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Abstract

:

In this paper, the possibility of using monofractal and multifractal analysis of acoustic signals of pipelines to detect leaks is considered. An experimental stand has been created to study the fractal characteristics of acoustic signals of pipelines with “slit” type defects. During the experiments, defects of the “slit” type pipeline with dimensions of 2 mm, 8 mm, and 20 mm were modeled. Detrended fluctuation analysis (DFA) and the multifractal detrended fluctuation analysis (MF-DFA) were used. As a result of the experimental studies, it was found that the occurrence of leakage leads to the occurrence of anticorrelated vibrations in a pipeline with multifractal properties. The analyses of acoustic signals by DFA and MF-DFA methods make it possible to reliably determine the leakage. The Hurst exponent and the width of the multifractal spectrum can serve as indicators of the occurrence of leaks in pipelines.
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1. Introduction


Pipeline transport is the preferred method of transporting products such as water, gas, and oil due to high throughput, high delivery speed, and low economic costs [1]. Leaks in pipelines are one of the most urgent and important problems that require constant attention. They arise as a result of defects caused by aging of materials or external influences, such as natural corrosion, overpressure, improper installation, damage by third-party organizations, etc. [1,2]. Even small leaks during the year lead to significant losses of water, heat, and other resources. This leads to an increase in energy costs and a decrease in the efficiency of equipment operation and may cause damage to property and environmental pollution. Thus, there is a great need for real methods for immediate leak detection in order to minimize the harmful consequences of an accident. The development of automated and intelligent leak detection systems based on these methods is a prerequisite for the rapid identification of risks and ensuring the safe operation of pipeline networks [3].



The issues of non-destructive testing of pipelines are given great attention all over the world. It is possible to identify the main methods for detecting pipe leaks: visual inspection, measurement of pressure or flow changes, infrared, electromagnetic, acoustic methods, etc. [4,5,6].



An analysis of the literature shows that one of the most common is the acoustic method, due to a number of advantages (fast response time, high localization accuracy, safety, cost-effectiveness, ability to control in hard-to-reach places, high sensitivity, ease of implementation in practice, etc.). This method is based on collection using various receivers and sensors of sound signals emitted during leakage and distributed along the wall of the pipe. The signal characteristics are influenced by many parameters: the size of the leak, the geometry and material of the pipe, the environment, etc. Therefore, the choice of a method for processing initial signals and detecting features of interest is of great importance when developing an acoustic leak detection system [7,8]. This task is quite difficult, time-consuming, and requires constant improvement.



Traditionally, the Fourier transform is used to process acoustic signals [9]. However, fluctuations in the pipeline with fluid are usually non-linear and non-stationary, which leads to a decrease in diagnostic reliability [10,11]. The development of science has made it possible to use new methods for analyzing acoustic signals. Thus, article [12] provides an analysis of vibration signals collected from vibroacoustic sensors using a convolutional neural network trained by the fast Fourier transform of the raw audio files. Article [13] describes a leak detection method based on the registration of negative pressure wave and acoustic wave signals. A combined signal is formed from the received data, which is analyzed using a convolutional neural network. Article [8] demonstrates the use of wireless vibration accelerometers to detect vibration signals from leaks and uses several types of neural networks to detect leaks in pipeline systems. Other authors [14] proposed an analysis of the time and frequency domain using fast Fourier transform and autocorrelation analysis to detect leaks of the steam medium in boiler pipelines. In article [15], a method based on a linear phase detector is proposed for the simultaneous detection of several leaks in water networks. In study [16], it was proposed that predicting leakage could be accomplished by changing the frequency amplitude.



Despite the large amount of research in this area, the search for an optimal algorithm for analyzing acoustic signals remains relevant. Recently, the theory of fractals, proposed in 1975 by Mandelbrot, has been widely used for mathematical data analysis. The concept of a fractal can be attributed to a graph, phenomenon, or process that has self-similarity. A fractal is scale-invariant and self-affine, and an indicator called fractal dimension is used to quantify its complexity. Fractal analysis is successfully used in natural sciences [17,18,19], engineering technologies [20,21], medicine [22,23,24], meteorology [25], finance [26] and other fields [27]. In the 1980s, Grassberger introduced the concept of a multifractal. Unlike monofractal methods, multiple fractal methods describe the fractal structure using spectral functions, which allow us to assess the variability of an object at different levels and conduct a more in-depth analysis [28].



