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Abstract

:

The one-dimensional (1D) linear location technique has been considered as one of the methods for determining the position of acoustic emission (AE) sources in metallic objects. However, this approach does not take into account the heterogeneity of materials and that leads to poor accuracy of AE sources localization. To estimate the positioning error of the linear location technique which is typically used to determine the AE source location a new approach based on the combination of experimental and simulation methods is proposed. This approach for error estimation contains a finite element model construction of the AE signals localization. The model consists of transmitting and receiving transducers mounted on the test object, the frequency response of which selected close to the characteristics of acoustic emission transducers applied in the preliminary experiments. The application of the approach in current research showed that a reduced positioning error on a flat steel plate reaches 15%. The proposed technique can be used to optimize the number of preliminary tests required to calculate the reduced error of the 1D linear location technique applied for the AE sources localization during the inspection of the structure.
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1. Introduction


Acoustic Emission (AE) is one of the most efficient techniques which enables the determination of any faults and structural issues prematurely. The physical phenomena of AE monitoring are based on the elastic waves (ultrasonic signals) generation caused by the processes of defects initiation and propagation in materials [1]. This high-sensitivity method makes it possible to assess the accumulation degree of developing internal defects in materials with different physical and mechanical properties, for example, in composites [2], concrete structures [3], rocks [4] and metals [5].



To identify defects in structures using the AE method, the following stages should be carried out. Loading the structure and recording AE signals are done simultaneously at the beginning of AE diagnostics. During load tests, defects generate acoustic signals and further analysis of them reveals the defects’ presence and their parameters. Moreover, the risk assessment of defect occurrence also can be performed. Thus, to capture data of AE sources, the energy and spectral characteristics of the recorded AE signals [6] are analyzed. It should be noted that they can differ significantly depending on the type of loading [7] and the metals’ structure [8]. In addition, the reliability of risk assessment of internal defects largely depends on the accuracy of AE sources localization which is carried out by means of processing recorded AE signals. Therefore, one of the main tasks of structural AE monitoring is to determine the coordinates (location) of acoustic signal sources, namely defects. Ththe focus of this paper is to improve the efficiency of AE source coordinates determination in isotropic metal products.



Generally, the transition of elastic energy released by internal damages can be measured by the group of piezoelectric transducers (receiving AE sensors) bonded to the surface of an object under study. When the time difference of arrival (TDOA) uth is registered by each AE sensor and wave velocity Vg of acoustic signals is calculated, the emission source position can be obtained [9]. As a rule, the acoustic wave velocity in the media is estimated in accordance with the standardized Hsu–Nielsen test (breaking the lead of a pencil with a diameter of 0.3 mm). However, the standard algorithm for measuring wave velocity Vg can fail to meet the accuracy requirement due to the great attenuation of high-frequency modes of the spectrum of the acoustic signal in the tested material. As a result, there is a significant effect on the shape of the recorded AE signals and the parameter Δt. Moreover, the accuracy of the AE sources localization determined by the conventional method using the threshold approach mostly depends on the fixed thresholding level for the acoustic signals uth and bandwidth of digital filters Δf. Additionally, it should be mentioned that these characteristics can cause a considerable effect on the acoustic wave velocity parameter.



To reduce the influence of the dispersion properties of the acoustic channel on the determination of AE source location coordinates, the “Δt-mapping” algorithm [10,11,12] can be applied. It includes the recording of Δt values during preliminary tests. Implementation of the “Δt -mapping” location algorithm allows detecting AE sources coordinates without using the Vg parameter.



In this paper, the positioning error of the linear location technique which is typically used to determine the AE source location [13] has been assessed in reliance on the combination of both experimental and simulation results.



