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Transportation of liquids is a primary aspect of human  life. The most important infrastructure used accordingly is the pipeline. 

It serves as an asset for transporting different liquids and strategic goods. The latter are for example: chemical substances, oil, gas 
and water. Thus, it is necessary to monitor such infrastructures by means of specific tools.  Leakage detection methods are used to 
reveal liquid leaks in pipelines for many applications, namely, waterworks, oil pipelines, industry heat exchangers, etc.. The 
configuration of pipelines is a key issue because it impacts on the effectiveness of the method to be used and, consequently, on the 
results to be counterchecked. This research illustrated an improvement of the impedance method for zigzag pipeline by carrying 
out an experimental frequency analysis that has been compared with other methods based on frequency response.  Hence, the 
impedance method is generally used for simple (straight) pipeline configurations because complicated pipelines with many curves 
introduce difficulties and major uncertainties in the calculation of characteristic impedance and in the statement of boundary 
conditions. The paper illustrates the case of a water pipeline where the leakage is acquired thanks to pressure transducers. 
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1.  INTRODUCTION 
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 BUILDING of strategic infrastructures as pipelines is a 
atter of interest because it is a multidisciplinary field 
at involves financial resources as much as human 

ones. The problem of protecting natural resources has 
become important because resources are limited. In 
particular, water is one of the most important natural 
resources that is present in many locations all over the world 
as an environmental component. Its rational and clever use 
is a matter of concern for thousand of millions of people all 
over the world. Since sweet water is not unlimited, its use in 
locations where it is not present authorizes its transportation 
towards areas where it must be used, thanks to pipelines and 
artificial reservoirs and natural basins.  For the above 
reasons, the control and the detection of leakages in 
pipelines for water usage is basically an interesting topic for 
research. 

Leak Detection is accomplished in two phases. During the 
first phase, the entire system is surveyed for "leak sounds." 
When a sound is heard, the location is noted as a potential 
leak site. Actually, any condition which interferes with the 
normal flow of water can produce vibrations similar to the 
vibrations caused by leaks. During the second phase, each 
location is further investigated. If necessary, a computerized 
leak correlator that works on sonic transmission (speed of 
sound) principles is used to pinpoint the exact location of 
the leak. The correlator eliminates the need for extensive 
hit-or-miss excavation, and the unnecessary destruction of 
expensive pavement. Without the correlator, finding many 
leaks would be like searching for the proverbial needle in a 
haystack [1]. Since current leak detection techniques rely on 
vibrations that travel from molecule to molecule along the 
wall of the pipe, the most important factor affecting leak 
detection is the pipe material itself. The denser the wall of 
the pipe, the greater the distance leak sounds will travel. 
Density is a function of molecular proximity. Cast iron, 
ductile   iron,  galvanized  steel,  and   copper  pipes  are   all  

 
 

extremely dense and exhibit excellent transmission qualities. 
Asbestos-concrete pipe (AC), or transite as it is often called, 
is not as dense and dampens vibrations much quicker than 
metallic pipes. Due to their lack of density, PVC and poly-
pipe absorb, or attenuate, vibrations rather quickly. As a 
result, leak sounds do not travel great distances on these 
plastics. To compensate for transmission shortcomings, the 
leak detection operator will, if at all possible, choose access 
point intervals appropriate for the pipe material [2]. Pipe 
diameter also affects sound transmission characteristics. 
Large diameter pipes tend to attenuate vibrations. Thus, a 
six-inch iron main will transmit leak sounds farther than a 
12-inch iron main. In addition, the degree of soil compaction 
around a pipe often alters its transmission characteristics. 
When the soil around a pipe is firmly compacted, the pipe 
wall loses some of its elasticity, and sound transmission is 
improved. Generally, the degree of compaction is a function 
of pipe depth [3]. Fig.1 illustrates an overview of leak 
detection methods currently used. 

 
 
 

 
 
 

Fig.1.  Leak detection method overview. 
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2.  IMPEDANCE METHOD 
The impedance method is generally used for linear 

pipelines with less curves and bends, that is, straight 
pipelines.  If we want to use an analytical model, we have to 
point out the motion equations which describe transient one-
dimensional flow in a cylindrical pipe according to the 
Hooke law that can be modified from the model 
implemented by some authors [4]. Applying the 
conservation laws of mass and momentum yields the 
following equations of continuity and motion: 
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where Q is the fluid discharge, H=z+p/ρg is the head, C is 
the pressure wave celerity, ρ is the fluid density, λ is the 
coefficient of friction, A is the cross section area of the pipe, 
D is the circle pipe diameter, t is the time and x is the 
distance along the pipe. The integration of Eqs. (1) and (2), 
utilizing the method of characteristics [5], permits to 
describe the pressure time-history at each computational 
point as originated by the propagation of positive and 
negative pressure waves.  Following this approach, first of 
all, we can briefly describe two methods: leak analysis using 
transients and the impedance method [6].  
 