In a number of studies, fractal theory has been used to determine the characteristics of various signals (time series), and good results have been obtained. In article [29], using the example of diagnostic data of a centrifugal pump rolling bearing, the characteristic differences between the spectral power densities of monofractal and multifractal dynamic processes are considered. In [30], the electromagnetic radiation signals of sandstone samples were analyzed by the method of multifractal analysis to detect moisture. In [19], fractal features of nonlinear electron-acoustic waves of small amplitude in the Earth’s plasma were studied. The authors Porziani S. et al. [31] applied fractal analysis of acoustic emission signals to predict accumulated damage and residual life of pressure vessels.



In our opinion, there is a possibility of successful application of fractal analysis for acoustic control of pipelines. Inside pipeline systems, in which fluid or gas movement occurs, complex disordered vibrations are always present, which are designated by the term “noise”. Such fluctuations have signs of self-similarity [32].



In this paper, the possibility of using the methods of monofractal and multifractal analysis of acoustic pipeline signals to detect leaks is considered. Experimental studies were conducted on pipelines with “slit” type defects. The methods of detrended fluctuation analysis (DFA) and multifractal detrended fluctuation analysis (MF-DFA) were used.




2. Materials and Methods


2.1. DFA Algorithm


DFA is a reliable method for determining power dependences over a long distance in noisy, short, unsteady signals [33]. The method was first proposed by Peng K.K. et al. [34].



The algorithm for calculating the Hurst exponent is as follows.



	1.

	
For the studied series x(i) (i = 0, 1, 2, …, N), a “profile” is constructed as follows:









  y   i   =   ∑  k = 1   i    (   x   k   −   x   )   , i = 1 , … , N ,  



(1)




where     x    —is the average value for the series.



	2.

	
Next, the obtained values of y(i) are divided into Ns = (N/s) disjointed segments of equal length s. As a result, we obtain Ns segments v = 1, …, Ns of length s.




	3.

	
Using the least squares method, each segment of the y(i) profile is approximated by a polynomial yν(i), the degree of which provides the specified accuracy. Then, for the segments v = 1, …, Ns, the variance is determined as follows:









     F   2     v , s   =   1   s     ∑  i = 1   s        y     v − 1   s + i   −   y   v   ( i )     2     ,   



(2)







The order of the approximation polynomial determines the order of the method. For example, the DFA-1 method involves subtracting a linear trend, and the DFA-2 method involves subtracting a quadratic trend, etc.



	4.

	
The resulting fluctuation function is calculated by averaging over all windows ν:


  F   s   =       1     N   s       ∑  v = 1     N   s        F   2   ( v , s )         1  /  2     ,  



(3)








	5.

	
As the length of the intervals increases, F(s) values, as a rule, increase according to a power law:


  F   s   ~   s   α   ,  



(4)











The scaling is calculated as the angular coefficient of the line that determines the dependence of log F(s) on log s.



The values of α characterize the types of correlated dynamics. For example, the range 0 < α < 0.5 corresponds to anti-correlations (there is an alternation of large and small quantities); and 0.5 < α < 1 indicates correlated dynamics (small quantities often follow small ones, large ones follow large ones). If α = 0.5, the analyzed data are completely uncorrelated.



The values of α coincide with the value of the Hurst exponent H. The fractal dimension of the signal D is related to the Hurst exponent H as follows: D = 2 − H. The calculated fractal dimension by the DFA method characterizes some averaged dynamics of the process. The concept of multifractality is better suited to describe local changes in the Hurst exponent.




2.2. MF-DFA Algorithm


Based on the DFA, Kantelhardt J.U. et al. [35,36] proposed a multifractal analysis of fluctuations with a deterministic trend of nonstationary finite sequences. MF-DFA allows for obtaining a singular spectrum. Information about multifractal characteristics is extracted from it in order to quantify the complexity of the time series [33].



To evaluate the multifractality of a signal using the MF-DFA method, the following procedures must be performed.



	
The first three steps of the DFA algorithm are performed.



	
Averaging the values (2) deformed by an arbitrary parameter q, the values of the fluctuation function are found as follows:







     F   q     s   =       1     N   s       ∑  v = 1     N   s            F   2   ( v , s )       q  /  2           1 / q   ,   



(5)





In the limit of q → 0, this expression should be used


    F   0     s   = e x p     1     2 N   s       ∑  v = 1     N   s      l n     F   2   ( v , s )       ,  



(6)







	3.

	
Self-similar (scaling) behavior is represented by a power dependence:









     F   q     s   ~   s   h   q     ,   



(7)







If a number of experimental data correspond to a monofractal, then the generalized Hurst exponent h(q) in Equation (7) takes a single value h(q) = H. In the case of a multifractal, the index h becomes dependent on the deformation parameter q.



