e. electro-acoustic apparatuses which represent an evolution of geophones and
which allow locating a water leak with greater precision).

[0006] In addition, there also exist methods based of the use of tracing gases, such as an inert
gas formed of a mixture of hydrogen (5%) and nitrogen (95%) which is detected by a suitable
instrument at the spot where water leaks out.

[0007] Furthermore, sometimes the so-called "step tests" are also used in the search for water
leaks, i.e. specific tests (normally carried out at night) which provide to selectively search for
leaks on single sectors of the water pipeline network (by suitably closing specific valves).
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[0008] All the aforesaid methods involve a long search time, are invasive for the end-user and
above all they do not provide optimal results, as they do not enable to dramatically reduce the
presence of leaks.

[0009] Furthermore, the aforesaid methods also involve rather expensive searching costs. For

instance, supposing to search for water leaks over an area of 100 km? where a water pipeline
network formed of 500 km of pipes is present, the aforesaid searching methods, generally
characterised by an average search cost of 150 Euros per km, would result in an overall
search cost of about 75,000 Euros.

[0010] Over the last years a general improvement of performances was possible (in particular,
it was possible to reduce times and costs for searching for water leaks) thanks to techniques
based on the processing and analysis of images generated by remote sensing systems
(typically satellite images) for detecting moisture in the soil. FR 3 039 646 discloses a method
for searching for leaks in a water pipeline network, comprising:- acquiring georeferencing data
of a water pipeline network-carrying out a processing of the acquired data and generating,
based on the processing carried out, - a georeferenced digital map imaging the water pipeline
network and soil moisture content in the region where said water pipeline network extends -
detecting and locating one or more leaks in the water pipeline network based on the
georeferenced digital map generated.

[0011] For example, Applicant's ltalian patent No. 102015000039946 discloses a system for
searching for water leaks of the aforesaid type.

[0012] In particular, the method according to 102015000039946 comprises:

1. a) obtaining georeferencing data of a water pipeline network (for instance, one or more
georeferenced maps of the water pipeline network);

2. b) acquiring, based on the georeferencing data of the water pipeline network, images
(such as, synthetic aperture radar images, images remotely sensed by optical sensors
and/or sensors operating in the thermal infra-red spectrum, multispectral and/or
hyperspectral images) generated by remote sensing systems (such as, by satellite
and/or aerial platforms), wherein the acquired images represent a region of the earth's
surface where said water pipeline network extends;

3. ¢) carrying out a processing of the acquired images and of the georeferencing data of
the water pipeline network and generating, based on the processing carried out, a
georeferenced digital map imaging said water pipeline network and soil moisture content
in the region where said water pipeline network extends; and

4. d) detecting and locating one or more leaks in the water pipeline network based on the
georeferenced digital map generated.

[0013] Furthermore, the step b) of the method according to 102015000039946 includes
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acquiring, from at least a database storing images of the earth's surface generated by remote
sensing systems, only images imaging a region of the earth's surface where the water pipeline
network extends and remotely sensed under meteorological conditions that meet specific
meteorological requirements.

[0014] More specifically, said step b) includes:

« selecting, among the images stored in said database storing images of the earth's
surface generated by remote sensing systems, only the images imaging a region of the
earth's surface where the water pipeline network extends and remotely sensed under
meteorological conditions that meet specific meteorological requirements, discarding

o all the images that do not image a region of the earth's surface where the water
pipeline network extends and

o all the images that image a region of the earth's surface where the water pipeline
network extends and that have been remotely sensed under meteorological
conditions that do not meet said predefined meteorological requirements; and

» acquiring, from said database storing images of the earth's surface generated by remote
sensing systems, only the selected images.

[0015] In greater detail, said step b) includes:

= searching, in said database storing images of the earth's surface generated by remote
sensing systems, images of a region of the earth's surface where the water pipeline
network extends; and,

« for each image found,

o controlling, based on data retrieved from one or more meteorological database,
meteorological conditions of the region where the water pipeline network extends
at the date of remote sensing of said image and

o acquiring said image only if the meteorological conditions meet said predefined
meteorological requirements.

[0016] Conveniently, according to 102015000039946 it derives that:

« the leaks in the water pipeline network are detected and located by carrying out an
analysis of the soil moisture content shown in the georeferenced digital map at, or close
to, said water pipeline network; and

« said predefined meteorological requirements are indicative of predefined meteorological
conditions suitable to carry out said soil moisture content analysis.

[0017] As explained above, the use of techniques based on processing and analysis of images
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generated by remote sensing systems has enabled to dramatically reduce times and costs for
searching for water leaks if compared to traditional methods. In fact, techniques based on
processing and analysis of images generated by remote sensing systems allow to remotely
monitor a water pipeline network in a much shorter time than that needed in the on-the-field
search carried out by operators along the whole water pipeline network extension.
Furthermore, with such techniques, operators are only employed during the final step of
identifying and repairing leaks at the geographical positions identified by the processing and
analysis of the remote-sensed images.

