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Abstract. The paper describes the simplest implementation of a software and hardware
package for acoustic correlation leak location and results of its performance assessment for
location of water leaks from a metallic pipe in laboratory conditions. A distinctive feature of
this leak locator is the use of the software based on the time-frequency correlation analysis of
signals, which was proposed in our previous papers. Comparative analysis results are given for
the information content of classical and time-frequency cross-correlation functions as obtained
during processing of experimental data. The results obtained justify comparatively higher
efficiency of a time-frequency cross correlation method to solve the leak location task.
Improved efficiency is determined by bandpass filtration embedded into the time-frequency
cross-correlation function calculation.

1. Introduction

The housing and utilities sector constitutes an important part of any modern national economy. This
importance is caused by heat and water supply being basic needs of any modern citizen. Due to an
enormous number of customers municipal services rely on a complex infrastructure and employ
numerous specialists. In particular, in Russia alone there are about 900 thousand km of underground
water pipes currently in operation [1].

Efficient operation of the pipeline infrastructure is a complex and important task. Studies
performed in Germany [2], USA [2] and Russia [1] show that loss of water during transportation may
well reach 30% of the original volume. There are multiple factors causing this situation, including a
high degree of wear in pipelines, practical impossibility of its simultaneous replacement and
complexity of routine repair works due to prevalence of underground piping.

Timely detection and location of leaks are a precondition for fast damage control and mitigation.
Multiple methods have been developed and are currently in use to perform this task, a prominent place
among them is held by an acoustic correlation method, based on acquiring and correlation processing
of acoustic emissions caused by leaking liquid.

The efficiency of this method when applied to location of leaks is largely determined by efficiency
of digital signal processing algorithms used and their software implementations [3]. Thus,
mathematical methods and algorithms implemented in the software have a significant influence on the
accuracy and fidelity of leak location.

To assess effectiveness and efficiency of both hardware and software of correlation leak locators,
there are several approaches, including processing of software-generated signals [3], use of the
software and hardware virtual pipe [4], lab-based and field testing [5].
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This paper considers the simplest implementation of the software and hardware leak seeker
package developed to assess and study time-frequency correlation analysis of signals as applied to the
leak location task. The principal goal of the laboratory research is to confirm the efficiency of the
method, as previously detailed in a computational experiment [3]. Another objective of the work is to
validate feasibility of a fully-functional software solution for leak locators implementing this method
to find leak signals.

2. An acoustic correlation method of leak location

An acoustic correlation method of location was developed in the second half of the 20th century to
solve the task of on-the-spot location of breaches in pipe walls to perform timely repairs [6, 7]. The
method is based upon receipt of acoustic waves emitted when the liquid under pressure escapes the
pipe by means of two acoustic transducers and the subsequent estimation of delay in the signals
arriving through different measuring channels [7].

2.1. Principle of leak location

Principal sources of acoustic signals are turbulent fluctuations which accompany fluid outflow and
cavitation (formation and collapse of gas bubbles) in leak localities due to a high local reduction of
liquid pressure [8]. It worth noting that despite the fact that signals generated by the leak are weak
with respect to the noise created by the continuous flow of liquid, correlation analysis makes it
possible to extract information about location of the leak even when receivers are at a distance of
hundreds of meters [9].
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Figure 1. Leak location with an acoustic correlation method.

A pipeline section with equipment necessary for leak location with the acoustic correlation method
is shown in Figure 1. The distance from the leak to any of the sensors (l4 and lg) is found with
formula

|7, O
| g =l (1)
’ 2
where T;., - delay time of the leak acoustic signal, v - signal propagation speed along the pipeline
axis, | — distance between the sensors.

2.2. Sgnal processing for leak location

Accuracy of leak location as per (1), depends on accuracy of ;.4 estimation and accuracy of v
evaluation. It worth noting that for both 7;.,; estimation [3,7,10], and v evaluation [11], there are
different methods available. However, from a methodical point of view, T;,4, estimation is of more
interest because the value of v is usually held as reproducible [4]. Modern leak location packages
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reduce T;qq €stimation to a digital signal processing problem which is then solved by a specialized
software.

Correlation analysis is a traditional mathematical tool for this task [7, 8]. In general, the analysis is
calculation of the cross correlation functions (CCFs) of the studied signals and finding its peak value
corresponding to the target value of delay.

At that, CCF calculation may be performed for the time domain [12], as well as for the frequency
domain, as per Correlation Theorem [12, pp. 267-270]. However, the second way finds more practical
application due to providing better speed when used with modern microprocessor equipment [12].
Thus, CCF computation is usually performed as per

r(r)=F"[F(yt))F (xt))]. )

where Fis direct discrete Fourier transform (DFT) of digitized signal X(t), F~ is a complex

conjugate of direct DFT results y(t ), F~' - inverse DFT.

