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ABSTRACT The change in the temperature of an underground water pipeline and its surrounding environ-
ment caused by a leakage has been detected by a variety of devices. Among the most popular technologies
are infrared cameras, distributed temperature sensing using fiber optic cables, and analog active temperature
sensors. In this paper, a novel low-cost leakage detection system composed of two analog active temperature
sensors is presented. The proposed system detects water leakages by comparing the readings of two analog
active temperature sensors, one at the surface at a depth of 2 cm of a sand layer covering a buried water
pipeline and the other is adjacent to the first sensor at the same depth in a thermally insulated portion by a
polystyrene barrier. The results of the heat flow simulation developed with FEMM (Finite Element Method
Magnetics) 4.2, which is free, open source, cross-platform capable of solving heat flow problems, showed
that the addition of the insulation is expected to increase the difference between the readings of the sensors
from 0.011 to 0.063 K (◦C) when there is a leakage, and thus the addition of the insulation can be effective in
making the effect of leaked water on the surface temperature more detectable. Experimental results indicated
the capability of the proposed system in detecting water leakage which caused a temperature difference
of 1.47 ◦C after 30 minutes of running a leaking water system. Furthermore, a laser communication system
was built to allow for the transmission of an alarm signal from the sensing node above the underground
pipeline to a master node which should have an internet connection to upload information to a cloud storage
which can be accessed by different users.

INDEX TERMS Laser communication, leakage detection, Sustainable Development Goals (SDGs),
temperature sensors, underground water pipeline.

I. LITERATURE REVIEW
Leakages in water distribution networks (WDNs) cause sig-
nificant losses of treated water. The amount of lost water
from WDNs in GCC (Gulf Cooperation Council) countries,
the United Arab Emirates, Saudi Arabia, Kuwait, Qatar,
Bahrain, and Oman, is about 30% of water supplied [1].
Specifically, in UAE, leaked water reaches 10% of water
supplied [2], which is comparable to the loss percentage in
Canada and USA of 13% and 16% respectively [3], [4] and
the international average of best practice of 10 % [1]. Water
leakages have two scenarios. First, when a water leakage
appears on the surface of earth because of water capillarity
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or a burst due to high pressure. Obviously, in this scenario
detection is easily done by inspection. However, this scenario
is not likely to happen when the leakage is small, and the
pipeline is buried at a depth of several meters. The highest
point water can reach through capillary dependsmainly on the
aquifer system surrounding the pipeline which specifies the
extent and patterns of groundwater flows. The main aquifer
system in the UAE is divided into six regions as shown
in Fig. 1. Sharjah, the understudy area, extends over two
aquifers: the coastal Sabkhas and sand dune aquifer.

The most popular leakage detection technologies are
ground penetrating radars (GPRs), acoustic detectors, and
infrared (IR) cameras [5]. A GPR transmits radiofre-
quency (RF) waves to identify physical and chemical
attributes of underground layers by measuring their different
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FIGURE 1. Main aquifer systems in U.A.E.

reflectivity and recording the travel time and power of the
reflected signals. A GPR must go over the surface above
a leakage to produce a 3D image of the volume of water
leaked, where, as it passes above it, many 2D slices of the
subsurface are captured, and then can be combined to form
a 3D image [5]. Secondly, acoustic detectors sense leak-
age’s mechanical noise produced by streaming water using
various sensors, such as a pressure sensors, accelerometers,
or hydrophones, which are deployed on the pipeline or inside
it [6]. Moreover, ground microphones (geophones) can be
used to detect underground leaks from the surface above the
pipeline or from monitoring valves or fire hydrants [7]. The
type of sensor is selected based on the material, diameter
and configuration of the inspected pipeline [7]. An acoustic
detector incorporates complex filtering and analysis system to
discriminate the noise of a leakage from other high-intensity
electromagnetic and ultrasonic sources in the environment,
where the noise of leakages usually possesses some distinct
characteristics, such as consistent amplitude over time, that
facilitate signal processing [8]. Additionally, frequency anal-
ysis can help in distinguishing the acoustic emission of a
leakage from other noises [6]. Finally, the change in the
temperature of an underground water pipeline and its sur-
rounding environment caused by leakages from underground
WDNs the physical quantity measured by a variety of leakage
detection technologies [9] – [14]. These technologies dif-
fer in accuracy, sensitivity to environmental conditions, and
means of deployment with respect to the material inside the
pipeline and the environment surrounding it. One of the most
recent technologies is IR cameras, which rely on the change
in temperature of the surface above the water leaked as it
rises by capillarity through the subsurface [15]. IR cameras
comes with low and high resolutions. IR cameras with low
resolution, such as 80× 60 pixels, proved effective in detect-
ing leakage from underground water pipelines [9]. However,
devices with higher resolution, specifically 320× 240 pixels,
proved to be more accurate in pinpointing the location of
leakages [9]. High resolution IR cameras, such as Therma-
CAM P60 with a resolution of 320 × 240 pixels, used in