[0018] In any case, despite such performance improvement, it is still today highly perceived
the need for new technologies that allow to further reduce times and costs for searching for
leaks in a water pipeline network.

OBJECT AND SUMMARY OF THE INVENTION

[0019] In the light of what previously described, an object of the present invention is, thus, to
provide a technical solution which enables to further reduce times and costs for searching for
water leaks, increasing search reliability and precision and dramatically reducing the presence
of leaks in a water pipeline network.

[0020] Additionally, a further object of the present invention is to provide a technical solution to
be exploited in synergy with the presently known methods/techniques for searching for water
leaks.

[0021] These and other objects are achieved by the present invention in that it relates to a
method and system for searching for leaks in a water pipeline network, according to what
defined in the enclosed claims.

[0022] In particular, the present invention concerns a method for searching for leaks in a water
pipeline network, said method comprising:

» acquiring georeferencing data of a water pipeline network and data indicative of
georeferenced secondary cosmic radiation measurements carried out in a region of the
earth's surface where said water pipeline network extends;

= carrying out a processing of the acquired data and generating, based on the processing
carried out, a georeferenced digital map imaging the water pipeline network and soil
moisture content in the region where said water pipeline network extends; and

» detecting and locating one or more leaks in the water pipeline network based on the
georeferenced digital map generated.

[0023] In particular, carrying out a processing of the acquired data includes estimating the soil
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moisture content in the region where the water pipeline network extends based on the data
indicative of the georeferenced secondary cosmic radiation measurements carried out in said
region, using correction factors for the measurements which take into account:

« radial and anisotropy sensitivity effects of the georeferenced secondary cosmic radiation
measurements carried out;

« values of air humidity, atmospheric pressure and intensity of the incident secondary
cosmic radiation detected/measured simultaneously to execution of said measurements
in the region where the water pipeline network extends or in positions of the earth's
surface where said measurements are carried out;

+ effects related to the presence of vegetation and/or artificial or natural humidity (for
example, swimming pools, dikes, irrigation channels, etc.).

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] In order to better understand the present invention, some preferred embodiments,
provided for merely exemplary and non-limiting purposes, will now be illustrated with reference
to the enclosed drawings (not in a scale), wherein:

» Figure 1 schematically illustrates an example of top level architecture of a measurement
device according to a preferred embodiment of the present invention;

e Figure 2 schematically illustrates a method for searching for leaks in a water pipeline
network according to a preferred embodiment of the present invention;

e Figure 3 schematically illustrates an example of functioning principle that can be used to
estimate soil moisture content based on secondary cosmic radiation measurements;

« Figure 4 shows an example of a georeferenced digital map generated by implementing
the method of Figure 2; and

« Figure 5 schematically illustrates a system for searching for leaks in a water pipeline
network according to a preferred embodiment of the present invention.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS OF THE INVENTION

[0025] The following description is provided to enable a person skilled in the art to make and
use the invention. Various modifications to the embodiments set forth will be immediately clear
to the persons skilled in the art and the general principles herein disclosed may be applied to
other embodiments and applications without, however, departing from the scope of protection
of the present invention as defined in the enclosed claims.
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[0026] The present invention originates from Applicant's idea of exploiting secondary cosmic
radiation measurements to search for, and detect, leaks in a water pipeline network.

[0027] As known, cosmic rays are energy particles coming from the outer space, which the
Earth is exposed to as well as any other celestial body. Their origin is very diverse: the Sun, the
other stars, energy events such as novas and supernovas, as well as remote objects such as
quasars.

[0028] The majority of cosmic rays arriving at the earth's surface is a secondary product of
showers formed in the atmosphere by primary cosmic rays, interacting in such a way as to
typically produce a cascade of secondary particles starting from a single energy particle of
primary cosmic radiation (which may include protons, helium cores, electrons, photons,
neutrinos, positrons and antipositrons).

[0029] In particular, once arrived in the earth atmosphere, primary cosmic radiation particles
interact with the atmosphere molecule cores thus forming, in a cascade process, new atomic
and sub-atomic particles (for example electrons, positrons, neutrinos, pions, muons and
neutrons) directed to the ground, that are called secondary cosmic rays (or secondary cosmic
radiations).

[0030] The secondary cosmic radiation particles are spread over a given energy spectrum,
and once arrived on the ground, interact in different ways with the various elements present in
the soil. In particular, a part of such energy particles (for instance neutrons) are more or less
sensitive, depending on the respective energy band, to the presence of water in/on the soil (in
fact, the interactions between water and the secondary cosmic radiation particles which will be
hereinafter discussed occur both when the water is on the surface of the soil, and when it is
beneath it - after all, a water leak from an underground water pipe might also emerge on the
surface).

[0031] Specifically, the water present on/in the soil has a moderating and absorbing effect on
neutrons (as it is well known in the nuclear engineering field, whose technologies and
knowledges on neutrons are now being widely recognized) .