Within the framework of the standard fractal ideology, the transition from the Hurst exponent h(q) to the scaling exponent τ(q) is carried out as follows:


  τ   q   = q h   q   − 1 ,  



(8)







Using Equation (8) and the Legendre transform, the multifractal spectrum f(α) is calculated as follows:


   α =  τ ′    q     ;   f ( α ) = q   α   − τ   q    ,  



(9)




where   α  —is the singularity strength or the Hölder exponent.




2.3. Description of the Experimental Stand


An experimental stand has been created to research the fractal characteristics of acoustic signals of pipelines with “slit” type defects.



Figure 1 shows the scheme of the experimental stand.



Water circulates in the closed circuit of the experimental stand. Pumping station 1 is equipped with a frequency-controlled drive and allows you to set different discharge pressure in the range from 1.5 to 4 bar. The hydraulic resistance of the system required for the operation of the pumping station was set by the cover of valve 2. Pressure and flow monitoring are provided by pressure gauges 3 and electromagnetic flow meters 4 installed at the ends of the pipe under study 5. The measuring unit 6 indicates the readings of the flow meters 4. Acoustic pipe signals were recorded by a three-component vibration acceleration sensor 7, which has the following characteristics: axial sensitivity of 1000 mV/g; and a natural frequency of 35 kHz. The analog-to-digital converter 8 has a sampling rate of 50 kHz. To eliminate noise from the impact of a jet of water, a plastic trough was installed in container 12.



Figure 2 shows a photo of the experimental stand.



In the course of the experiments, defects of the “slit” type pipeline with dimensions of 2 mm, 8 mm, and 20 mm were modeled. Steel discs were used for this (Figure 3):




	
With a slit 20 mm long and 0.5 mm wide.



	
A round hole with a diameter of 2 mm.



	
A round hole with a diameter of 8 mm.








To obtain slits with a length of 2 mm and 8 mm, discs with round holes of the appropriate diameter were placed on top of the disk with a gap. The discs were mounted on a fitting welded to the pipe and clamped with a ball valve, as shown in Figure 4.





3. Results and Discussion


The experiment was conducted as follows. Discs were installed on the pipe, which simulated a leak. At the same time, the discs with a slit were alternately positioned both across and along the axis of the pipeline. By changing the rotation speed of the pump drive, a pressure in the range of 1.5–4 bar (in increments of 0.5 bar) was created in the pipeline. Acoustic signals were recorded at each pressure. The pipeline with a closed ball valve (see Figure 4) was assumed to be defect free.



The water consumption in a defect-free pipeline, depending on the pump discharge pressure, is shown in Table 1.



Table 2 shows the leakage costs depending on the size of the defect and the pump discharge pressure.



A software package has been written for signal analysis in the LabVIEW 2021 environment. Signals with a length of 20,000 samples were analyzed. The fluctuation function was calculated on signal segments (windows) with a length of s = 16 = 1024 samples. In step 3 of the DFA and MF-DFA algorithms, a polynomial of the first degree was used to approximate the segments of the y(i) profile.



The following approach was used to compare the results:



	
The median value of     H  ¯    was calculated for the signals of a defect-free pipeline;



	
The standard deviation S was calculated;



	
A confidence interval was constructed for a given level of significance α:








    H  ¯  ± S t ( 1 − α / 2 , m − 2 ) ,  



(10)




where t (α, m)—α—is the quantile of the Student’s distribution with m degrees of freedom.



For each experiment, a sample of 20 acoustic signals was formed, which was used in the analysis of fractal characteristics.



3.1. Signal Analysis Using the DFA Method


According to the signals of the defect-free pipeline recorded at different pump discharge pressures, the lower limit of the confidence interval with a significance level of 0.05 was formed (Figure 5).



Figure 5 shows that as the pump discharge pressure increases, the Hurst exponent decreases. This effect can be explained by a change in the turbulence of the flow at local resistances. Thus, with an increase in water flow at the cover gate of valve 2 (Figure 1), turbulent pulsations of the water flow may increase, the acoustic noise of which is recorded by a vibration sensor.



For a defect-free pipeline, H > 0.5, which indicates the presence of long-term correlations in the acoustic signal (large oscillation amplitudes follow large ones, small ones follow small ones).



Figure 6 and Figure 7 show a comparison with the lower limit of the confidence interval of the values of the Hurst exponent of acoustic signals of a pipeline with a transverse and longitudinal location of defects.