leakage detection in [11], can detect temperature differences
as small as 0.08 ◦C with an accuracy of ± 2 ◦C [16]. Addi-
tionally, IR cameras have shown the capability of detecting
gas leaks [17]. A more mature technology is the distributed
temperature sensing (DTS) system, which uses fiber optic
cables to detect changes in the temperature caused by leak-
ages which causes variations in the reflection of light in fiber
optic cables and its wavelengths [12]. In this technology,
optic cables are either mounted directly on the pipe [13], or a
few foots away from it [12]. Therefore, unlike IR cameras,
it requires excavation when installed for pipelines buried at
a depth of several meters below earth. Typical DTS sys-
tems have an accuracy within ±1◦C and a resolution of
0.01◦C [18]. Similar to IR cameras, this technology can
detect gas leaks [13], [19]. In a time-domain reflectome-
try (TDR)-based water leakage detection system, a metallic
cable, instead of a fiber optic one, is extended along the
surface above a ‘‘metallic’’ underground pipeline [20]. How-
ever, unlike DTS systems, this system measures the reflec-
tion coefficient between the metallic cable and the inspected
underground pipeline which can be affected by the high
permittivity of leakedwater and has no relation to theworking
principle of thermal leakage detectors. Finally, analog active
temperature (AAT) sensors, which requires external power
source and outputs continuous signal, have been used in
multiple leakage detection systems [14]. Multiple sensors
can be connected either directly to the internet, specifically
a cloud network [21], [22] where information would be
accessible to multiple users, or indirectly through a master
node [12], [14]. In [14], the system had a temperature sensor,
LM35, attached on a medium-density polyethylene (MDPE)
pipe while another temperature sensor was located approx-
imately 30 cm away from the first one to measure the sur-
rounding soil’s temperature every 17 minutes. These sensors
where connected to a sensor node fixed on the pipe, which
transmits information via RF communication channels to a
master node connected to the internet. In that study, results
showed a significant drop in the temperature reading of the
sensor attached on the pipe affected by water leaked, while
the reading of the sensor placed away from the pipe varied
slightly. An LM 35 sensor have an accuracy within ± 0.5 ◦C
and resolution of 0.01 ◦C [23].

II. INTRODUCTION
Experts from Sharjah Electricity and Water Author-
ity (SEWA) expressed dissatisfaction with the usage of the
traditional acoustic leakage detection methods because of
high acoustic noise in the field. Therefore, an alternative ther-
mal detection system is presented. The low price of AAT sen-
sors, relative to previously mentioned thermal sensors, makes
it the most suitable for a large-scale smart leakage detection
system. In this study, a sensing systemwith LM35 sensors for
a large-scale smart leakage detection system for the SEWA’s
WDN in the sand dune aquifer of UAE.

The system in [14] connected several sensor nodes
along the pipeline using PIC16LF1827 microcontroller and
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433 MHz transceivers with a master node that should have
internet connection to upload information to a cloud storage
which can be accessed by different users. Though 433MHz
RF link can be used by Arduino Uno, a laser communica-
tion system, that consists of a low power laser diode and
photoresistor, is used between the sensing and master nodes
because of their relative low cost. Because of this aspect, low
cost, laser diodes have been part of IoT (Internet of Things)
systems [24], and optical sensors in general [25], [26]. The
laser communication system was developed to allow for the
transmission of an alarm signal from the sensing node above
the underground pipeline to a master node which should
have an internet connection. The novelty of the proposed
leakage detection system is not in its laser communication
system, but mainly in its ability of detecting leakage at the
surface above a WDN without the need of excavation to
install AAT sensors on the underground pipeline itself nor
close to it like the sensors in [14]. Moreover, the existence
of the sensor node above ground in the proposed system,
make replacing its battery easier. When the access to the
sensor node is difficult, applying wireless power transfer
techniques to recharge the battery can be alternative to replac-
ing it, where inductive coupling has been widely used in such
case [27]–[29], and especially in powering underground sen-
sors where the magnetic field is not subject to absorption and
scattering by soil, rocks and water, unlike the electromagnetic
field [30], [31]. However, the efficiency of inductive coupling
decreases exponentially with depth as the magnetic field
intensity decreases [32]. Therefore, for the understudy WDN
where the pipeline is buried at a depth of several meters, it is
preferable for the sensor node to be on the surface.