[0032] Therefore, it is possible to determine (i.e. estimate) the water content in/on the soil and
thus detect the presence of possible water leaks based on the secondary cosmic radiation
measurements (conveniently, neutron measurements of secondary cosmic rays) performed in
different positions on the earth's surface.

[0033] In fact, obtaining georeferencing data of a water pipeline network (for instance, one or
more georeferenced maps of the water pipeline network), it is possible to:

= generate, based on said georeferencing data of the water pipeline network and of data
indicative of georeferenced measurements of secondary cosmic radiation performed in a
region of the earth's surface where the water pipeline network extends, a georeferenced



DK/EP 3767045 T3

digital map imaging said water pipeline network and a water content (or, similarly,
humidity/moisure content) of the soil in the region where said water pipeline network
extends; and, therefore,

« identify (i.e. detect) and locate potential leaks in the water pipeline network based on the
georeferenced digital map (conveniently, based on an analysis of the water/moisture
content of the soil showed in the georeferenced digital map at, or close to, said water
pipeline network).

[0034] Conveniently, the secondary cosmic radiation measurements are performed at the soil
to increase measurement precision (for example, measurements may be conveniently
performed by means of measurement devices that are fixed and/or installed on vehicles
moving in the region where the water pipeline network extends). In this regard it must be noted
that, as the height from the ground level at which the measurements are carried out increases,
the precision in detecting the water content in/on the soil, namely the reliability and precision in
detecting water leaks, diminishes. It is however important to note that, since technological
progress will inevitably develop in the near future, the height from the ground at which
measurements of secondary cosmic radiation can be carried out may even increase, ensuring
in any case a high level of reliability and precision in detecting the water leaks (for instance, in
the future, measurements may be even possible by means of drones flying at a low altitude on
the region where the water pipeline network extends).

[0035] In greater detall, techniques for detecting neutrons of secondary cosmic rays to monitor
the water content in the soil are already currently known and the relative measurement
devices/systems are already available. Such technology is known with the name of "Cosmic
Ray Neutron Sensing"” or "Cosmic Ray Neutron Sensor” (CRNS).

[0036] In this respect, reference can be made, for instance to the article by M. O. Koéhli et al.,
entitled "Footprint Characteristics Revised for Field-Scale Soil Moisture Monitoring with
Cosmic-Ray Neutrons”, Water Resources Research, 51, June 2015, doi: 10.1002/
2015WR017169.

[0037] Unlike systems wherein neutrons are actively generated by radioactive sources
whereby different problems must be taken into account (e.g. high radioactivity, soil destruction,
invasive approach, limited action range), the secondary cosmic radiation (and consequently its
particles as well, among which neutrons) is, by nature, always present on the earth's surface.

[0038] As previously explained, once reached the earth atmosphere, primary cosmic rays
generate high-energy neutrons that propagate to the ground being moderated by the air.
Hydrogen (and thus water) contained in the soil has a greater moderating effect than air.
These processes lead to a neutron density in the air representing an average of the hydrogen
abundance (and thus of water) in the soll, in the air and in the vegetation and that can be
locally sampled by means of neutron-sensitive sensors.
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[0039] In particular, the presence of water (and thus of hydrogen) in/on the soil predictably
reduces the amount of neutrons that can be measured in the time unit. Thus, the amount of
water in/on the soil can be assessed monitoring the amount of neutrons in the air.

[0040] Regarding the energy spectrum of the neutrons of secondary cosmic rays, it must be
noted that:

« high-energy neutrons (approximately, greater than 1 MeV) are relatively insensitive to
the water:;

« at lower energies (approximately, between 1ev and 1 MeV), hydrogen (and thus water)
may indeed moderate neutrons;

» thermal neutrons (approximately, with energy lower than 1 eV) are slow and sensitive to
other chemical/material elements/compounds.

[0041] In this respect, it is worth drawing the attention on the fact that the aforesaid extreme
values of the various energy bands are purely indicative. In fact, it is possible that, with future
technological progresses (and/or new scientific discoveries), the value ranges of the various
energy bands may vary and/or the measurements can focus on one or more specific sub-
ranges of one or more specific energy bands.

[0042] Therefore, in order to determine the amount of water, i.e. moisture, present on/in the
soil in a given region of the earth's surface where also a water pipeline network is present, it is
possible to use one or more measurement devices that are:

* installed

o in a fixed manner in respective positions in said region of the earth's surface
and/or

o on-board vehicles that move in said region (for instance, vehicles specifically and
merely intended for this measuring service, or vehicles intended for other services
(e.g. waste collection, public transport, roadside assistance, etc.) advantageously
exploited also for this measuring service) or aircraft (e.g. drones) flying (for
instance at a low altitude) on said region;

« configured to carry out secondary cosmic radiation measurements - conveniently,
measurements of neutrons of secondary cosmic rays (for instance by means of one or
more CRNS sensors) and/or of other atomic and/or sub-atomic particles of secondary
cosmic rays (e.g. muoniums) - more conveniently, to measure amounts of neutrons in
the domain of the intermediary energies, namely with energy between approximately 1
eV and 1 MeV; and

+ configured to store data indicative of the measurements carried out (in particular,
indicative of the results of said measurements).