The developed approach for the error estimation contains a FE model construction of the AE signals localization. The generation and registration of acoustic signals using piezoelectric AETs are simulated. Referring to [5], the spectrum of the recorded AE signals is the product of the amplitude-frequency characteristics (AFC) of the acoustic path, the AE source, and the receiving transducer. To build a reliable finite element model of the localization process of AE signals, it is necessary to determine each of the above frequency characteristics. The frequency response of the acoustic signal source can be represented as a broadband spectrum in the frequency range used for recording AE signals. The frequency characteristics of the receiving transducers can be modeled based on the information given in the equipment passport. The most difficult task is to determine the frequency response of the acoustic path since its solution requires numerous preliminary tests to assess the characteristics of propagation, attenuation, and conversion of the main modes of the recorded AE signals.



Taking into account the combined effect of the frequency characteristics of the AETs and the acoustic path when constructing a finite element model, it is proposed to transform the receiving transducer models so that the shape of their frequency characteristics correlates with the spectrum of the recorded AE signals. The model development is carried out according to the results of preliminary experimental studies. The experimental part consists of imitating acoustic signals on the surface of the test object using a broadband transducer. Preliminary experimental tests are needed due to the lack of a priori information on the influence of the frequency characteristics of the receiving transducers and the acoustic path on the spectrum of the recorded AE signals.



Based on the experimental data captured during the implementation of the 1D linear location technique of AE sources on a steel plate, a finite element model of the transmitting and receiving transducers is developed. This makes it possible to create a computer simulation of AE signals propagation in the acoustic path of the test object; to determine the average level of the reduced error of the 1D linear location technique depending on the position of the receiving AETs in relation to the AE transmitter, and to define the amplitude level of the recorded acoustic signals.



The development of an analytical model describing the propagation of AE signals in the test object allows reducing the number of preliminary tests required to assess the reduced error of the 1D linear location technique when identifying structural damages [14,15,16,17].




2. Experimental Method and Results


The approach proposed in this paper to assess the reduced error of the linear location technique of AE sources was implemented using a steel plate as the simplest isotropic object for control. The methodology of computational and experimental studies consisted of the following stages.



At the initial stage, a series of laboratory experiments (Section 2) was carried out to estimate the accuracy of the 1D linear location technique. An electronic simulator was installed on the surface of a steel sample. It was applied to imitate an AE source presence. Based on the results of experimental studies, the reduced error of the 1D linear location technique was calculated. The shapes and spectra of the AE signals were also recorded.



Then, a finite element model was developed (Section 3) to simulate the generation and registration processes of acoustic signals by AETs. To increase the reliability of the FE model, the frequency characteristics of the modeled AE signals correlated with spectra parameters of AE signals were recorded experimentally. The developed AET models were used to assess the reduced error of the 1D linear location technique of AE sources by means of modeling.



The efficiency of this approach was confirmed by comparing experimental and modeling calculations of the reduced error, as well as by the correlation assessment of the obtained dependences (Section 4).



2.1. Methods and Materials


Several experiments were carried out to study the 1D linear location method. In the beginning, AE events were generated by the INTERUNIS-IT electronic simulator equipped with a UT-1000 broadband transmitting transducer. The experiments were performed on a steel plate with dimensions of 1000 × 650 × 7 mm presented in Figure 1.



Registration of AE events and detection of their source location was performed using two receiving transducers “VS150-RIC” with a preamplifier connected to the system “Vallen AMSY-6”. Those receiving transducers (AE sensors #1 and #2) were located on the surface of the steel plate with an 800 mm distance between them (B = 800 mm). The transmitting transducer was installed on the surface as well, but its coordinates were changed for each experiment X = 100, 200, … 700 mm in respect to the AE sensor #1.



Before the experiments began, the parameters of measurement devices and the average wave velocity of AE signals Vg have been established. The standard methodology of AE monitoring is described in PB (Safety Rules) 03-593-03 «The guidelines for acoustic emission monitoring of vessels, apparatus, boilers and pipelines» and in ASTM E 976–99. The thresholding level uth in the current research has been calculated by the equation:


uth ≥ un + 6,



(1)




where un—maximum noise amplitude, dB.