There are various techniques for emulating a leaking
water pipeline. These techniques include soft (computational)
and mathematical models that can be a stand-alone proto-
type [33]–[35], or serve as a complementary part of a phys-
ical prototype [36]. Hard (physical) prototypes that replicate
buried pipelines differs in their structure in accordance with
the leakage detection system to be tested. Some of these pro-
totypes are built to test the effectiveness of ground penetrating
radars (GPRs) in detecting underground leakages. These pro-
totypes consist of wooden tanks filled with soil where PVC
pipes are buried [37], [5]. The wooden box can be constructed
without the usage of metals such as screws and nails to avoid
interference with radar signal during GPR scanning [37].
On the other hand, in the testing of acoustic methods, which
depends on detecting the acoustic waves produced by leak-
ing water, experimental setup was noticed to be installed
in an outdoor field [38], [39]. Probably, an outdoor field is
more suitable for applying acoustic methods than laboratory
environment in the existence of several sources of acoustic
noise. Water can be pumped from water grid when being in
a laboratory, whereas, in an outdoor field, it is pumped from
a tank placed near the testing location [39]. Finally, testing
of thermal leakage detection systems through the thermal
effect of leaked water on the surface of surrounding soil,
was noticed to be conducted in both outdoor and laboratory

environments where the experimental setup consisted of a
box made of wood or other material and filled with soil
under which a plastic pipe is buried [9], [10], [14]. In this
paper, the testing of the proposed AAT sensing system was
carried in both soft and hard prototypes the characteristics
of which is detailed in the next section. This study is part
of our research for designing a sustainable water distribution
network supporting the 11th Goal of the UN’s Global Goals,
also known as the Sustainable Development Goals (SDGs),
which aims to ‘‘make cities and human settlements inclusive,
safe, resilient and sustainable.’’

III. RESEARCH METHODOLOGY
The design of the proposed leakage detection system is the
outcome of intensive literature review, experts’ opinions, and
testing and analysis based on soft and hard prototypes.

For the soft prototype, the freeware FEMM (Finite Element
Method Magnetics) 4.2, which is free, open source, cross-
platform capable of solving heat flow problems, was used
to develop a 2D cross-sectional model of the available hard
prototype to test the performance of the proposed system.
The schematic used had a depth of 0.01 cm representing a
cross-section of the hard prototype starting from the surface
of the pipeline up to the surface of the covering sand layer,
as shown in Fig. 2.

The experimental work was carried using a hard prototype
pipeline network to assess the proposed system reliability.
The experimental setup was designed to replicate the existing
conditions of the underground leaking pipes in sand dune
part of Sharjah, where a centrifugal pump of 0.75 hp was
connected to a 3.8-cm Polypropylene (PPR) pipe buried in
a 101.6 × 34.3-cm wooden box at a depth of 40.6-cm, and
an adjacent closed plastic water reservoir. The pressure in
the pipe was less than 250 kN/m2. Fig. 3. illustrates the
number of times (cycles) the compactor was passed over the
sand to reach the desired compaction level. The degree of
compaction of dune sand was calculated to be 90%. Since
main water pipelines in Sharjah is buried at 2 m below the
ground surface or deeper, our system’s scale factor is 4.92
(1cm:0.05m). The leakage detection system was connected
to a computer to record temperature readings, although the
computer is not part of the actual proposed system. These
readings allowed the calibration of detection alarm, which be
explained in the next section. A similar setup was used earlier
to detect leakages using a ground-penetrating radar (GPR)
and spectrometer [40], [41].

IV. PROPOSED SYSTEM ARCHITECTURE
A. STRUCTURE OF SENSOR AND MASTER NODE
Since a leakage causes a temperature anomaly on the surface
above the damaged pipeline, thermally insulting a portion of
the sand in the affected area by a polystyrene foam barrier,
with the dimensions mentioned in the caption of Fig. 4 (a),
and comparing the temperature at the surface of the insulated
portion and the area affected by the leakage can make the
detection of the leakage possible even if the sensing node does
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FIGURE 2. To the left, an illustration of a cross-section of the hard prototype perpendicular to the pipe central axis, where the red line
represents the position of the cross-section parallel to the pipe used to draw the schematic to the right with FEMM.