DK/EP 3767045 T3

[0043] Preferably, the measurement devices also comprise:

+ a satellite localisation device of the GNSS type (for instance of the GPS, Galileo,
GLONASS, etc. type) to determine the position (in the case of fixed measurement
device) or the positions (in the case of a measurement device installed on a vehicle) -
and, conveniently, even the time (i.e. date and time) - at which the secondary cosmic
radiation measurements are carried out;

« an electronic control unit programmed to georeference the secondary cosmic radiation
measurements carried out, based on the data provided by the satellite localisation
device and to store (for instance, on a data memory duly provided in the measurement
device) data indicative of the georeferenced secondary cosmic radiations carried out;
and,

« conveniently, also a radio-communication device (for instance, based on
GSM/GPRS/UMTS/LTE/5G or wi-fi technology) for transmitting data indicative of the
measures carried out (for instance, to a processing central system) and/or for remotely
controlling the measurements carried out and/or, more generally, for remotely controlling
the measurement device.

[0044] As will be hereinafter explained, it might be convenient to further provide measurement
devices with atmospheric pressure and air humidity sensors such to further associate, with the
georeferenced measurements, also corresponding atmospheric pressure and air humidity
data.

[0045] In this respect, in Figure 1 an example of top level architecture of a measurement
device (indicated as a whole by 1) according to a preferred (though not at all limiting, nor
binding) embodiment of the present invention is schematically illustrated.

[0046] In particular, as shown in Figure 1, the measurement device 1 comprises a CRNS
sensor 11, a satellite localisation device 12, an electronic control unit 13, a data memory 14, an
atmospheric pressure sensor 15 and an air humidity sensor 16. Such components of the
measurement device 1 are obviously configured to operate as above explained.

[0047] Conveniently, the CRNS 11 sensor is configured to:

= carry out neutron measurements in a predefined energy range; and
« guarantee a substantially constant detection efficiency in said predefined energy range,
which makes correction factors of the signal weighted on different energy levels

unnecessary (*He-moderated sensors are seen as guaranteeing such requirement).

[0048] Furthermore, the measurement device 1 may conveniently comprise an air temperature
sensor (not illustrated in Figure 1) in order to acquire also temperature data corresponding to
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measurements carried out by the CRNS sensor 11.

[0049] It is worth noting that the satellite localisation device may also not be provided for fixed
measurement devices, for which determining the measurement device position during
installation may be sufficient.

[0050] Thanks to the use of said measurement devices it is possible to create one or more
databases containing data indicative of the georeferenced secondary cosmic radiation
measurements carried out by all the employed measurement devices. Conveniently, the
database(s) may comprise also data indicative of the date and the time of each measurement
carried out and, even more conveniently, also corresponding atmospheric pressure and air
humidity data.

[0051] In order to better understand the present invention, a method for searching for leaks in
a water pipeline network (indicated as a whole by 2) according to a preferred embodiment of
the present invention is illustrated in Figure 2.

[0052] In particular, as shown in Figure 2, the method 2 includes:

» acquiring georeferencing data of a water pipeline network and data indicative of
georeferenced secondary cosmic radiation measurements carried out in a region of the
earth's surface where said water pipeline network extends (block 21);

= carrying out a processing of the acquired data and generating, based on the processing
carried out, a georeferenced digital map imaging the water pipeline network and soil
moisture content in the region where said water pipeline network extends (block 22); and

» detecting and locating one or more leaks in the water pipeline network based on the
georeferenced digital map generated (block 23).

[0053] Conveniently, the step of detecting and locating leaks in the water pipeline network
(block 23) is based on an analysis of the georeferenced digital map, where such analysis aims
at identifying areas where the water pipeline network passes (or immediately adjacent to the
water network pipes) and where the soil moisture content is high (for instance greater than a
predefined threshold indicative of, or calculated based on, an average moisture value of the
surrounding soil and/or an average of the soil moisture values calculated in the past for the
same position).

[0054] Conveniently, the data processing (block 22) includes estimating the soil moisture
content (i.e. the amount of water in the soil) in the region where the water pipeline network
extends based on the data indicative of the georeferenced secondary cosmic radiation
measurements carried out in said region, by using correction factors for the measurements
which conveniently take account of the following variables:

« radial sensitivity - the majority of neutrons measured reproduce the soil as much
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faithfully as the distance of the measurement device diminishes;

= anisotropy - presence of roads as well as different types of soils, etc.;

e air humidity - air, due to its water content, affects the presence of detectable neutrons;

= presence of vegetation - depending on the vegetation height the neutron count varies
(as the height increases, the count diminishes);

» atmospheric pressure - depending on the atmospheric pressure the neutron count
varies (if the pressure diminishes, the count increases; in fact, when the pressure is
lower, the lower air density allows neutrons to cover longer distances among collisions);

» intensity of the incident secondary cosmic radiation - a generally accepted approach
accepts the similarity between the incident high-energy component and the dynamics of
the incident neutrons.

