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Abstract—Water is a limited and valuable resource henceforth
it is essential to manage this resource because it is vital to human
survival and it is almost an input for all production and processes
in sectors such as Industry, Agriculture, Energy, etc. However,
water consumption is lost due to failures in the water distribution
line systems as these failures are mainly attributed to the pipe
leakages and failure of the supply system itself. In this study, a
Smart Water Usage Management System that can detect and
locate water leakage is proposed. The said system implements an
algorithm that primarily gathers data of behavioral relationship
of flow rate in response to the position of the leak with the aid of
flow meter sensor in a wireless sensor network.

Index Terms—Differential Reading; Detection;
Transient Analysis; Water Usage.

Leakage

I. INTRODUCTION

The issue of water shortage is considered one of the
major challenges in the world. As such, many countries are now
concerned with proper water management. Along with proper
management of water, it is also important to limit water losses.
This includes leakage, contamination, illegal connections,
unknown use, etc. [1]

According to the OECD Environmental Outlook to 2050,
global water demand will increase by 55% due to growing
demand from manufacturing (+400%), thermal power plants
(+140%) and domestic use (+130%). A recent study conducted
by the World Bank indicates that 60% of the domestic water
consumption is lost due to failures in the water distribution line
system and that these failures are mainly attributed to the pipe
leakages and failure of the supply system itself. In the
Philippines, 81% of Maynilad’s non-revenue water is attributed
to leaks in its distribution network which yields to an economic
impact to the consumers and to the suppliers as well. On the
other hand, water leaks may also cause direct danger to people
because of water pollution by contaminations in the pipelines.

With this, water distribution lines need to be enhanced in order
to address its socio-economical, environmental and health
issues on our daily lives. [8] Most water distribution lines are
installed under the surface, inaccessible to many, which results
to the difficulty on locating leakages. In addition, these methods
can only detect leakages at main water distribution lines and not
entirely on residential household pipelines. As a result, most
leakages in residential areas remain undetected in a longer
period compared to those at the main water lines. A study
conducted by EPA shows that there are 10,000 gallons of water
wasted every year from household leakages and that the owners
can save up to 10 percent of their total water bill.[2] Therefore,
a system that can detect possible leakages in household pipeline
system is proposed to further address these problems. The
proposed system will use differential reading method to detect
and locate possible leakage in the pipe system and utilize
transient analysis in locating the leak. Flow sensors in a
Wireless Sensor Network (WSN) connectivity will be installed
to remotely monitor abnormalities using ZigBee’s wireless
communication. The volumetric flow rate gathered will be
transmitted to a base server and will be analyzed. Leakage will
be detected once the reading of a sensor drops. The accuracy of
the system will be tested by comparing the detected position to
the actual position of the leak.

II. LITERATURE REVIEW

There are several methods that are used in order to detect and
locate leakages in water distribution pipes. This includes
Acoustic Measurement, Vision Based System, Fiber Optic
Monitoring and/or Pressure/Flow monitoring. [2]

Acoustic measurement uses hydrophones or accelerometer to
measure acoustic emissions along the pipeline. This technique
is based on the principle that a liquid, seeping due to leakages,

22



creates an acoustic signal that travels along the pipe walls.
Different cross correlation methods can be used to estimate the
position of the leak. However, this method requires complex
processing algorithms and is generally expensive. [7]

Vision Based System uses image processing or laser
scanning to find cracks and faults along pipelines. For it to
operate, it requires an interior access to pipes. This method may
also be costly, requires high processing power and a skilled
operator to analyze the result. [6]

Fiber Optic Monitoring is another method on leakage
detection wherein it utilizes fiber optic technology. It can be
deployed over long distances to detect leaks or measure strains
in the pipes. The disadvantages in using fiber optics is the
difficulty in implementation and the cost of installation. [§]

The common disadvantage of these methods is cost
efficiency. Most of these methods are quite expensive and may
not be practical to implement on household setting. Moreover,
it requires human involvement, making it time consuming and
labor intensive. System costs and complexity of installation are
usually high for this type of leakage detection methods and
therefore, their application is limited. [19]

Another promising method that solves all the above
mentioned issue is through the use of Differential Flowrate
Reading. In this method, flow meters are used to measure the
flow of the water between two points, if a leak happens in a
place anywhere between these two sensors, the flow rate of the
second sensor drops. Thus, the microcontroller detects the drop
in the volumetric flow rate and identifies this as leak. Deployed
as Wireless sensor node, which eliminate human involvement,
on leakage detection. Flow sensors are inexpensive and are easy
to install. [1] However although it offers low cost with high
accuracy of leak detection, it cannot locate the position of the
leak. For an effective leakage management and control of water
loss, identifying the exact position of the leakages is vital to
hasten pipeline leakages and maintenance. [19]

This paper proposes leak localization algorithm integrating
differential reading to detect and localize leakages along
household water pipes through utilization of transient analysis
on changes on flow rate reading.