Thus, the thresholding level equaled to uth = 40 dB. The frequency bandwidth constituted Δf = 50–850 kHz. The wave velocity Vg was evaluated based on the pencil-lead-break experiment with acoustic signal generation. The pencil lead was broken outside the area between AE sensors #1 and #2 at a distance of 100 mm from AE sensor #1. The AE wave velocity in the steel plate was Vg = 4250 m/s with the distance between acoustic sensors B = 800 mm.



The amplitude of generated AE signals varied from 55 to 100 dB due to the potential difference of the AE simulator in the voltage range of 10–300 V. The process of acoustic source imitation consisted of alternately generating 250 AE signals in each of the coordinates X = 100, 200, … 700 mm. The calculation of the positioning error (γ) of the AE transmitting transducer was carried out by the equation [18]:


  γ =      X  r e a l   − X    B  · 100 % ,  



(2)




Xreal—installation coordinate of the AE simulator, X—experimentally calculated coordinate of the AE simulator, B—the distance between AE sensors #1 and #2.




2.2. Experimental Results of Determining the AE Source Location on the Steel Plate


In Figure 2, the results of 1D linear location technique implementation with the UT-1000 transmitting transducer connected to the INTERUNIS-IT acoustic simulator were presented. The histogram of the AE source location pattern was figured with the coordinate axis discretization step of 10 mm.



As can be seen from Figure 2, the transmitting transducer positions on the steel plate were highlighted by red color, while the fixed locations of the receiving transducers were marked as the green one. The dark blue columns displayed the distribution of AE events Nl recorded at each position of the AE simulator (UT-1000) on the distance varied from 100 to 700 mm from the AE sensor #1. It follows from the column graph that the highest reduced error was noted when the acoustic source was located at the X = 100 mm coordinate.



When the AE simulator was mounted on the plate at a distance of less than 200 mm from AE sensor #1, it was impossible to clearly determine its position due to the scattering of AE signals. Since the distance between the AE source and the receiving transducers increased, the range of the calculated coordinates has tended to a noticeable decrease. Thus, the positioning error γ of the linear location technique did not exceed 2.5% in the coordinates X = 400 and 500 mm. The results of experimentally determined γ which is basically dependent on the acoustic source location and the amplitude of AE signals were given in Table 1.



From Table 1 it can be derived that the highest average error of the AE source location was registered when the acoustic simulator of low-amplitude signals located in the coordinate X = 100 mm. In case the acoustic source was mounted at the center between two receiving transducers, the location error equaled to γav ≈ 2%.




2.3. Experimental Results Discussion


The application of the thresholding approach for recording acoustic signals is one of the main reasons for the AE source positioning error growing determined by the 1D linear location method. Since higher frequencies were attenuated more rapidly with propagation distance, significant changes in the initial steepness of the AE signals envelope have been observed. This fact led to a considerable increase in the parameter Δt. In Figure 3, the waveforms and spectra of low-amplitude acoustic signals recorded by AE sensors at a distance of 100 mm and 700 mm from the acoustic source were presented, respectively.



The waveform registered–by AE sensor #1 was depicted in Figure 3a. It can be inferred that the maximum AE signal amplitude corresponded to the umax = 56 dB, and the rise time equaled to tn = 64 μs.



The spectrum of this signal was shown in Figure 3b, where three special frequency ranges can be distinguished: 40–160 kHz, 160–250 kHz, 250–400 kHz. With attenuation of high-frequency modes, the energy decreased and the slope of the AE signal envelope at the initial moment declined as well. It caused a significant effect on the value of the parameter Δt [19,20].