FIGURE 3. Compaction pattern.

not have previously a database of the natural temperatures of
the sand at the surface. In the proposed system, the temper-
atures at the open area and insulted portion are measured by
two LM 35 temperature sensors. Fig. 4 shows the structure of
the sensor node. An Arduino Uno board was programed to set
off an alarm signal when the temperature differencemeasured
by the two LM35 sensors, 5.4 cm away from each other
and buried at a depth of 2 cm, reaches or exceeds a certain
value, measured during the experimental work to be 1.47 ◦C.
The program placed on the microcontroller can be found
in the Appendix. The laser communication system between
the sensor node and master node consists of a low power
metal enclosed laser diode, with a maximum transmission
power of 5 mW at the sensor node side, and a photoresistor
at the master node. Furthermore, since the photoresistors is
sensitive to external light sources other than the laser beam,
it was placed in a black paper hollow cylinder to allow for
the passing of the directed laser beam only. The diameter of a
laser beam increases from initial (ωo), at its focus (double
the distance from the center at which the beam’s intensity

is 1/e2 (0.135) times its maximum value), to (
√
2ωo) over a

certain distance called the Rayleigh range (b), and then starts
diverging by an almost constant angle. The Rayleigh range is
given as follows [42]:

b =
π∗ωo

λ
(1)

where λ is the beam’s wavelength. Since the Rayleigh range
is inversely proportional to the wavelength (λ), it is minimum
when the wavelength is maximum. The laser diode used can
produce a wavelength range between 640 and 660 nm with
a beam diameter at the focus of 5 mm. Thus, the laser beam
diameter is expected to be approximately constant along the
diode’s range of operation, a few hundreds of meters between
the sensor and master node, where the minimum Rayleigh
range is around 24 km. In the prototype, the distance between
the focus and the photoresistor was 1.8 m. In light, when
a laser diode directed on the warped photoresistor used is
off, its resistance is 2.3 M�. Fig. 5 (a) shows a schematic
of the receiving device to which a master node should be
connected, while Fig. 5 (b) shows the schematic used for
simulating it as a transient circuit built with the free-software
integrated circuit simulator Quite Universal Circuit Simulator
(Qucs), which initially was created to be primarily an RF
circuit analysis package which offered features not found
in SPICE [43]. When 4 V is applied to the photoresistor
connected in series with a 1 k� resistor, negligible voltage
drops across the 1k�when the laser diode in the transmitter is
off, and the diode in the receiver remains reverse biased. How-
ever, when the laser diode is on, the photoresistor’s resistance
decreases to around 1 k�, and the voltage across it increases
to half of the voltage applied forward biasing the diode to
charge the capacitor. The usage of the capacitor allows a
microcontroller in the master node to detect the laser pulse
when the sensing node and master node are not synchronized
keeping the analog input port on for a period longer than the
short length of the laser pulse which is 1 ms in our case.
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FIGURE 4. (a) Schematic of the sensing node (The insulator which has a
shape of a cup with a thickness of 3 mm, height of 83.7 mm, and upper
and lower diameters of 72.9 mm and 44.9 mm, respectively) (b) circuit of
the sensor node (c) buried LM35 sensors (d) picture of the sensor node
built (the LM35 sensors is buried in the soil).

The charging of the capacitor stops when the voltage across
it reaches a value equal to the voltage across the 1 k� and
diode, around 2.7V, or when the laser pulse stops illuminating
the photoresistor. The duration of the laser pulse is chosen in
accordance with the capacitance used so that enough voltage
develops across the capacitor during charging time where it
will start discharging after the laser beam stops through the
reverse biased diode and its internal resistance. Thus, we need
to ensure that it will maintain the voltage for a long enough
duration for the master node to recognize it. Although that

FIGURE 5. (a) The receiving circuit built that should be connected to the
master node from the node Vo (b) the simulation of the circuit in (a).

discharging imposes a challenge, it allows receiving several
laser pulses coming from different sensing nodes where each
node should be dictated a certain period to transmits an alarm
signal after the capacitor discharges the charge gained by
receiving a previous laser beam.

The laser communication system’s simulation result that
the capacitor should acquire a voltage of 1.12 volts. In the
experimental testing of the circuit, a voltage around 1 volt was
read across the capacitor after illuminating the photoresistor
with a 1 ms laser pulse and then started to discharge to zero
in around 15 seconds through the reverse biased diode and its
internal resistance as mentioned earlier.

B. POWER CONSUMPTION OF SENSOR NODE
In idle mode, the sensor node drew 40 mA from an indus-
try standard 9 V battery. Thus, the sensor’s idle mode’s
power consumption is 360 mW. An analog input port of an
Arduino Uno board has an operating voltage of 5 V, draws
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40 mA [45], and takes about 100 microseconds to be read
by the microcontroller [46]. Hence, the temperature reading
process add a power consumption of 200 mW, and conse-
quently, the total power consumption when the detector is
active is 560 mW, where sensors will be read consequently.
The detector would need to take a reading every 30 minutes
as discussed in the next section. The laser diode was mea-
sured to draw 20 mA at 4.17 V, thus 83.4 mW, from the
digital output port (D13) in on steady state condition. Then, a
1-ms laser pulse would consume approximately 23.2 nWh.
Therefore, each idle mode cycle, which takes 30 minutes,
consumes 0.18 Wh, whereas reading the two sensors, which
takes 200 microseconds in active mode, consumes 31.1 nWh.
Therefore, since an industry standard 9 V battery has an
energy storage of 5.49 Wh [47], the sensor node would last
about 15.25 hours. The power consumption of the sensor node
is high relative to the power consumption of the sensor node
in [12], equal to 2.2 µW. This is because an Arduino Uno
board is not made for power-efficient applications. However,
it was used for its convenient connections as the focus in this
study is the sensing mechanism.

