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This paper proposes a transient leak detection method in a pipeline system which uses head measurements in the frequency domain. A matched-field processing (MFP) approach is used to separately estimate location and size of a leak. The leak location is determined by matching the model with the measurement, more exactly by maximizing the inner product between a unit weighting vector and the measurement. This maximum occurs in the case that the weighting vector and the measurement have the same direction implying that the parameters behind are identical. Then, the leak size is estimated via least square. This MFP approach is able to use not only the resonant frequencies but also all the frequencies being invoked. Besides, the proposed method is a maximum likelihood estimation and equivalent to a matched-filter approach which maximizes the signal-to-noise ratio (SNR). Experiments on simulated data for a single pipe system illustrate the estimation efficiency of the MFP method. The simulation results justify that the proposed leak detection method is able to localize not only a single leak but also multiple leaks.

INTRODUCTION

Leakage detection in a pipeline system is an important issue in water supply systems because leaks result in financial losses, wastage of water, energy and other resources used to treat the water, and pose health risk issues since leaks are potential entry points for contaminants [START_REF] Colombo | A selective literature review of transient-based leak detection methods[END_REF]). In Hong Kong, for example, leak water annually costs more than one billion HK dollar due to the aging water infrastructure. Therefore, a fast, accurate and low-cost leak localization method is under searching.

Fluid transients-based defect detection methodology, where a hydraulic pressure wave is introduced into the pipe system and the pressure response is measured at specified location(s), is a promising general approach for the detection of leaks and other defects. The basic premise of this approach to defect identification and characterization is that a measured wave signal in the fluid in the conduit is modified by its interaction with the physical system as it propagates and reflects throughout the system. Accordingly, it contains information of the conduit's properties and state. Examples of such approach are the (1) Transient Reflection based Method (TRM), such as [START_REF] Brunone | Transient test-based technique for leak detection in outfall pipes[END_REF], [START_REF] Brunone | Detecting leaks in pressurised pipes by means of transients[END_REF], [START_REF] Covas | Application of hydraulic transients for leak detection in water supply systems[END_REF]); (2) Transient Damping based Method (TDM) by [START_REF] Wang | Leak detection in pipelines using the damping of fluid transients[END_REF]; (3) Frequency Response based Method (FRM) by [START_REF] Liou | Pipeline leak detection by impulse response extraction[END_REF], [START_REF] Mpesha | Leak detection in pipes by frequency response method[END_REF], [START_REF] Ferrante | Pipe system diagnosis and leak detection by unsteady-state tests harmonic analysis[END_REF], (Covas et al. 2005a), [START_REF] Lee | Frequency response coding for the location of leaks in single pipeline systems[END_REF], (Lee et al. 2005a), [START_REF] Lee | Experimental verification of the frequency response method for pipeline leak detection[END_REF], [START_REF] Sattar | Leak detection in pipelines by frequency response method[END_REF] and [START_REF] Taghvaei | Leak detection in pipes using induced water hammer pulses and cepstrum analysis[END_REF]; and (4) Inverse Transient based Method (ITM) studied in [START_REF] Liggett | Inverse transient analysis in pipe networks[END_REF], [START_REF] Vítkovsky | Leak detection and calibration using transients and genetic algorithms[END_REF], [START_REF] Stephens | Transient response analysis for fault detection and pipeline wall condition assessment in field water transmission and distribution pipelines and networks[END_REF], and [START_REF] Covas | Case studies of leak detection and location in water pipe systems by inverse transient analysis[END_REF].