With the appearance of a leak in the pipeline, the Hurst exponent decreases (H < 0.5), and the acoustic signal becomes anti-correlated (large and small amplitudes alternate in the signal). This is due to the appearance of chaotic pressure pulsations of water flowing turbulently through a through slit in the pipe wall. Such vibrations lead to the appearance of elastic waves in the fluid itself and in the walls of the pipe, which are recorded by a vibration sensor.



It can be seen from Figure 6 and Figure 7 that the values of the Hurst exponent of the acoustic signals of the pipeline, with the considered defects, go beyond the boundaries of the confidence interval.




3.2. Signal Analysis Using the MF-DFA Method


The multifractal characteristics of acoustic signals were analyzed. The signals of a pipeline without defects and a pipeline with a transverse defect of 8 mm at the same pressure of 2.5 bar were compared.



The change in the fluctuation functions Fq(s) depends on the scale s and the deformation parameter q (Figure 8). It can be seen that the slopes of the regression lines for pipeline signals with leakage depend on the value of the parameter q, which is a characteristic feature of multifractal processes.



The generalized Hurst exponent h(q) and the scaling exponent τ(q) also indicate the multifractal features of the acoustic signals of the defective pipeline (Figure 9 and Figure 10).



According to the graph of the generalized Hurst exponent (Figure 9), it can be seen that the acoustic signals of a defective pipeline are characterized by a pronounced nonlinear dependence h(q). It should be noted that the signals of a defect-free pipeline at values q = ±5 have a slight nonlinearity.



For the signals of a defect-free pipeline, a rectilinear dependence of τ(q), characteristic of monofractal objects, is observed. For pipeline signals with leakage, the function τ(q) bends.



The structure of a self-similar object is most vividly represented by the shape of the multifractal spectrum f(α).



The multifractal spectrum characteristic of all acoustic signals of a defect-free pipeline is shown in Figure 11. It can be seen that its shape differs from the parabolic one, which is typical for multifractal objects. Similar forms of multifractal spectrum are presented in the works of other authors [37,38,39].



With the appearance of a leak in the pipeline, the width of the multifractal spectrum increases, they acquire a parabolic shape and shift along the axis of the abscissa (Figure 12). An increase in the width of the spectrum indicates a higher degree of multifractality of the defective pipeline signals.



To quantitatively compare the multifractal spectrum of acoustic signals, their width was calculated as follows:


  ∆ α =   α   m a x   −   α   m i n   ,  



(11)







According to the acoustic signals of the defect-free pipe obtained at different pump discharge pressures, an upper bound of the confidence interval with a significance level of 0.05 was formed (Figure 13).



A comparison of the width of the multifractal spectrum of a defective pipeline with the upper limit of the confidence interval is shown in Figure 14 and Figure 15. It can be seen from these figures that the values of all acoustic signals of the leaky pipeline go beyond the boundaries of the confidence interval.



Since the acoustic signals of the pipeline contain fractal noise, it is not always possible to investigate them using traditional methods of covariance and spectral analysis. Therefore, filtration of the noise component of signals is used in pipeline leak monitoring systems [13,40]. However, the noise being removed carries useful diagnostic information that can be extracted using fractal analysis methods. The results obtained in this work showed a high reliability of leak detection by DFA and MF-DFA methods.





4. Conclusions


As a result of experimental studies, it was found that the occurrence of leakage leads to the occurrence of anti-correlated oscillations with multifractal properties in the pipeline. Large and small amplitudes alternate in the acoustic signal of a defective pipeline, and there is a wide variation in the Hölder exponent.



The received acoustic signals of the defect-free pipeline are correlated, which are similar in structure to monofractals.



The Hurst exponent of signals of a defect-free pipeline is H = 0.92 ± 0.16, and the width of the multifractal spectrum is Δα = 0.15 ± 0.09. With the appearance of leakage, the Hurst exponent decreases, and the width of the multifractal spectrum increases.



The analysis of acoustic signals by DFA and MF-DFA methods makes it possible to reliably determine the leakage. The Hurst exponent and the width of the multifractal spectrum can serve as indicators of the occurrence of leaks in pipelines.



However, the fractal characteristics of the acoustic signal may be influenced by turbulent pulsations of the fluid flow that occur at local resistances (for example, closed valves, and sharp constrictions). In this regard, it is necessary to determine the reference level of the Hurst exponent and the width of the multifractal spectrum when changing the parameters of the pipeline system.
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Figure 1. The scheme of the experimental stand: 1—pumping station LEO MAC550; 2—valve; 3—manometer; 4—electromagnetic flow meter Vzljot; 5—steel pipe (outer diameter 159 mm, wall thickness 6 mm, length 2 m); 6—measuring unit Vzljot; 7—vibration acceleration sensor AP2038P-1000; 8—analog-to-digital converter Zetlab ZET 030; 9—PC; 10—defect; 11—water storage capacity; 12—drain container. 