V. PIPELINE SOFTWARE MODEL DEVELOPMENT
In the software model, each material had two parame-
ters: thermal conductivity and volumetric heat capacity.
Polypropylene thermal conductivity is 0.14 W/(m∗K) [48].
Since the volumetric heat capacity of polypropylene varies
with density, it was estimated to be 0.6385 MJ/m3/K by
measuring the density of the pipe used in the experiment
(336.1 kg/m3) and multiplying it with the specific heat
of polypropylene (1.9 kJ/(kg∗K)) [48]. For the expanded
polystyrene foam barrier, the minimum thermal conductivity
is 0.035 W/(m∗K) [49]. Similar to polypropylene, the vol-
umetric heat capacity was estimated to be 0.0246 MJ/m3/K
by measuring the density of the cup used in the experiment
(16.4 kg/m3) and multiplying it with the specific heat of
polystyrene (1.4 kJ/(kg∗K)) [48]. The leaked water from the
damage of the pipeline was simulated as a circular area,
as shown in Fig. 6 (a), in accordance with the images of the
evolution of water leakage in dry soil captured and processed
with a ground penetrating radar (GPR) [50]. where though
the movement of leaked water through soil doesn’t follow
an uniform shape, a spherical diffusion from the leakage
point is noticed. The head of saturated sand column in the
model, due to the mixing of leaked water and surrounding
sand, was deduced from the capillary rise of water in fine
sand, which is 21 cm [50]. The initial water temperature
over that medium is set equal to the temperature inside the
pipe, measured to be 311.15 K (38 ◦C) in the experimental
apparatus. Because sand temperature varies vertically with
depth, it is virtually divided into ten layers, each is 2.1 cm
thick, as shown in Fig. 6 (a). The lines dividing the inner area
of the half circle have no boundary conditions and is to be
removed before starting the simulation because it is drawn
for demonstration only. The boundary condition at the bottom
where given the temperature of water inside the pipe, equal

FIGURE 6. (a) Primary schematic used for simulating a water leakage in
an underground pipeline (b) the result of the first simulation; one of the
arcs along which an average temperature was calculated, using the
integration tool, is indicated with red and circled.

to 311.15 K (38 ◦C) as mentioned previously, while at the
upper most line of the model, the temperature was set to the
expected ambient temperature during the experimental work
(303.15 K (30 ◦C)). No boundary conditions where applied
to the outer vertical sides because in the experiment these
sides where loosely thermally insulated with wooden walls.
The initial temperature (twi) at the sides of each layer (i) was
estimated by integrating the average temperature along the
arc length of each segment, as shown in Fig. 6 (b). The upper
most segment had only one arc while the others had two
on their sides. Assuming the heat lost from water (Qw) in
the saturated sand medium is equal to that acquired by sand
molecules (Qs) in the same medium, the arcs of each segment
was given the final temperature calculated with equation (9)
derived as follows:

Qw = −Qs (2)

mwcpw1tw = −mscps1ts (3)

mwcpw(tf − twi) = − mscps(tf − tavg.i) (4)

where mw and ms are the masses of water and sand respec-
tively in the concerned segment, cpw and cps are the specific
heat capacities of water and dry sand, 1tw and 1ts are the
changes in the temperature of water and sand, respectively,
and tf is the final temperature of both of water and sand when
heat transfer stops and tavg.i is the average temperature along
the arc length of the corresponding sand layer (i).

tf =
mwcpwtwi + mscpstavg.i

mwcpw + mscps
(5)

tf =
VwDwcpwtwi + VsDscpstavg.i

VwDwcpw + VsDscps
(6)
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TABLE 1. Initial and final temperatures of each layers numbered from the
top layer in ascending order.