III. OBIJECTIVES

The main objective of this study is to devise a Smart Water
Management System that can detect and possibly locate water
leakage. The specific objectives of this study are as follows:

a. To integrate wireless sensor node to a single pipeline that
reads the volumetric flow rate.

b. To analyze the relationship of the change of flow rate
reading relative to position of leak along the pipe.

c. To implement a software based-solution by utilizing the
establish relationship of the change in flow rate reading
and the location of the leak.

d. To test the accuracy of proposed solution on locating the
exact position of the leak.

IV. RESEARCH METHODOLOGY

A. Water Pipe with Integrated Sensor Node

For the experimental setup, the group only considered
a single pipeline using a PVC (Polyvinyl Chloride) water pipe
with a diameter of /2 inch and a length of 4 meters. Hall sensor
flow meter were connected at both terminations. Flow sensors
were used to measure the flow rate of the water between two
points, whenever a leak happens anywhere between two
sensors, the flow rate of the second sensor drops. Therefore, the
difference in the readings between the two sensors will prompt
the microcontroller, indicating that there is a leak.
Communication between the two modules is done by ZIGBEE
wireless communication. The flow rate readings which are
transmitted periodically by the sensors through ZIGBEE are
being received by the Arduino microcontroller which is then
connected and analyzed in the PC. In the server, the flow rate
values are compared if there is a change in the flow rate value.
This set-up is called wireless sensor network (WSN). Each flow
sensor is considered as a single node. Figure 2 shows the setup
of the single pipe integrated with WSN. [13]
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Figure 2. Pipeline Physical Setup

B. Wireless Sensor Network for Data Acquisition

Wireless Sensor Network (WSN) typically consists of
small spatially distributed devices to cooperatively monitor
physical or environmental conditions, such as temperature,
sound, vibration etc. With WSN connectivity, central unit for
further processing and analysis collects data from remote
sensors of different types. [13]

Each WSN node is typically equipped with one or more
sensors, a wireless transceiver including antenna or other
wireless communications device, a microcontroller and
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memory to process received data and prepare data for
transmission and execution of required networking tasks, a
networking and application software which specifies
networking protocols and application functionality, An energy
source, usually a battery.[13]

A Star network topology for Wireless Sensor network will

be implemented on the proposed system. Star networks are
connected to a centralized communication hub (sink) and the
nodes cannot communicate directly with each other. The entire
communication must be routed through the centralized hub.
[15]

C. Flow Meter Calibration

The flow meter used for this study is a Hall Effect water
flow sensor. The sensor consists of three wires: black, red and
yellow. Black and red wires are used to supply power to the
sensor while the yellow wire yields data pulses whenever water
is flowing through the sensor. The frequency of the pulses
(pulse/second) is intended for the determination of water flow
rate. Figure 3 shows the Hall Effect water flow sensor used in
this study.

GND VCC  OUT

=

Figure 3. Hall Effect Flow Sensor
F=kxQ @

Where:
F = frequency of the pulses (Hz)
k = calibration factor
Q = Flow rate (L/m)

Equation 1 is used to calculate the flow rate (Q) of the water.
The pulse frequency is obtained from the sensor while the
calibration factor (k) is referred from the specification sheet of
the flow sensor. The flow sensor model used in the study is
SEN-HZ21WA, which has a calibration factor of 8.1. Thus,
corresponds to an output of 8.1 pulses per second whenever a
flow rate of 1 L/m passes through the sensor.

In order to measure the frequency each time the sensor
outputs a pulse, the period for each pulse is determined.
Consequently, the frequency is determined by obtaining the
reciprocal of the period.

D. ZigBee Transmission

The ZigBee module, XBee S2C, was used to transfer data
readings from the flow sensors to the PC server. A ZigBee

module located at the transmitting end for transfer of
information and another at the receiving end. One ZigBee
module is configured as a coordinator while the other ZigBee
module, connected with the sensor, is configured as router
through a software called X-CTU. Software configuration has
been done with the aid of an XBee Explorer which serves as an
interface between the module and PC.

ZigBee modules are identical, having the same hardware
specification and personal area network ID, in order to ensure
compatibility and connectivity among the devices. This allows
the periodic meter readings to be successfully received
whenever the user prompted the ZigBee to send a reading at any
given time.