[0055] Also, the maximum distance at which a certain percentage of detected neutrons
originates is a function, not only of the soil moisture content (resulting in the possibility to detect
water leaks in the water pipeline), but also of the air humidity (when the air is dry, the maximum
distance increases).

[0056] Furthermore, the depth in the soil reached by a certain percentage of detected
neutrons is a function of the soil moisture content.

[0057] In the past, these conclusions were the result of studies conducted through numeric
methods, integrating the function which describes the number of detected neutrons coming
from an area placed at a predefined distance from the probe and studying the behaviour
thereof as the different parameters vary. The effects that the different environmental
parameters have on the rate of the detected neutrons can be conveniently implemented in the
data processing software algorithm (block 22), thereby making such algorithm extremely
powerful in terms of the resulting precision and indications on the presence of water in the
vicinity of the measurement devices.

[0058] In particular, in order to determine the soil moisture content, the data processing
software algorithm (block 22) may conveniently match the data related to the neutron count
and/or to other atomic and/or sub-atomic particles deriving from secondary cosmic rays (e.g.,
muons) with data related to air humidity, atmospheric pressure and, possibly, also other
anisotropy factors.

[0059] An example of operation principle that can be used to estimate the soil moisture content
is schematically shown in Figure 3, wherein it can be seen that a value N (indicated by 31) of
secondary cosmic ray atomic and/or sub-atomic particles measured at a soil containing a
certain amount of moisture U (indicated by 32) and normalised with respect to a value Ns
(indicated by 33) of secondary cosmic ray atomic and/or sub-atomic particles measured in
presence of dry soil, is linked to the soil moisture value U 32 according to a certain relation that
can take into account one or more parameters and that is represented in Figure 3, for merely
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exemplary purposes, as an inverse proportional relation (indicated as a whole by 34).
Therefore, if a water leak is present, the measured number of particles diminishes relative to
the dryer surrounding soil.

[0060] As regards the step of acquiring data (block 21 in Figure 2), the water pipeline network
georeferencing data may conveniently comprise one or more georeferenced maps of said
water pipeline network. Conveniently, said georeferencing data are provided by the
administration/institution/company managing the water pipeline network to be inspected.
Georeferenced maps of the water pipeline network may be provided, for example, in Gauss
Boaga 1984 32N or 33N format and conveniently report all the pipes of interest, either supply
lines or secondary ones.

[0061] Furthermore, the method 2 conveniently also includes:

= carrying out secondary cosmic measurements (preferably, as above explained,
measurements of amounts of neutrons and/or other secondary cosmic ray atomic and/or
sub-atomic particles) in different positions on the earth's surface, wherein said
measurements are georeferenced, as explained above (and conveniently, also
associated with additional data indicating the date and time at which the measurements
are carried out and the atmospheric pressure and air humidity measured concurrently
with the measurements); and

e creating one or more databases containing data indicative of the georeferenced
measurements of secondary cosmic radiation carried out and, conveniently, also the
additional data associated with said measurements.

[0062] In this case, referring to the step of acquiring data (block 21 in Figure 2), acquiring data
indicative of georeferenced measurements of secondary cosmic radiation conveniently
comprises:

» searching on said database(s) and selecting data indicative of secondary cosmic
radiation measurements carried out in a region of the earth's surface where the water
pipeline network to be inspected extends (i.e. a region corresponding to georeferencing
data (i.e. the geographical coordinates) of said water pipeline network); and

e acquiring the selected data.

[0063] Preferably, the step of searching and selecting data indicative of the secondary cosmic
radiation carried out in the region of the earth's surface where the water pipeline network
extends comprises:

« for each secondary cosmic radiation measurement carried out in said region,
o controlling meteorological and/or environmental conditions in, and/or conditions of
secondary cosmic radiation incident on, said region at the date of execution of
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said measurement and,

o if the meteorological and/or environmental and/or incident secondary cosmic
radiation conditions meet predefined requirements, selecting the data indicative of
said measurement.

[0064] Selecting the measurements carried out based on the control of the meteorological
and/or environmental and/or incident secondary cosmic radiation conditions allows to:

« discard the measurements carried out with meteorological and/or environmental and/or
incident secondary cosmic radiation conditions that are not suitable for, or even
interfering with, the estimate of the soil moisture (i.e. water) content (for instance,
measurements carried out during high humidity and/or low pressure periods, intense
rains and snowfalls);

» select only measurements carried out with meteorological and/or environmental and/or
incident secondary cosmic radiation conditions that are suitable for estimating the soil
moisture content (for instance, measurements carried out during low humidity and high
pressure periods, clear weather and/or dry climate);

¢ select only measurements carried out with average incident secondary cosmic radiation
conditions; and

« carry out suitable corrections depending on the secondary cosmic radiation incident on
the region at the date and time of execution of the measurements.

