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Abstract. Water pipelines are prone to critical failures due to aging, corrosion, and external
factors. These failures can lead to water leaks in the pipeline, which in turn can cause property
damage and environmental contamination if not detected in time. This work presents a system
for monitoring and locating water leaks using LabVIEW software. The system describes the
mathematical model used to locate the leak, which is implemented in a virtual instrument,
obtaining the flow and pressure behavior of the system in the presence and absence of leaks in
a transient state through a virtual platform coupled to a data acquisition system. With the
implementation of the mathematical model in the virtual instrument, it was possible to locate
the leak in real time to ensure its immediate correction, without false alarms.

1. Introduction

Water pipeline leaks are a problem due to the scarcity of water resources. Monitoring and locating
leaks has become a priority for the water industry due to the costs associated with water loss [1]. In
addition to costs related to water production, transport, and waste, they also cause secondary financial
losses due to supply disruptions, erosion of pipe beds, and damage to buildings and roads. The amount
of water lost through leakage usually represents 20%-30% of total production. This percentage can
even reach 50% for older distribution networks [2].

There are different methods for locating water leaks. They can be broadly classified as external or
hardware-based monitoring methods and internal or software-based monitoring methods. Mass and
energy balance are some of the methods used to locate leaks [3-8]. The disadvantage of this method is
that it is highly sensitive to various disturbances and pipeline dynamics. Hydrostatic testing requires
removing the pipeline from operation and injecting pressurized air into the pipeline. By monitoring the
pressure in the pipeline for a certain time, the presence of a leak is identified if a drop in pressure
occurs. This concludes the existence of a leak and to locate it, it is necessary to segment, seal, and
repeat the test until its position is located. These tests, in which devices are placed directly in the
pipes, are known as pre-locators. The information they obtain about the noise level is stored and
analyzed to find the leak location by measuring the acoustic resonance. The pressure flow deviation
method is used extensively in model-based leak monitoring techniques in combination with a mass-
balance approach to cover full-time leak detection for a wide range of operating conditions. Pressure
flow diversion methods are essentially a subset of the direct backward transient analysis. The first
applied field of the direct backward transient analysis method was the wide use in groundwater
transport problems based on a steady state pipe network model [9,10]. A common problem with the
above methods is that the extraction of leakage information is insufficient. The extracted features
cannot accurately represent all useful information from the raw pressure signal. Therefore, there is a
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need to find a more efficient feature extraction method, which can improve the performance of
existing leak detection methods [11].

The aim of this work is to study the effect of the water hammer equations on the distribution of
pressures and flows through the pipes. From the continuity equation and Darcy's law, an equation to
know the location of the leak was proposed. The mathematical model is validated in a steady state and
with transient effects generated by the opening of valves that simulate leaks, which are distributed
along the pipeline. As the objective of the model is the development of algorithms for leak detection,
results are presented that validate the dynamic characterization when the system is affected by one and
multiple leaks. A virtual instrument was designed and implemented that contains the above equations
and with the help of flow and pressure sensors automatically detect the leakage.

2. Mathematical model
Equations that describe the transient response of a fluid through a pipeline are known in the literature
as water hammer equations, among them are the continuity equation and Darcy's law.

2.1. Darcy's law

Darcy's equation is used to calculate the energy loss due to friction in straight sections and long round
pipes, for both laminar and turbulent flow. The difference between the two flows is in the evaluation
of the dimensionless friction factor f. Equation (1) is described as follows.

hL=f><—><—;, (1)

where L is the tube length, D is the diameter of the pipe, v is the average flow velocity, f is the
friction factor and g is the gravity.

2.2. Continuity equation

This is derived from the principle of conservation of mass, and states that the volumetric flow through
any section in a duct (pipe or channel) is kept constant. This is met if between the two sections there
are no leaks. Equation (2) is described as follows.

. . o
me = mg + a—I:, (2)

where m, is the mass-flow inlet, mg is the mass flow at outlet, and a—I: is the mass change rate

within the boundaries. To obtain the length where the leakage occurs, the continuity equation and
Darcy's law are used. From the continuity equation, which states that the energy entering the system
must be equal to the energy going out, Equation (3) is obtained.

. P, v,2 . P, vy2 . Pr . v¢? . .
m *(—+—)=m *(—+—)+m *(—+—)+m * hpy +my *hy,. 3
1 v 2g 2 v 2g f v 2g 1 L1 2 L2 ()

The equation is reduced a little to P = P, = 0 as these two pressures are at the atmospheric
pressure as shown in Equation (4).