Matched-field processing (MFP) is originally an array processing technique for the source localization problem, which generalizes the plane wave beamforming method [START_REF] Krim | Two decades of array signal processing research[END_REF]. It estimates the model parameter by matching the computational sound field to the measurements and is proved to be a maximum likelihood estimation (MLE) [START_REF] Krim | Two decades of array signal processing research[END_REF], (Wang et al. 2016a), (Wang et al. 2016b). The MFP approach has been applied to the sound source reconstruction in ocean [START_REF] Baggeroer | An overview of matched field methods in ocean acoustics[END_REF]), [START_REF] Kuperman | Shallow-water acoustics[END_REF]. Recently, [START_REF] Tolstoy | Detecting pipe changes via acoustic matched field processing[END_REF]) and [START_REF] Tolstoy | Waveguide monitoring (such as sewer pipes or ocean zones) via matched field processing[END_REF]) made an initial attempt of applying MFP to blockage detection in a sewer pipe. Note that in the last two works the acoustic field in pipe is not modeled such that some of the concerned unknown parameters cannot be estimated. In the present article, the leakage detection problem is solved using the MFP approach. The leak position and size are parametrized and explicitly estimated. This method is proved to be a matched-filter approach, which maximizes the signal-to-noise ratio (SNR) and thus is robust with respect to noises. The noise can be assumed as either white or non-white noise; in the latter case a whitening filter is applied to meet the model assumption.

This paper begins with a model description. Then, the MFP method is introduced: the leak position and size estimates are explicitly given. Numerical simulation results justify the estimation efficiencies. The performance of the proposed method for multiple leaks is also discussed.

Model

This section presents the pipeline model considered in the paper. Consider a single pipeline bounded by an upstream and a downstream node, whose coordinates are  0 U xx and  D xx, respectively. A sensor is assumed to be set near the downstream node whose coordinate is denoted by M

x . Here, the model of single leak is considered, the leak location is
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x x x , L z denotes the elevation of the pipe at the leak, 0 L q and 0 L h stand for the steady-state discharge and head at the leak, respectively. The leak size is represented by the lumped leak parameter
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A is the flow area of the leak orifice. The steady-state discharge of leak is related to the lumped leak parameter by  00 2 ( )
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q s g h z in which g is the gravitational acceleration. The discharge and head oscillations due to a fluid transient are represented by q and h. Given the discharge () U qx and head () U hx , the quantities at M x can be computed in the following way [START_REF] Chaudhry | Applied Hydraulic Transients[END_REF]:
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is the field matrix, (2) Note that since the head in the frequency domain is obtained by a discrete Fourier transform (DFT) which is the summation of a large amount of time domain signal, according to the Central Limit Theorem the noise in the frequency domain can be reasonably assumed to follow a (zero-mean) Gaussian distribution. In the next section, the leak detection problem is solved under the assumption of Gaussian white noise. For non-white noise, the measurement signal can be whitened before using the proposed leak detection method, such that the noise distribution assumption holds.

Leak detection using matched-field processing

The leakage localization problem is solved using the matched-field processing (MFP) method.

The noise vector is assumed to follow a zero-mean Gaussian distribution. The idea is to adjust a unit vector  1 ( ,..., ) T J w w w

(  1 w
) to have the same direction (in the J-dimensional complex vector space) with the measurement. Here, the output function is defined by the inner product between the weighting vector w and the measured head difference h : in which the superscript H stands for the conjugate transpose. When w has the same direction as h , i.e., 2 || B reaches maximum, so that the concerned parameters behind w and h are the same. Therefore, the optimal weight is obtained by maximizing By inserting Eq. (2) into the above equation and maximizing its expectation with respect to w , the optimal weight is obtained: in which "arg max" represents the argument of the maximum. Then, the leakage location can be estimated by substituting ŵ back to 2 || B :

It is remarkable that it is also a maximum likelihood estimator (MLE) of the leak position [START_REF] Krim | Two decades of array signal processing research[END_REF], (Wang et al. 2016a), (Wang et al. 2016b). Then, by solving a least square, the leak size can be estimated by

According to the property of MLE, the above two equations are consistent estimators, i.e., they converge in probability to the actual values. Furthermore, the proposed method is equivalent to a time reversal approach [START_REF] Khazaie | Localization of random acoustic sources in an inhomogeneous medium[END_REF]) and a matched-filter processing method which maximizes the signal-to-noise ratio (SNR). The latter implies that the proposed method minimizes the influence of noise. (Lee et al. 2005b) indicates that the shape and the magnitude of the frequency response diagram (FRD) independently decide the location and the size of the leak. In the proposed approach, the estimates of location and size are separated: they reflect information of shape and amplitude of FRD, respectively. Furthermore, the proposed method can use not only the peak frequencies but also the frequencies in between, which is not the case of the frequency response approach in (Lee et al. 2005a) and the peak-sequencing method in (Lee et al. 2005b) .