FIGURE 7. Primary schematic used for producing the heat flow diagram
after estimating the leakage effect.

where Vw and Vs are the volumes of water and sand, and Dw
and Ds are the densities of water and dry sand, respectively.
By multiplying specific heat capacity of each material with
its density, we get the volumetric heat capacity:

tf =
VwcpVwtwi + VscpVstavg.i

VwcpVw + VscpVs
(7)

where cpVw is volumetric heat capacity of water, equal to
4.18 MJ/m3/K, and cpVs is volumetric heat capacity of sand,
around 1.3MJ/m3/K for sandwith nowater content according
to the volumetric heat capacity graph in [51]. Assuming the
sand will reach retention in the area affected by leaked water,
the water content level is likely to reach 0.36 according to the
retention curves in [52], [53]:

tf =
0.36V scpVwtwi + Vscpvstavg.i

0.36VscpVw + VscpVs
(8)

tf =
0.36cpVwtwi + cpVstavg.i

0.36cpVw + cpVs
(9)

Table 1 lists the initial and final temperatures of each layer.
Fig. 7 shows the primary model used for producing the

heat flow diagrams of the leakage, where the sand and pipe
wall below the boundary of the saturated sand are removed
because the sand layer above the leakage area will be affected
by the boundary temperature of the saturated sand where the
sides of each segment in it is given the corresponding final
temperature in Table 1. A polystyrene cup was added in both
leak and no leak conditions. This addition was made to study

FIGURE 8. Heat flow diagrams in four conditions: (a) without a leakage
(b) without a leakage and insulation installed (c) with a leakage (d) with
a leakage and insulation installed.

the effect of the leak and that of the cup independently. Thus,
there will be four heat flow diagrams as shown in Fig. 8.

VI. RESULTS
A. SIMULATION RESULTS
Using the Plot tool in FEMM, the temperature along the
surface at a depth of 2 cm, which is the depth of the sensor
in the hard prototype, in the four heat flow diagrams was
graphed as shown in the Fig. 9. Since the model is symmetric,
the temperature was read from the center till the right end
of the model. In no leakage condition, the addition of the
insulator introduced a disruption in the temperature along
the surface where the difference between the temperature in
the middle of the model and in the middle of the insulator,

163790 VOLUME 8, 2020



A. Awwad et al.: Remote Thermal Water Leakage Sensor With a Laser Communication System

FIGURE 9. The temperature along the surface at a depth of 2 cm from the center until the far-right end for the four conditions shown
in Fig. 4 in the same order.

which are the locations of the sensors in the hard prototype,
is 0.033 K (◦C), as shown in Fig. 9 (a,b). The leakage model
shows that the addition of the cup increased that difference
from 0.011 to 0.063 K (◦C) when there is a leakage, as shown
in Fig. 9 (c,d), thus, the disruption became more noticeable.
Graphs also show that the further the sensor is from the
center of the leakage location, the less temperature it will be
detecting and, thus, the disruption in temperature along the
surface will be more detectable. In normal condition, when
there is no insulator, the difference between the maximum
and minimum points is 0.198 K (◦C), as Fig. 9 (c) shows.
Although the widely used AAT sensor, LM35, cannot detect
a small temperature difference of 0.198 K (◦C) accurately
where its readings’ accuracy is within ± 0.5 ◦C, it still has
a potential as its resolution is 0.01 ◦C and it has been used
previously for leakage detection purposes [14]. Therefore,
LM35 sensors are used in the experimental part of this project
as explained in the next subsection.

B. EXPERIMENTAL RESULTS
The testing of the temperature sensing system was carried
in two consecutive sunny days of similar weather conditions
during sun peak hours, between 2 pm and 3:30 pm, so that
maximum amount of leaked water evaporates maximizing the
change in the temperature of the surrounding sand. In the
first day, the temperature difference between the readings of
the two sensors was measured without operating the pump

and it was noticed to vary between 0 and 0.5 ◦C, which
equals the expected error in temperature reading according
to the accuracy of the LM 35 sensor [23]. In the second day,
the pump connected to the damaged pipeline in the prototype
was operated, and the maximum temperature difference read
was 1.47 ◦C after 30 minutes of operating the pump before
this difference started to decrease to zero after one hour. To be
more precise, when the difference between the readings of
the two LM 35 sensors was maximum (1.47 ◦C), temperature
of the thermally insulated sand was 30.76 ◦C, while in the
adjacent open area, it was 32.23 ◦C. The temperature of the
open area was expected to be higher than the insulated part as
water temperature during the experiment was around 38 ◦C,
which is in the range of the real water temperature in the
WDN in Sharjah as shown in Fig. 10. Since the leaked water
temperature in the prototype was higher than that of sand,
it seems to have increased sand’s surface temperature. The
rebalancing in the system happened probably because of heat
leaking to the insulated part through the polystyrene foam
barrier, which does not represent a perfect thermal insulation
or due to the decrease in the ambient temperature.