In Figure 3c the signal waveform registered by the further receiving transducer (AE sensor #2) was represented. Its maximum amplitude constituted umax = 52 dB, and the rise time was about tn = 102 μs. The growth in the rise time of the AE signal correlated with the fall in the partial energy of the spectrum in the frequency range 250–400 kHz. Thus, the rapid attenuation of high-frequency modes influenced the recording time of acoustic signals, and hence, on the level of the investigated positioning error. This fact was confirmed by the estimation of relative changes in the high-frequency portion of the spectrum δ revealed in Figure 4. The dependence of the attenuation of high-frequency spectral components on the AE signal propagation length L was evaluated according to the equation [14]:


  δ =     H    f   1  − H    f   2      H    f   1    ,    %   



(3)




where H(f)1 and H(f)2 cumulative amplitudes of AE signals harmonics registered by AE sensor #1 and AE sensor 2 in the range of 250–400 kHz. The approximation of the calculated results of the parameter δ was performed by the least-squares method fitting with a second-degree polynomial.



From the curve shown in Figure 4 and results from Table 1, it can be indicated that the considerable attenuation of high-frequency waves leads to a great change in the energy parameters and the signal waveform. Therefore, to determine the correct location of an AE source, it is essential to take into account not only the TDOA parameter of signals but also their energy and spectral characteristics [21].





3. FEM Analysis and Results


3.1. Methods and Materials


To make an estimation of the average location error of the linear location technique using the computational approach [22,23,24], an FE model of the receiving transducer was developed. Moreover, the frequency response of the modeled transducers was fully identical to the parameters of AE sensors used in the experiments.



Figure 5 depicts a finite element model of a typical acoustic emission transducer. The software “Comsol Multiphysics” was applied to prepare a FE model during this study.



A typical model of the AE sensor included an aluminum damper (1), three plates of a lead zirconate titanate piezoelectric element (3), four layers of epoxy resin (2) and a damping protector (4). The FE model was done in accordance with the boundary conditions and parameters of the electric circuit to create the inverse piezoelectric effect. The end faces of the test object were fixed to minimize repeated reflections of the acoustic waves from the side faces of the plate. The elastic displacements were assigned to the upper and lower surfaces of the steel plate. It allowed generating multimode AE signals. In addition to this, a grid of tetrahedral elements was applied, the facet size of which was 250 μm. An electrical signal of a rectangular form with an amplitude of 100–300 V was utilized as an exciting signal. In order to simulate Lamb waves in the object of the study, some restrictions were imposed on the displacement of the AE sensors in respect to their fixed place on the steel plate.




3.2. Finite-Element Model of AETs. Frequency Response Correspondence


The influence of transducer design on its frequency response was investigated by finite element modeling. It is widely known that the damper size and the number of piezoelectric elements can be considered as major design features that caused a significant effect on the transducer bandwidth. In Figure 6 the frequency response of transducers with a damper of various heights was shown.



The transducer with a piezoelectric element height of 3 mm, a damping protector of 1 mm and an upper damper with a thickness of 0.5 mm had the frequency response presented in Figure 6a. A decrease in the damper thickness resulted in an evident increase in the bandwidth of a receiving transducer up to 350 kHz. As shown in Figure 6b, growth in the thickness of the upper damper caused low sensitivity of the transducer in the frequency range above 200 kHz, as well as a decline in the resonance frequency from 150 to 80 kHz.



Comparison of the obtained numerical models of transducers included one and five piezoplates was carried out. The studied effect of increasing the number of piezoelectric plates on the transducer bandwidth was inferred in Figure 7.



From the frequency response of the transducer model with one piezoelectric element, 1 mm damping protector and an upper protector height of 3 mm, the local maximum of the energy density distribution at frequencies of 160 and 340 kHz can be noticed. The greater the number of piezoelectric elements, the more perceptible equalization of the energy density distribution in the 80–200 kHz passband will be. Based on the simulation results, the optimal design features of the AE source and receiving transducers (AE sensors) were selected for FEM analysis of acoustic signal propagation in a steel plate model. The model of the AE source included four piezoelectric plates 3 mm thick, a damping protector 1 mm thick, and an upper damper 0.5 mm thick, while the model of AE sensors consisted of two piezoelectric plates 3 mm thick, a damping protector 1 mm thick, and an upper damper 4 mm thick. Their frequency response graphs were shown in Figure 8.