E. Data Processing and Program Flow
The coordinator ZigBee module is connected to
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microcontroller, Arduino Uno, utilized for data sampling,
calibration, and data processing that would be subjected for
analysis through a personal computer.

The program is initialized by acquiring the volume flow rate
(L/m) from both sensors. The values obtained are then
compared by the system if the values are identical. When the
two values are substantially different (i.e. a significant drop in
the flowrate at the succeeding flow meter), the system will
detect this as a leakage in the pipeline. This is differential
reading.

This would eventually trigger the system to obtain the
transient response readings of the flow rate drop. Upon
obtaining the flow rate drop, a Moving Average filter was
applied in order stabilizes the flow rate samples. From these,
the location of the leak will be evaluated from the database by
the utilization of Interpolation/Extrapolation Function which
will then be compared to the actual location of the leak.

V. THEORY

Differential Reading is an ideal type of system in detecting
water leak. It measures the volumetric flow rate between two
sensors. If one of the flow rate reading of the sensor drops, it
indicates the leak. The main advantage of the said method is
that It considers whatever type of pipeline whether it is complex
(with change of elevation, area, pressure) or straight it would
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not alter the leakage detection that leads to erroneous results
proven by the equation of continuity (flow in equal to flow out).
[18] Volumetric flow rate is defined as:

Q=vxa ?2)

Where Q is the flow rate, v is the velocity of the fluid, and
a is the area of the cross section of the space the fluid is moving
through. Volumetric flow rate can also be found with
continuity. The equation of continuity works under the
assumption that the flow in will equal the flow out. This can be
useful to solve for many properties of the fluid and its motion.
This can be expressed in many ways, for
example: Al*v1=A2+v2. The equation of continuity applies to
any incompressible fluid. Since the fluid cannot be compressed,
the amount of fluid which flows into a surface must be equal to
the amount flowing out of the surface. [18]

Transient Analysis will be utilized in locating the leakage.
It is basically a method that analyzes a system in an unsteady
state. Since the variables defining the state of a system varies
with respect to time. The term transient refers to any unsteady
flow condition. It can refer to a situation where conditions are
continually varying with time or to transition flow between two
steady state conditions. The larger the incremental change and
the faster that change takes place. [20]

According to the study held by Florida State University
regarding Modeling Leakage in Water Distribution Systems,
Transient analysis has become the latest method in trying to
determine leakage areas within a system. In addition, previous
research has suggested that transient analysis has great potential
to identify leakage location rather than steady state
analysis. Therefore, the study suggested that future research
may utilize transient software to identify the relationship
between leakage quantity and location. [21]

VI. TESTING AND ANALYSIS

It was initially investigated how the position of the leak
affects the transient flow rate drop when leakage occurs, six
holes were established along the pipeline which locations are 7
cm, 77.2 cm, 147.5 cm, 217.6 ¢cm, 287.8 ¢cm, and 359.0 cm
relative from the Flow Sensor 1 as shown in Table I.

Table 1. SIX HOLES LOCATIONS RELATIVE TO SENSOR

Holes Position
Leak 1 7 cm

Leak 2 77.2 cm
Leak 3 147.5 cm
Leak 4 217.6 cm
Leak 5 287.8 cm
Leak 6 359.0 cm

Each transient response of the aforementioned leakages was
obtained and projected on a graph through MATLAB. This can
be seen through figures
5 to 10. The input flow
rates for the

Figure 8. Flow rate of Leak 4

FlowRate reading of Leak 1

Flawrale reading from Sensor 1
Filtered FlowRale
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experiment is 12-13 L/m, and when leaks occur, flow rate
declines to 6 L/m.

Figure 5. Flow rate reading of Leak 1
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Figure 6. Flow rate reading of Leak 2
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Figure 7. Flow rate of Leak 3

——— Flowrate reading from Sensar 1
Filtered FlowRate

FlowRate (L/m

] 50 100 150 200 250 300 350
Sample

25


https://www.boundless.com/physics/definition/cross-section/

FlowRate reading of Leak 5 the result, Leak 1 yields the nearest location of leak relative to

15 . ;
T e o e Sensor 1, which displays the steepest slope among the leaks.
54 ‘ Filtered FiowRate
el Derivative of Each FlowRate
12 Leak 1
g ® Leak 2[—
= Leak 3
§ 10 Leak 4
z g Leak 5
o Leak 6
8
@
- &
7
R S v
5
0 50 100 150 200 250 300 350
Sample
Figure 9. Flow rate of Leak 5
& X: 150
Y. 479
FlowRate reading of Leak & 130 140 150 170 180 190 200 210 220 230
14 Sample
Flowrate reading from Sensor 1
13 Filtered FlowRate

Figure 12. Derivative of each Transient Response

From Figure 12, differentiation was applied to the system as
this provides normalization and better view of the slopes. Thus,
the derivative of flow rates was determined to obtain the slope
of each transient response which is displayed through plots.
Based on Table II, Leak I achieved the highest slope having -
4.7901 which is the nearest leak relative to Sensor 1, while Leak
6 having the lowest slope of -1.8598.