VII. DISCUSSION
A. SENSING NODE COVERAGE AREA
Because in actual condition the distance of leak from the
sensors is unknown, the insulated sensor is preferred to be
placed adjacent to the pipeline instead of being exactly above
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FIGURE 10. Distribution of water temperature within the WDN for Feb
2014 [44].

it to avoid data reading repetition between the two sensors,
resulting in potentially erroneous zero leakage detection and
to maximize the difference between the two readings. The
coverage area of each sensor node depends on the radius
of the resultant temperature anomaly on the surface above
the leaking point. In worst case scenario, which was tested
in the conducted experiments discussed previously, the leak
is directly below the sensors. Thus, the area of the temper-
ature anomaly will be covering both sensors. In this case,
the sensor node proved to be effective. However, in the
graphs in Fig. 7 and Fig. 11, it is shown that the thermal
effect of leaked water diminishes rapidly as the distance
increases from the leaking point. For example, the radius of
the temperature anomaly depicted in Fig. 11, deduced from
plot B, is around 5 cm, where the blue curve in the profile,
which represents the temperature along the line crossing the
anomaly, shows that between the center of the anomaly,
at location 301 mm, and location 351 mm, the temperature
will be always almost below 30 ◦C, which is 1.5 ◦C less
than the temperature at the adjacent surface which fluctuates
around 31.5 ◦C on both sides. Therefore, this suggests that
if the horizontal distance between the leakage and sensing
node, specifically the uninsulated sensor above the pipeline,
is more than 5 cm, the leakage might not be detected, taking
in consideration the similarity between the WDN prototype
used in this paper and the one in Fig. 11. Moreover, in real life
the amount of leaked water from WDN is much larger than
the one presented in prototypes, where a pipe burst can even
appear on the surface. Then, as a projection, if we multiply

FIGURE 11. A high-resolution IR image and the associated temperature
profiles [10].

the scale factor deduced in the ResearchMethodology section
(4.92), with the approximatedmaximumdistance of detection
(5 cm), the maximum horizontal distance of detection turns
to be 24.6 cm. In terms of depth, in the used prototype in this
paper, the pipe was buried at a depth of almost 40.6 cm, which
is similar to the distance between the temperature sensor and
monitored pipe in [14] (30 cm). After scaling, in real life
the system is expected to work at a depth of 2 m. Surely,
if the pipeline is buried below 2 m, the depth upon which the
scaling was set, the horizontal coverage area of the sensing
node is expected to decrease where the heat flow diagrams
in Fig. 8 shows that as it is further from the leakage the tem-
peratures along horizontal layers tends to be closer. Although
the rate of leaking water depends on the size of the breach in
the pipe’s wall, this is not expected to affect the radius of the
temperature anomaly very much where the amount of leaked
water is also limited to the retention of the surrounding soil.
To sum up, in order to further examine the system reliability,
it should be used in more realistic setups. To improve the
system’s sensitivity, they can be equipped with sensors with
higher accuracy, such as LMT70 that has a maximum accu-
racy of±0.2◦C from−20◦C to 90◦C [54], to ensure a bigger
margin between that the detected differences on the surface
from system errors (fluctuation in the reading or self-heating
of the buried sensors).

B. EFFECT OF ENVIRONMENTAL CONDITIONS
To further investigate the consistency of the system’s per-
formance, it should be tested in different times along the
year so that the effect of different temperature and humidity
and other extreme conditions is explored. Among the most
extreme environmental conditions in UAE is fog and sand-
storms, where in addition to the mechanical power of the
wind, they can diffract the laser beam through which the
alarm signal is delivered. A sandstorm in UAE can last for
several hours [55], while the fog often clears within about two
hours after sunrise [56]. Finally, in the eastern part of UAE,
where the city understudy, Sharjah, is located, a heavy rainfall
is expected to last for several minutes, while a light rainfall
usually continues for a couple of hours [57]. Unusually,
a heavy rainfall might last for more than two hours [58]. Thus,
taking in consideration all the previous weather conditions,
two solutions can be applied: the simple one is programing
the sensing node to emit the alarm beam repetitively along
the day and night, whereas the second is integrating fog and
dust detection sensors to delay sending the alarm signal after
the environmental event ends. Fog and rain can be detected
by simple humidity sensors, but the high cost of dust sensors
makes the second solution less preferable than the first one
especially in the case of wide monitored area [59]. A through
study of the effect of those environmental conditions on the
propagation loss in case of using an RF communication sys-
tem is recommended if it is considered as an alternative. Over
the long term, to avoid the accumulation of sand on the laser
diode, it can be fixed on a porous sheet instead of the solid
one used [60]. The microprocessor can be buried in a plastic
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case like the sensing node in [14], and to avoid the grounding
of the temperature sensors which can defect its readings, due
to a large leak or rainfall, waterproof LM35 sensors, which
are commercially available, are suggested.