[0065] In this way, reliability and precision of the results obtained are improved thanks to the
implementation of the method 2. Conveniently, the control of meteorological and/or
environmental and/or incident secondary cosmic radiation conditions may be carried out based
on data and information retrieved from suitable databases.

[0066] Furthermore, as regards the step of generating the georeferenced digital map (block 22
in Figure 2), as explained above, in said georeferenced digital map the water pipeline network
is imaged together with the soil moisture (i.e. water) content (for instance, using different
chromatic/intensity levels suitably scaled and provided with caption). In this way, easily
comprehensible graphical representations are obtained which allow a human operator to
recognise at a glance where possible leaks are located.

[0067] In this respect, an example of a georeferenced digital map generated thanks to the
method 2 is shown in Figure 4.

[0068] In particular, on the map in Figure 4, which shows a water pipeline network and the soil
moisture content in the region where said water pipeline network extends, the water leaks
detected by means of the execution of the method 2 are indicated, as well as elements
identified by processing the secondary radiation measurements (in particular, a water course
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and vegetation).

[0069] Thanks to the use of the method 2, it is therefore possible to send an operator in the
identified geographical points for a final search on the spot (carried out, for example by a
geophone) in order to find the leak, or better to identify the cause of the leak and, therefore
remove it.

[0070] Conveniently, thanks to the use of the method 2, it is possible to also produce a digital
document containing the list of the leaks provided with respective georeferencing data,
according to the severity of the water leak. Such document can be conveniently loaded on
suitable systems installed on-board the team vehicles for searching for water leaks so as to
allow driving, by a satellite navigator integrated in such vehicles, the teams searching for water
leaks directly where leaks are located, starting from the most severe ones.

[0071] The method 2 can be conveniently implemented by means of a suitable system. In this
respect, a system for searching for leaks in a water pipeline network (indicated as a whole by
5) designed to carry out the method 2, in particular including a processing device/system 51
(for instance, made by a computer, a server, a computer/server network, or a processing
system based on a cloud computing architecture) programmed (by means of one or more
suitable software programmes) to implement the method 2 is schematically illustrated in Figure
5.

[0072] Preferably, the system 5 also includes user interface means 52 designed to enable a
user to input data and/or give commands (for instance through a keyboard and/or a mouse
and/or a touch screen) and to display the results of searches carried out, in particular to
display on a screen the georeferenced digital maps with the indication of the identified leaks.

[0073] The processing device/system 51 is conveniently configured to connect (for instance
through one or more telecommunication networks):

= to one or more databases 6 which store data indicative of georeferenced measurements
of secondary cosmic radiation at different positions on the earth's surface, in order to
carry out the search, selection and acquisition of data of interest in the search for leaks
in a specific water pipeline network; and,

« preferably, also to one or more additional databases 7 which store data that enable the
processing device/system 51 to carry out the control of meteorological and/or
environmental and or incident secondary cosmic radiation conditions.

[0074] Furthermore, even if not shown in Figure 5, the system 5 can conveniently comprise
also a plurality of measurement devices such as the measurement device 1 illustrated in
Figure 1 and previously described, in order to carry out the secondary cosmic radiation
measurements on the earth's surface. In particular, as explained above, such measurement
devices may be conveniently installed in a fixed manner at predefined positions and/or on-
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board vehicles (or, more generally, any type of vehicle or transport means) or aircrafts/drones,
with a driver/pilot, or remotely- or autonomously guided.

[0075] It is now important to draw the attention on the fact that the present invention can
conveniently also take advantage of other types of secondary cosmic radiation measurements,
in order to search for leaks in a water pipeline network, in addition or in alternative to the
neutron measurements (conveniently, in addition or in alternative to the neutron count
measurements), for instance measurements of atomic and/or sub-atomic particles of
secondary cosmic rays other than the neutrons, for instance muonium measurements
(conveniently, muonium count measurements).

[0076] The innovative characteristics and the technical advantages of the present invention
are immediately clear to a person skilled in the art from the above description.

[0077] In this respect, it is first of all important to underline that the present invention teaches
how to take advantage, in a totally innovative and inventive way, for a completely new
application (i.e. detection of leaks in water pipeline networks), of an already existing technology
such as the detection of the soil moisture/water content based on secondary cosmic radiation
measurements (in particular, measurements of counts of secondary cosmic ray neutrons),
which technology has been used to the present date only for applications other than water leak
detection, such as meteorological forecasts, monitoring of climate changes, monitoring of snow
on the ground and monitoring of biomasses.