3. A softwar e and har dwar e package of the leak locator

To assess the software developed around time-frequency correlation analysis (FTCA) [6], a prototype
leak locator was built. It is characterized by simple design, low cost and flexibility for experimenting.
The latter is achieved by means of separation of data acquisition and data processing functionality and
their implementation as separate units as per diagrams, shown in Figures 2 and 3.
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As shown in the diagram above, a STM32 Cortex M4 microcontroller-based portable device
provided with piezoelectric accelerometers DN-3 is used to acquire the signals. Layout of the portable
device is shown in Figure 4.
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Figure 4. The data Acquisition Unit (without
SEensors).

Data processing is provided by an external Processing Unit with the custom software preinstalled.
The software is not limited to calculation of time-frequency CCFs, but allows one to use classical
methods of spectral and correlation analysis. Necessary interface and visualization were designed and
implemented in the software as well. This work used a Lenovo Yoga Tablet 2 tablet PC as the
Processing Unit (shown in Figure 5).

Figure5. Lenovo Yoga Tablet 2 with the preinstalled software.

4. Leak locator assessment

4.1. Experiment description

A series of experiments to locate leaks on a 18 m steel pipe with 30 mm diameter and 2 mm wall
thickness was performed with the prototype described above. Three holes were made into the pipe (2,
4 and 6 meters from one of the pipe ends) to model leaks. In each experiment, two holes out of three
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were covered with tight clamps completely stopping the fluid outflow. The fluid pressure was created
with a water pump.

Recording of acoustic signals coming from sensors was performed with the device described
above. Waveform Audio File Format was selected to store the signals and pass them to processing.
Thus, raw data at the processing stage were represented by .wav files with the following parameters:
channels — 2, bit depth — 8, sampling rate — 44100 per second.

4.2. Information content assessment method

As noted above, a sufficient condition for leak location would be discernibility of the correlation
function peak which arises due to noises generated by the outflowing liquid. To assess information
content of the CCEF, i.e., discernibility of its peak, a quality coefficient may be used [13]

N [ (7]
Qccr :#{).5 3)

N-1
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where N is number of CCF tic marks, r (7jggc)is the value corresponding to the leak signal. It is
worth noting that coefficient Qg ccp similar to (3) may be used for assessment of information

content of the time-frequency CCF as well, as calculated with the algorithm given in [6].

4.3. Results and Discussion

Signal analysis used 5 seconds of audio recordings. The DFT window width was constant at 16384
tics. As per algorithm in [6], calculation of time-frequency CCF used the different number of non-
overlapping frequency bands M: 20 (which corresponds to the width of a single frequency band of

1102 Hz) and 40 (width of 551 Hz). Results of the information content assessment are given in Table
1.

Table 1. Comparison of the information content in CCF and time-

frequency CCF
Leak Position Qccr QtF ccF QtF ccF
(m) (M=20) (M=40)
2,14 18.154 43.333 52.446
4,12 12.133 24.576 27.078
6, 10 16.104 30.987 35.872
7,9 16.322 34.336 42.7756

From the results given in the table, we may draw a conclusion that filtration embedded into the
time-frequency CCF algorithm provides better discernibility of the leak-caused correlation peak.

It is necessary to note that this information content is also influenced by the width of frequency
bands, the highest information content corresponds to the case where the frequency band of the leak
signal completely coincide with one of the time-frequency CCF frequency bands. The last fact is of
special importance for development of formal criteria and algorithms aimed at automated detection
and location of leaks.

5. Conclusion
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The work describes implementation of the simplest software and hardware implementation for the
acoustic correlation leak location and its application to the experimental location of pipeline leaks in
laboratory conditions.

Distinctive features of the designed device are its simplicity and wide availability of components,
as well as flexibility of the assembly necessary for laboratory studies of efficiency of algorithmic and
software solutions used in the leak locator.

The leak locator was used for assessment of the previously proposed software solution for analysis
of acoustic signals of the leaks based upon application of the original mathematical method of time-
frequency CCF. The obtained results support applicability of the software and demonstrate high
efficiency of the tested software in leak location tasks.

Advantages provided by time-frequency CA are deemed significant for location of leaks with the
help of acoustic control means. Thus, the development of the software with functionality beyond a set
of common signal analysis methods in frequency and time domains and including time-frequency
correlation analysis appear an important task.
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