C. TECHNICAL COMPARISON
According to the profile in Fig. 11, the temperature differ-
ence between locations directly above the leaking section
of a buried pipeline at a depth of 110 mm and horizontally
adjacent points was around 4 ◦C in [10], which is compa-
rable to the maximum temperature difference recorded in
this paper (1.47 ◦C). In the experiments in [10], water had
a temperature lower than that of the soil, and thus leaked
water decreased the temperature at the surface, where the
prototype was simulating the case of water being pumped
from deep wells into the Great Man-made River of Libya
which has lower temperature than that at the surface, unlike
our case, where water mostly comes from desalination plants
located above the surface. From the depiction of the exper-
imental test rig in [10, Fig. 2], it can be deduced that the
length of the buried pipeline was 525 mm. The IR camera
could have been fixed high enough to cover wider area,
but this needs experimental validation. Thus, according to
the experimental results, two cameras would be needed per
meter, whereas, according to the estimated coverage area of
the proposed system, 25 sensing nodes would be needed per
meter. Although both systems are costly when a large number
of nodes are required to monitor a pipeline that extends for
thousands of kilometers, the first one is more costly because
of the high cost of the IR camera. Even though the need of
large number of acoustic sensors and costly installation is an
existing problem in acoustic leak detectors as well [61], [62],
they are much more applicable than previously mentioned
technologies where pressure pulses can be detected over
a distance of several kilometers depending on the sensor
used and location of deployment [63]. Another reason that
makes acoustic detectors the most suitable solution in our
case is its dependency on the physical vibration caused by
the leak unlike the previous thermal detectors, which sense
the surface’s temperature that varies with weather fluctua-
tions. However, the effectiveness of acoustic detectors can
be limited by environmentally-induced uncertainties, such
as external noise and demand variations [33]. Although the
proposed model is only applicable for leak detection, the size
of the leak can be estimated by counting the number of alarms
in one area using the large number of sensing nodes. In this
case, the location of each sensing node can be identified by
the corresponding master node, which will be receiving the
alarm, by assigning a specific time at which each node can
send its alarm in accordance with a common network time
protocol.

D. TOWARD DEVELOPING AUTONOMOUS SYSTEM
The proposed system would work more efficiently if it runs
a comparison between the results of the FEMM simulation
and sensors’ readings automatically, where the deviation of

the sensors’ readings from the resultant surface temperatures
from the simulation with no leak condition can be used as a
secondary indication of the existence of a leaks. To automize
the comparison of simulated and measured temperatures,
the simulation must be written in Lua extension language,
which is used to add scripting/batch processing facilities to
FEMM [64], and the microprocessor must be replaced with
a microcomputer, such as a Raspberry Pi 4, which can have
an operating system, such as Windows, installed to run the
FEMM program. There is no need for an additional sensor
to measure the ambient temperature, which is one of the
simulation parameters as discussed earlier in the subsection
‘‘PIPELINE SOFTWARE MODEL DEVELOPMENT,’’ if it
is to be taken from previous records of average temperatures
like the ones in [65]. However, since the ambient tempera-
tures changes annually [66], the error can increase in addition
to the existing error because of the difference between the
simulated (expected) and measured temperatures of soil in
the open area where the proposed systemwas deployed above
the pipeline, which was 1.582 ◦C, which corresponds to an
percentage error of 0.049 %, when there was a leak.

VIII. CONCULSION
In this paper, remote thermal water leakage sensing system
with a laser communication system was introduced. A new
system is proposed system consisting of a couple of AAT
sensors, one installed at the surface, and the other was ther-
mally insulated with the sand adjacent to it. The system was
evaluated by computer simulation and experimental valida-
tion. The system was able to robustly detect leakage from a
prototype WDN with a temperature uncertainty of ±0.5 ◦C.
The experimental testing of the proposed system showed
ability to detect underground leakage.

APPENDIX
The program in the microcontroller of the proposed system
in Arduino programming language:
int val;
int tempPin = 1;

void setup()
{
pinMode(LED_BUILTIN, OUTPUT);
Serial.begin(9600);
pinMode(LED_BUILTIN, OUTPUT);

};

void loop()
{
tempPin = 1;
val = analogRead(tempPin);
float mv = ( val/1024.0)∗5000;
float cel1 = mv/10;
Serial.print(‘‘TEMPRATURE in insulated area = ’’);
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Serial.print(cel1);
Serial.print(‘‘∗C’’);
Serial.println();

++tempPin;
val = analogRead(tempPin);
mv = ( val/1024.0)∗5000;
float cel2 = mv/10;
Serial.print(‘‘TEMPRATURE in open area = ’’);
Serial.print(cel2);
Serial.print(‘‘∗C’’);
Serial.println();

if ((cel2 - cel1) >= 1.47) {
digitalWrite(LED_BUILTIN, HIGH);
delay(1);
digitalWrite(LED_BUILTIN, LOW);
delay(1);

delay(1800000);

}
}
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