FlowRate (L/m)

5 = s S s s T As the leak draws further away from the Sensqr 1, the

Sample maximum slope attained decreases. The negative sign only

Figure 10. Flow rate of Leak 6 indicates that system involves relative decline in values due to
leakages.

Since the graph projects data stream with noise as a form

O . . . TABLE II. THE MAXIMUM SLOPES OF EACH LEAK
of oscillations. Using MATLAB, a Moving Average Filter was

utilized to eliminate most of the noise in the stream as this is Leak Position Maximum Slope
suitable for further analysis. Leak 1 7cm -4.7901
Leak 2 77.2 cm -3.4174
Transient Response of the Different Location of the Leak Leak 3 147.5 cm -2.66195
- ; Leak 4 217.6 cm -2.3915
Leak
q o Leak 5 287.8 em 221515
ik Leak 3 Leak 6 359.0 cm -1.8598

Leak 4
Leak 5
Leak 6

FlowRate (Lfm)
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Figure 11: Filtered Transient Response of the Leakages in the System

In Figure 11, all of the leaks are simultaneously projected in
the same plot to allow better analysis and comparison. Based on
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Position of the Leak vs. Maximum Slope
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Figure 13: Position of the Leak vs. Maximum Slope Attained

VII. RESULTS AND DISCUSSIONS

Since there is a significant relationship which has been
established from the previous observation, this relationship can
be used to determine the position of the leak. Based on Figure
13, leaks which occurred closer to Sensor 1 will have a steeper
slope (more negative) compared to leaks which are located
farther from Sensor 1. By using the Interpolation/Extrapolation
Function, leakage localization would be possible in determining
leakages along the pipeline by using the database from the
previous runs.

From Table III, to test the performance and accuracy, three
random holes/leakages were established having an actual
position of 33.5 cm, 160 cm, and 386 cm. Three trials were
made per leak. Upon acquiring the slopes, Test Leak I projected
the maximum slope since this was the nearest of all leaks. By
using interpolation/extrapolation function, the approximate
position of the leakages was evaluated having at most
20.4278% error.

Table III. Leak Localization Testing

Test Actual . Max Approximate 5 Percentage
| e Trials . Difference
Leak | Position Slope Position Error
Trial 1 | -4.18085 38.15cm 4.65 cm 13.9017%
1 33.5cm Trial 2 | -4.1959 37.38cm 3.88 cm 11.6041%
Trial 3 -4.1381 40.34cm 6.84 cm 20.4278%
Trial 1 -2.6337 154.82cm 517 cm 3.2360%
2 160 cm Trial 2 -2.7177 142.31cm 17.68 cm 11.0549%
Trial 3 | -2.6972 144.21cm 15.78 cm 9.8627%
Trial 1 -1.8309 364.79cm 21.20cm 5.4946%
3 386 cm Trial 2 -1.8380 363.30cm 22.63 cm 5.8632%
Trial 3 -1.7829 374.40cm 11.59 cm 3.003%

|Actual Position — Approximate Position|
x 100

Percentage Error (%) = Actual Position

VIII. CONCLUSION

Flow rate reading was utilized to detect and locate leakages
along a water pipe. This method is efficient to implement on
household setting; since existing methods might impose
erroneous results or might fail in detecting leakages due to
various human activities around the household.

However, a suitable method such as continuous reading of
the changes in flowrate or pressure along water pipes can be
utilized in order to efficiently detect and/or locate leakages on
household setting.

This paper aims to locate leakages along pipeline by reading
flowrate changes in the pipeline. Differential Reading and
transient analysis were utilized to detect and localize the
position of the leakage. When there is a discrepancy between
the readings of the two sensors, it means that there is a leak
between them. Following the occurrence of leak, a transient
drop of flowrate can be observed and used to analyze and to
locate position of the leak.

For the experimental setup, the effect of the position of the
leak to its transient flowrate drop was first established. It was
found out that, as the water reading drops due to the presence
of leak, the maximum slope or rate of change of flowrate in
reading becomes steeper on leakages that nearer to sensor 1
(Output) . Using the established relationship, random leaks
were made along the pipe, and by determining the maximum
slope of each leak, its position can be approximated using
interpolation/extrapolation function.
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