. P v,? . . P . v, 2 . ve? . .
iy« (24 20) = (mip + o) * (22) =iy # () =g () = miy ehog + g vheo. (4)

Knowing that mi; = ni, + ni¢, the equation is divided by mi; as shown in Equation (5).
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As m = p * Q, where p is density and Q is volumetric flow rate, the equations are transformed
to volumetric flow rate since the densities are cancelled out as can be observed in Equation (6).

Pi-Ps Vi) _ (Q , Vo© Qf - Q
( Y ) + (Zg) (Ql * Zg) (Q1 Zg) - h]“l + (Q1 * hLZ)' (6)
Now entering Darcy's law for the values of h as described in Equation (7).
Pi-Pp va?) _ (Q, Vo) _ (Q, Vi) L, v L, Vo*
( Y )+(2g) (Ql*Zg) (Ql*Zg)_(fl*D*Z )+<Q1 (fz D 2g)>' Q)
Taking the speeds to volumetric flow rate, Equation (8) is obtained.
2 2 2
<P1 - Pz) " 8Qy Qz 8Q2 & 8Q¢ _
Y wDig) \Q, wD%) \Q: mD;'g
L, 8Q,2 L, 8Q;
(e 520+ (0 (- 220 ).

As P, = 0, then the first term remains as % which will be called Hm, (pressure head in meters of

®)

water column). Simplifying, Equation (9) is obtained.

8 [  Qf sz]_ 8f1L1Q, 8f,L,Q,°
my) + 2[5 — 5 ~ o) = Ceimre ) * (S5t ) ©

Subsequently, Equation (9) is divided by —— - and Equation (10) is obtained.

Q Q%D f,L,Q,°
(12 1 Hm1 5) + Q1 D - Df Q (221 = f1L1Q12 + (%) (10)

Lt = L; + L,, where Lt is the total length of the pipe. By replacing L1, Equation (11) is obtained.

2 _ 3
(121 Hm,D%) + Q,°D — &2 _ @2 _ g g2 4 (hlrtoe]) (1)
Df*Qq Q1 Q1

Equation (12) is obtained by taking the common factor of L,, which is the desired length.

DS D fLrQp° £,Q2°
(12,1 Hm;D%) +Q,*D — Jhe- — 22 — 2% = [le12 — ] (12)

Equation (13) is obtained by clearing L;.

255 2 3
(12,1 Hm,D%)+Q,2D-3 2" Q2D _f2l1Qs
L. = Df Q1 Q Q1 (13)
1 £,Q z_szz3 )
11 Q1
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The mathematical model was applied in the LabVIEW software to find the is leak location. To
check the mathematical model, an experimental pipe test bench was made, as described in reference
[12,13], and a virtual instrument was developed for automated leak acquisition and detection as
described in section 3.

3. Experimental results and discussion

3.1. Experimental configuration
For the development of the research, a user interface was created, which provides the operator with
flow and pressure data, as well as graphs and controls for the correct visualization and automation of
the leak detection system [14].

Figure 1 shows the experimental configuration used. The equipment consists of (a) a main tank, (b)
a drainage tank, (c) an inlet pressure sensor, (d) an outlet pressure sensor, (¢) an inlet flow sensor, (f)
an outlet flow sensor, (g), (h),(1),(j) leakage discharge valves, (k) a water pump, and (1) a 6 m long
pipe. In this equipment, water was pumped from the reservoir to the measuring section and returned by
gravity through the drainage pipe. To regulate and measure the flow, an inlet and outlet flow sensor
was used. Similarly, to measure the pressure in the system, an inlet and outlet pressure sensor
described by [14] was used.

Figure 1. Experimental setup for pressure distribution measurement.

3.2. Development of the virtual instrument

The virtual instrument consists of different windows, a simulation window which is the main panel
where the user can observe a process simulation as shown in Figure 1. In addition, another data
acquisition window where the user can view in real-time both the inlet and outlet pressure and flow, a
window to locate the leak is shown in Figure 2, and the behavior when leaks occur is shown in
Figure 3.

3.3. Principles of leak detection and location
Under normal operating conditions, all parameters in a pipeline must satisfy a transient flow model
that is made up of a series of basic equations such as conservation of mass, conservation of
momentum, conservation of energy and the equation of state for the fluid in the pipeline.

However, when a water leak occurs, the measured values of the operating parameters will deviate
from the predicted values resulting from the transient model, which forms a basis for detecting the
leak. The principle and the proposed implementation can be described as:

e Real-time data acquisition: pressure and flow signals are collected in real time by measuring
instruments installed at both ends of the pipe.
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Development of the mathematical model and its solution: Replacement of the measured
operating parameters Xy, in a mathematical model for transient water flow, so that the predicted
operating parameters Y, can be evaluated using the method of characteristics described in
section 2.