[0078] Furthermore, it is worth drawing the attention on the fact that the present invention
allows to dramatically reduce times and costs for searching for a water leak if compared to the
presently used methods and techniques. The present invention allows in fact to remotely
monitor a water pipeline network in a very short time if compared to the time required to
operators searching on the spot along the entire extension of the water pipeline network (as
previously explained, with the present invention operators are only employed in the final step of
identifying and repairing leaks at the geographical positions identified using, indeed, the
present invention).

[0079] More specifically, the present invention allows to reduce times and costs in the search
for water leaks, to increase search reliability and precision and to reduce the presence of leaks
in a water pipeline network, if compared to the presently used methods and techniques for
searching for water leaks (specifically, the methods/techniques based on the use of
geophones, correlators, tracing gases, step tests, as well as those based on processing and
analysing images generated by remote sensing systems). Also, the present invention can be
advantageously exploited in synergy with such presently known methods/techniques for
searching for water leaks.

[0080] Furthermore, the present invention offers the following advantages:

» high reliability and high precision in identifying and locating leaks;



DK/EP 3767045 T3

» possibility to estimate the size of the identified leaks, as well as to provide possible
inconveniences resulting from such leaks;

e increase in responsiveness in identifying and ranking leaks with resulting reduction of
water production and distribution costs;

« dramatic reduction in the presence of leaks in a water pipeline network;

» immediate imaging of leaks on a georeferenced digital map;

e no limit of extension;

+ high-resolution identified points (about 5 m);

» non-invasive technology, with no contact with the soil and no damage for the
environment;

e no inconvenience for end users;

« measurement devices that can be realised according to different methods (specifically,
fixed-type and/or mobile-type measurement devices which can be installed on any type
of transport means);

= reduction of costs, risks and labour needed to search for and repair pipes;

+ cost reduction for maintenance, working, products used, etc.;

» cost reduction for supplying water to users;

« brief amortisation period;

e no bureaucracy.

[0081] Finally, referring again to the previous hypothesis of water leak search over an area of

100 km? where there is a water pipeline network formed of 500 kms of pipes, it is important to
draw the attention on the fact that the present invention would involve an overall cost of
40,000/50,000 Euros, saving up to 30/40% if compared to 75,000 Euros required by the
present search methods.

[0082] In conclusion, it is important to note that, while the above described invention refers in
particular to very specific embodiments, it must not be intended as limited to such
embodiments, including within its scope all the variants, modifications or simplifications covered
by the enclosed claims. For instance, as above explained, in order to implement the present
invention, secondary cosmic radiation measurements other than the neutron count (for
example, muonium counts) may as well be conveniently exploited, in addition, or in alternative,
to the neutron count measurements. Furthermore, in order to carry out the secondary cosmic
radiation measurements, the measurement devices (apart from the fixed -type ones and those
installed on vehicles) may be installed on aircrafts, for example drones.
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Patentkrav

1. Fremgangsmade (2) til at s@ge efter leekager i et vandrarsnetveerk, omfat-
tende:

- at opna georefererende data af et vandrersnetveerk og data, der angiver ge-
orefererede sekundeere kosmiske stralingsmalinger, der udfgres i et omrade
af jordens overflade, hvor vandrarsnetveerket straekker sig (blok 21);

« at udfere en behandling af de opnaede data og, baseret pa den udfarte be-
handling, at generere et georefereret digitalt kort, der illustrerer vandrarsnet-
veerket og jordfugtindholdet i omradet, hvor vandrersnetveerket straekker sig
(blok 22); og

» at detektere og lokalisere en eller flere leekager i vandrarsnetveerket baseret
pa det genererede georefererede digitale kort (blok 23);

kendetegnet ved, at udferelse af en behandling af de opnaede data indbefat-
ter at estimere jordfugtindholdet i omradet, hvor vandrersnetveerket straekker
sig, baseret pa dataene, der angiver de georefererede sekundaere kosmiske
stralingsmalinger, der udfgres i omradet, ved anvendelse af korrigeringsfakto-
rer til malingerne, der tager hejde for falgende:

» radiale og anisotrope sensitivitetseffekter af de udferte georefererede sekun-
deere kosmiske strélingsmalinger;

« veerdier af luftfugtighed, atmosfeerisk tryk og intensitet af den indfaldende
sekundeere kosmiske straling, der detekteres/males samtidig med udfarelse
malingerne i omradet, hvor vandrersnetvaerket streekker sig, eller i positioner
af jordens overflade, hvor méalingerne udferes;

« effekter, der er tilknyttet tilstedeveerelse af vegetation og/eller kunstig eller
naturlig luftfugtighed.

2. Fremgangsmade ifelge krav 1, endvidere omfattende:

« at udfere sekundeere kosmiske stralingsmalinger i forskellige positioner af
jorden overflade;

« at georeferere de udferte sekundeere kosmiske stralingsmalinger; og

+ at skabe en database (6), der indeholder data, som angiver de sekundeere
kosmiske stralingsmalinger, der udfares og georefereres;
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hvor opnéelse af data, som angiver udferte georefererede sekundeere kosmi-
ske stralingsmalinger i et omrade af jordens overflade, hvor vandrarsnetvaer-
ket streekker sig, indbefatter:

- at s@ge pa databasen (6) og pa baggrund af de georefererede data af vand-
rersnetveerket at veelge data, der angiver sekundaere kosmiske stralingsmalin-
ger, der udfares i omradet af jordens overflade, hvor vandrarsnetvaerket streek-
ker sig; og

- at opna de valgte data.