2.1 Analysis of transients in pipelines 

The method of characteristics is used to transform the 
system of partial differential (1) and (2) into a system of 
ordinary differential equations that can be integrated 
numerically without difficulty. Hence,  
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2.2 Impedance method 
The instantaneous hydraulic impedance line elevation H 

and the discharge Q are divided into two parts, the average 
magnitudes and  Q  and the oscillatory  H H h= +  and 

Q Q q= +  [8]. The hydraulic impedance  Z(x) is defined 
as the ratio of the head fluctuation h to the discharge q. 
Hence 
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having assumed the following: 
h=H(x)ejωt and q=Q(x)ejωt, where ω is the angular 
frequency; 
γ=α+iβ is generally referred to as the propagation constant; 
C1 and C2 are the integration constants from h and q. 
The characteristic impedance Zc is defined by  
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Particular boundary conditions of the pipeline must be 
envisaged in order to assess the integration constants C1 and 
C2.  The terms used in (3) are the following: C as water 
speed, g stands for acceleration of free fall and A is the pipe 
section.  If the pipe friction is neglected, the final 
formulation of the pipe impedance with a leak could be: 
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The leak position lr is calculated from the above relationship 
by calculating ZL for each point where a leak could be 
detected. The system equation without leaks is given by the 
following: 
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the + indicates the waves are coming from the upstream 
while the -  stands for the waves coming from downstream. 
J=(λ/D)Q׀Q׀/(2gA) is the linear head loss by unit of the 
length of the pipe. Equation (3) determines the evolution of 
the head pressure and the discharge according to the time 
and the space. Its solutions constitute the solutions to the 
original system of (1) and (2). In an experimental pipeline, 
when the valve is suddenly closed, an abrupt increase in 
pressure wave is then reflected back by the leak provoking a 
partial reduction of the incoming pressure wave [7]. Then, 
the wave is reflected bringing on a negative wave, if for 
instance a reservoir is connected to the pipe. Analogously, 
discontinuities in the pipe flow conditions such as leaks, 
provoke partial reflection of the incoming pressure wave. 
Thus, through correctly interpreting these head and leak 
discharge-time histories at the valve section, it is possible to 
extract information on the leak location.  
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3.  EXPERIMENTAL FACILITY DESCRIPTION 

The method has been applied to the hydraulic circuit of 
Fig.2, used in previous work [9] in order to make a 
comparison.  The length of the circuit is 59 m while the 
section is 1 inch. The inner part of the pipe is in copper with 
a plastic sheath. 5 water taps are used to simulate leaks and a 
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series of pressure transducers is located on the zigzag 
pipeline. 

Fig.3 illustrates the signal transmission as a loop departing 
from the computer across different aforementioned devices 
and apparatuses and arriving to the same computer. The 
MATLAB-based interface is connected to the hardware 
thanks to a RS-232 connection the user utilizes.  

The experimental setup includes, as depicted in Fig.4: tank 
(100 liters); flexible rubber pipe (1 inch); electric pump 
(Ebara CMA 1.00T, 0.75kW, 3000 rpm, impeller diameter 
160 mm); multilayer pipe in copper, coated with a plastic-
based sheath,   having 11 valves; Gems sensors 2200A 
pressure transducer (output 4-20 mA 2 wires, supply voltage 
sensitivity 0.01% FS/Volt, supply voltage 1.5 VDC above 
span to 35 VDC @ 6mA); and various other items such as 
electronic control. 

 
 

Fig.2.  Experimental plant layout. 
 

The electronic card PICPLC16 with the microcontroller 
has analog inputs, PWM (Pulse Width Modulation) outputs 
and a RS-232 connection. The successive active lowpass 
circuit transforms PWM signal into a signal proportional to 
the duty cycle of PWM.   

 

 
 

Fig.3.  Experimental plant data architecture. 
 

The water flow variation is accomplished by acting on the 
pump voltage thanks to micromaster 410 inverter (0.55kW);  
afterwards, on the above described pressure transducer. The 
successive differential amplifier allows the transformation 
of differential voltage coming from the pressure transducer 
into one amplified signal referred to the system potential 
GND, where GND stands for ground.   The last block 
illustrates a lowpass circuit with an appropriate gain to 

remove noise at high frequencies related to analog input of 
the microcontroller of the PICPLC16 card. The entire wall 
mounted pipeline is illustrated in Fig.4.   
 

   
 

Fig.4.  System  mounted on the wall. 
 

4.  DISCUSSION 
The algorithm works as follows: calculating the 

characteristic impedance of  all the pipelines (on 59 m), 
analyzing the suitable frequency for each location of the 
water tap, calculating ZL and Zsx for each water tap position, 
it is possible to determine leak position  lr  thanks to (4). 
Further explanations are derived from Fig.5. The frequencies 
are experimentally recovered from plots of Fig. 2 and Fig.3 
for each position of presumed leaks by transforming the time 
domain in frequency one versus pressure.  Only the time 
(then the frequency) that corresponds to a high peak is 
considered for the impedance method. The procedure is 
performed by calculating the impedance at the presumed leak 
as indicated in Fig.6 and Fig.7. 

 

 
 

Fig.5.  Impedance method procedure. 
 

  
 

Fig.6.  Opening and closing trend for leak1. 
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Fig.7.  Opening and closing trend for leak 4. 

 

 
 

Fig.8.  Trend without leaks. 

 

 
 

Fig.9.  Time analysis for leak 1. 

 

 
 

Fig.10.  Time analysis for leak 3. 
 

 
 

Fig.11.  Time analysis for leak 6. 
 

The results of the aforementioned algorithm are illustrated 
in Fig.8 - Fig.11 for each leak of the experimental pipelines. 
In absence of leaks, the system displays the plot of Fig.8 in 
accord with the relationship (7), while the other plots show 
the detection of leaks accordingly. Simultaneously, during 
the acquisition of data for the application of the impedance 
method, FFT and STFT algorithms were applied for a 
comparison, as depicted in Fig.12. Tab.1 illustrates the final 
results with appropriate comparisons among the different 
methods.   

    
 

 
Fig.12.  FFT and STFT algorithms. 

 
Tab.1 also illustrates the difference between zigzag pipe 

and a straight pipe. Hence, the modified impedance method 
demonstrates the possibility of a good application for a 
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