Preliminary estimation of the failure: The values of Y , are compared with the measured values
of Y m, so that the occurrence of a failure can be determined when the difference between Y ,
and Y n (AY) exceeds a threshold.

Judgment of failure: Then, it is evaluated if the difference of parameters (AY) is caused by a
leak or not, according to the characteristics of the parameter variations caused by a leak, flow
adjustment or pressure regulation.

Leak location: Once the leak is identified, Equation (13) described in section 2 is used to locate
the leak.

Table 1 presents the data of the tests carried out for the calibration of the system (without leaks) and
with leaks in each of the sections.

Table 1. Leaky and non-leaking system test data.

Variable Low Leakage Leakage Leakage Leakage Work
section 1 section 2 section 3 section 4
iglselt)press“re 11.00-12.20  12.20-12.60 12.61-12.80 12.81-13.20 13.21-14.00  14.40-14.97
8,“;? PIESSUC 5 00-4.00  4.85-4.40 4.82-4.63 4.98-4.60 4.80-5.034  6.30-6.00
Qutlet flow 10.00-17.60  19.15-18.02 18.76-17.64 18.69-18.35 18.17-17.94  24.70-24.60
(L/min)
?Lﬂ/f;fl‘)’w 25.00-25.90 28.10-27.70  27.41-27.70  27.41-26.60  26.22-26.14 26.60-26.22
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System graphics Press 1 Press 2
13,6985 5,36377

Flow 1 Flow 2
25,8309 24,9636

Amplitude
i

{» LOCATION OF THE LEAK
6_

4 -]
16:32:46,063 16:32:51,063

160509 S < MAIN MENU
Plot0 [~/

Amplitude

1
16:32:51,067
16/05/2019 16/05/7019

Figure 2. Leak location window.
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Figure 3. Leak location.

4. Conclusions

The results showed consistency and good Accuracy with respect to the proposed algorithm for
detecting leaks in the experimental pipeline. Regarding the results obtained with the automated
detection system using the virtual instrument, we can say that it allows real-time leak detection,
ensuring its immediate correction. As a result, the problems that arise behind a leak can be reduced.
The experimental data in Table 1 shows that there is an increase in the static pressure profile at the
location of the leak, despite boundary conditions and this effect is noticeable in pipes. The pressure
increase due to a leak and its influence on the overall pressure distribution is a function of the size of
the leak and the pipe inlet flow. A mathematical model was proposed based on the continuity equation
and Darcy's law for leakage location. The accuracy and applicability of the model have been verified
by comparing the predicted value with the measured results. It was observed that a pipe affected by a
leakage hole internally generates a gradient jump in the fluid pressure.

References
[1T  Arifin BM S, Li Z, Shah S L, Meyer G A, Colin A 2018 Comput. Chem. Eng. 108 300-313

[2]  De Coster A et al. 2019 J. Appl. Geophys. 162 138-151
[3] ZhangY, Chen S, LiJ, Jin S 2014 Measurement 49(1) 382-389
[4] Tian S, DuJ, Shao S, Xu H, Tian C 2016 Appl. Therm. Eng. 95 462-470
[5] Cataldo A et al. 2017 Measurement 98 347-354
[6] WangP, Xiong L, Sun Y, Wang H, Tian G 2014 Measurement 47(1) 613-626
[7] LiK, Zhou X, TuR, Xie Q, YiJ, Jiang X 2016 J. Supercrit. Fluids. 107 298-306
[8]  Liang W, Zhang L, Xu Q, Yan C 2013 Engineering Failure Analysis 31 1-7
]

Gupta P, Thein Zan T T, Wang M, Dauwels J, Ukil A 2018 Journal of Natural Gas Science and

Engineerin 58 69-79

[10] Liul, Zang D, Liu C, Ma'Y, Fu M 2019 Measurement 138 433-445

[11] Fabbiano L, Vacca G, Dinardo G 2020 Measurement 151 107260:1-7

[12] Gomez Camperos J A, Ubarnes, F R, Espinel Blanco E 2018 Contemporary Engineering Sciences
11(101) 5017-5025

[13] Gomez-Camperos J A, Espinel-Blanco E E, Regino-Ubarnes F J 2019 Journal Physics: Conference
Series 1388 012032:1-7

[14] Gomez Camperos J A, Regino Ubarnes F J, Espinel Blanco E E 2019 Revista Risti E25 277-290