3. Fremgangsmade ifelge krav 2, hvor segning pa databasen (6) og valg, pa
baggrund af de georefererede data af vandrarsnetveerket, af data, der angiver
sekundeere kosmiske stralingsmalinger, der udferes i omradet af jordens over-
flade, hvor vandrersnetveerket streekker sig, indbefatter:

« for hver sekundaer kosmisk stralingsmaling, der udferes i omradet,

- at styre meteorologiske og/eller miljgmeessige betingelser i og/eller betingel-
ser af sekundeer kosmisk straling, der indfalder pa, omradet samtidig med ud-
forelse af malingen, og

- hvis de meteorologiske og/eller milj@maessige betingelser og/eller betingelser
af indfaldende sekundeer kosmisk straling opfylder foruddefinerede krav, at
veelge dataene, der angiver malingen.

4. Fremgangsmade ifelge krav 2 eller 3, hvor de sekundaere kosmiske stra-
lingsmalinger udfares af maleindretninger (1), der er installeret:

* pa en fastgjort made i respektive positioner af jordens overflade; og/eller

« ombord pa fartgjer og/eller fly, der bevaeger sig/flyver pa/over jordens over-
flade;

hvor hver maleindretning (1) omfatter en respektiv satellitlokaliseringsindret-
ning (12) til for hver sekundaer kosmisk stralingsmaling, der udferes af male-
indretningen (1), at bestemme en tilsvarende position, hvor malingen udferes;
og hvor georeferering af de udferte sekundaere kosmiske stralingsmalinger
indbefatter, ved hjeelp af hver maleindretning (1), at tilknytte de udferte sekun-
deere kosmiske stralingsmalinger til de tilsvarende positioner, der er fastlagt af
den respektive satellitiokaliseringsindretning (12), ved hjeelp af maleindretnin-

gen (1).
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5. Fremgangsmade ifelge krav 4, hvor georeferering af de udfarte sekundaere
kosmiske stralingsmalinger indbefatter at tilknytte, ved hjeelp af hver maleind-
retning (1), hver sekundaer kosmisk stralingsmaling, der udferes ved hjeelp af
maleindretningen (1):

« til den tilsvarende position, der bestemmes ved hjaelp af den respektive sa-
tellitlokaliseringsindretning (12); og

« til en dato og et tidspunkt, hvor malingen er blevet udfert.

6. Fremgangsmade ifalge krav 4 eller 5, hvor hver maleindretning (1):

+ ogsa omfatter en respektiv atmosfeerisk tryksensor (15) og en respektiv |uft-
fugtighedssensor (16) til maling, for hver sekundeer kosmisk stralingsmaling,
der udfgres af maleindretningen (1), af tilsvarende atmosfaerisk tryk- og luft-
fugtighedsveerdier; og

« er konfigureret til ogsa at tilknytte hver sekundaer kosmisk stralingsmaling,
der udferes af maleindretningen (1), til de tilsvarende atmosfaerisk tryk- og luft-
fugtighedsveerdier, der males ved hjeelp af de respektive atmosfeerisk tryk- (15)
og luftfugtigheds (16) -sensorer.

7. Fremgangsmade ifglge et af de foregaende krav, hvor de sekundaere kos-
miske stralingsmalinger er malinger af atom- og/eller subatompartikler af se-
kundaere kosmiske straler.

8. Fremgangsmade ifelge krav 7, hvor de sekundeere kosmiske stralingsma-
linger er teellinger af neutroner og/eller muoniumer af sekundaere kosmiske
straler.

9. Fremgangsmade ifalge et af de foregaende krav, hvor leekagerne i vand-
rersnetveerket detekteres og lokaliseres ved at udfgre en analyse af jordfugt-
indholdet ved, eller teet pa, vandrersnetveerket i det georefererede digitale kort.

10. Fremgangsmade ifelge et af de foregéende krav, hvor de georefererede
data af vandrersnetveerket omfatter et eller flere georefererede kort af vand-
rersnetveerket.
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11. System (5), der er konfigureret til at udfere fremgangsmaden (2) til at sege
efter laekager i et vandrersnetveerk ifalge et af de foregaende krav.

12. Computerprogramprodukt omfattende softwarekodedele, der kan:

« udferes ved hjeelp af en behandlingsindretning/ -system (51); og

« for ved udferelse at fa behandlingsindretningen/-systemet (51) til at imple-
mentere fremgangsmaden (2) til at se@ge efter laekager i et vandrarsnetvaerk
ifelge et af kravene fra 1 til 10.
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