Numerical simulation

In this section, numerical examples are introduced to test the MFP method. The cases of single leak and multiple leaks are respectively considered.

The case of single leak

First, the case of single leak is considered. The leakage problem in a single pipeline is numerically simulated, the setup is shown in Figure 1. Two reservoirs are connected by a pipe in a horizontal plane; the heads of the upstream and downstream reservoirs are H1=25 m and H2=20 m, respectively. The pipe length is l=2000 m and the diameter is D=0.5 m. The Darcy-Weisbach friction factor of the pipe is F=0.02 and the steady-state discharge is  3 0 0.0153 / q m s . The wave speed is 1200 m/s. A valve is located at the downstream end of the pipe and a sensor is just upstream of the valve. It is assumed that an impulse wave is generated by rapidly closing and opening the valve, thus the boundary conditions

 ( ) 0 U hx and  ( ) 1 U qx
are applied. The wave propagation simulation in the frequency domain is realized by the transfer matrix method. The discharge at the upstream is also assumed to be obtained. Gaussian white noises with 0-mean are added to both the head at M

x and the discharge at U

x . The signal-to-noise ratio SNR=10 dB, which is defined by
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, where h is the average head difference and  is the standard deviation of noise. Gx is symmetric with respect to M

x , which implies that while the objective function reaches maximum at both L x and  ML xx . Obviously, the latter is a wrong estimate which must be excluded. The problems can be solved by using another measurement station with a different location. Figure2 (b) shows the power output for measurement station at 1800. It is clear that when the hydrophone location is changed, the peak corresponding to the actual leak stays at the same position, while the symmetric peak moves, which can therefore be excluded. Furthermore, the leak size L s can also be estimated, which is m . The wave propagation and measurement are simulated and the leaks are localized using MFP based on the single-leak model. As previously, two different sensor locations are considered, the corresponding results are displayed in Figure 3. Similar to the single-leak case, a single sensor is able to localize both leaks but two symmetric maxima appear. Again, using another sensor is able to exclude the two false estimates: the two peaks corresponding to the actual leaks remains while the other two moves. 

CONCLUSIONS

This paper addresses the problem of leak detection in a pipeline using a fluid transient. The leak location and size are estimated via the matched-field processing method. The model is based on the assumption of single leak but multiple leaks can still be localized. The proposed method is not limited to resonant frequencies but is able to use the head at all the frequencies.

The results obtained on simulated data illustrate the interest of the proposed method. The accuracy of the leak localization and the ability to estimate two leaks not very close to each other are demonstrated.

  the propagation function, a is the speed of sound,  is the angular frequency, A is the area of pipeline, and R is the frictional resistance term. Note that  for turbulent flows where F is the Darcy-Weisbach friction factor, 0 q is the steady-state discharge and D is the pipe diameter. If the pipe is frictionless (F=0),   ik where   / ka is the wavenumber. The transfer matrix on the right hand side of Eq. (1) can be simplified as in which is a matrix related to the location of the leak, but independent of the leakage size. By combining the above equations, the head at the measurement station for a given angular frequency is wherein and Let M j h denote the measured head at the frequency  j . The measurement is assumed to be contaminated by a noise j n , i.e.The purpose of this work is to use the measured head at J frequencies, denoted as to estimate the leak position and the leak size. Here, let us define the head difference due to leakage and and denote the error vector by then the head difference is represented by
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 1 Figure 1. Setup of numerical simulation

Figure 2 .

 2 Figure 2. Localization of single leak (at 300 m) using MFP. The dash line and the cross stand for the leak and hydrophone locations, respectively.

Figure 3 .

 3 Figure 3. Localization of double leak (at 200 m and 700 m) using MFP. The dash line and the cross stand for the leak and hydrophone locations, respectively.
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