Figure 1. The scheme of the experimental stand: 1—pumping station LEO MAC550; 2—valve; 3—manometer; 4—electromagnetic flow meter Vzljot; 5—steel pipe (outer diameter 159 mm, wall thickness 6 mm, length 2 m); 6—measuring unit Vzljot; 7—vibration acceleration sensor AP2038P-1000; 8—analog-to-digital converter Zetlab ZET 030; 9—PC; 10—defect; 11—water storage capacity; 12—drain container.
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Figure 2. Photo of the experimental stand. 
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Figure 3. Steel discs. 
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Figure 4. The method of mounting discs on the pipe: (a) laying discs; (b) installing a ball valve on top of discs. 
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Figure 5. The values of the Hurst exponent (black points) of acoustic signals of a defect-free pipeline and the lower limit of the confidence interval (red line). 
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Figure 6. The values of the Hurst exponent (black points) of acoustic signals of a pipeline with a transverse arrangement of defects at different pump discharge pressures: (a) 1.5 bar; (b) 2 bar; (c) 2.5 bar; (d) 3 bar; (e) 3.5 bar; (f) 4 bar. The red line shows the lower limit of the confidence interval. 
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Figure 7. The values of the Hurst exponent (black points) of acoustic signals of a pipeline with longitudinal defects at different pump discharge pressures: (a) 1.5 bar; (b) 2 bar; (c) 2.5 bar; (d) 3 bar; (e) 3.5 bar; (f) 4 bar. The red line shows the lower limit of the confidence interval. 
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Figure 8. The values of the function Fq(s) (black points) depending on the scale of s on a logarithmic scale for different parameters q and the regression line (red): (a) for the signal of a defect-free pipeline; (b) for the signal of a pipeline with a leak. 
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Figure 9. Graphs of the generalized Hurst exponent: black lines—for signals of a defect-free pipeline, red lines—for signals of a pipeline with a leak. 
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Figure 10. Graphs of the scaling exponent τ(q): black lines—for signals of a defect-free pipeline, red lines—for signals of a pipeline with a leak. 
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Figure 11. The multifractal spectrum of the acoustic signal of a defect-free pipeline. 
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Figure 12. The multifractal spectrum of acoustic signals of pipeline at a pump discharge pressure of 2.5 bar: (a) with a transverse defect location; (b) with a longitudinal defect location; black line—for a defect-free pipeline; red line—for a pipeline with a defect of 2 mm; blue line—for a pipeline with a defect of 8 mm; green line—for a pipeline with a defect of 20 mm. 
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Figure 13. The values of the width of the multifractal spectrum (black points) of acoustic signals of a defect-free pipeline and the upper limit of the confidence interval (red line). 
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Figure 14. The values of the width of the multifractal signal spectrum (black points) of a pipeline with a transverse arrangement of defects at different pump discharge pressures: (a) 1.5 bar; (b) 2 bar; (c) 2.5 bar; (d) 3 bar; (e) 3.5 bar; (f) 4 bar. The red line shows the upper limit of the confidence interval. 
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Figure 15. The values of the width of the multifractal spectrum (black points) of pipeline signals with longitudinal defects at different pump discharge pressures: (a) 1.5 bar; (b) 2 bar; (c) 2.5 bar; (d) 3 bar; (e) 3.5 bar; (f) 4 bar. The red line shows the upper limit of the confidence interval. 
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Table 1. The operating characteristic of the pump obtained on a defect-free pipeline.
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	Pump Discharge Pressure, Bar
	Pump Capacity, L/min





	1.5
	7.02



	2
	8.16



	2.5
	9.72



	3
	10.35



	3.5
	11.1



	4
	11.85










 





Table 2. Leakage rate.






Table 2. Leakage rate.





	
Slit Length, mm

	
Pump Discharge Pressure, Bar

	
Leakage Rate, L/min






	
2

	
1.5

	
0.9




	
2

	
1.14




	
2.5

	
1.32




	
3

	
1.38




	
3.5

	
1.5




	
4

	
1.53




	
8

	
1.5

	
3.3




	
2

	
3.75




	
2.5

	
4.26




	
3

	
4.62




	
3.5

	
5.07




	
4

	
5.43




	
20

	
1.5

	
7.95




	
2

	
9.36




	
2.5

	
10.6




	
3

	
11.46




	
3.5

	
12.27




	
4

	
13.02
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