The AE source of broadband acoustic signals had the frequency response given in Figure 8a. Four piezoelectric elements made it possible to expand the passband of the acoustic signal source up to 120–300 kHz. In Figure 8b the frequency response of the receiving transducer model was displayed. The optimal FE model of the AE transducer obtained the same spectral characteristics as the AE sensors from the experimental part had, see Figure 3. To numerically estimate the similarity of the recorded AE signals spectra (Figure 3b) and the frequency response of the receiving transducer FE model, the correlation coefficient r was computed:


  r =       H    f   1  · H    f   2     ¯  −     H    f   1     ¯  ·     H    f   2     ¯     σ 1  ·  σ 2     



(4)




where H(f)1 and σ1—the average value and dispersion of the spectral characteristics of the recorded AE signals; H(f)2 and σ2—the average value and dispersion of the spectral characteristics of the receiving transducer model.



The correlation coefficient value between the results shown in Figure 3b and Figure 8b was r = 0.82.




3.3. Simulation Approach to Detect the AE Source Location


The simulation of the AE signals propagation in a steel plate was carried out in accordance with the experimental scheme (see Figure 1). The optimal design of AE sensors and the acoustic source was implemented to simulate broadband signals, the spectral characteristics of which were close to the VS150-RIC transducers used in experiments with a steel plate.



At the initial stage, the dependence of the calculated coordinate X on the amplitude of the recorded signals um was investigated using a linear location technique. As an example, the dependence of the calculated coordinate on the amplitude of the simulated signals X(um) when X = 100, 200, and 300 mm is graphically represented in Figure 9.



As follows from the scatter plots in Figure 9, the largest variability of X values was established when the AE source was located at a distance of X = 100 mm from AE sensor #1. The minimum error of the AE source location was noted when the signal amplitude constituted at least 80 dB. It was defined without reference to the AE simulator distance to the AE sensor #1. When the AE source was removed at X = 300 mm, an increase in the positioning error was indicated for signals with a maximum amplitude level of um ≤ 52 dB. It is also worth mentioning that the scatter of the X coordinate values is associated with the threshold discrimination of the AE signals oscillating shape. The latter ones have been recorded in the framework of modeling the propagation process of elastic waves in the isotropic metal plate.




3.4. The Model Results of Linear Location Technique for AE Source Positioning


The average positioning error was calculated for the 1D linear location method with the varied location of the AE source. Figure 10 showed the results of the AE sources linear location coordinates obtained by FE-modeling. The histogram of the location pattern was performed by discretizing the coordinate axis with a step of 10 mm.



It can be seen from Figure 10 that the largest scatter ΔX was defined when the AE source was located at X = 100 and 700 mm. Therefore, when the acoustic emission source got closer to the AE sensor, the ΔX achieved 200 mm. With the AE source moving away from the AE sensors, the difference between the calculated coordinates significantly decreased and did not exceed ΔX = 30 mm. Thus, in the coordinates X = 400 and 500 mm, the value of the location error was less than 5%. Moreover, it even reached γav = 2% in the center of the studied area. The highest value of location error was observed when AE sources located at 100 mm from one of the AE sensor γav = 8.6%.





4. Comparison of the AE Source Positioning Error Obtained by the Experimental and Simulation Studies


The comparison between the average location error of AE source determined by experimental and computational approaches was graphically represented in Figure 11. The dashed line presents the interpolation of finite element modeling results by the least-squares method fitting with a third-degree polynomial.



It can be inferred from Figure 11 that the maximum level of the location error was registered in the coordinates X = 100 and 700 mm. Application of FEM analysis allowed to estimate with high accuracy the level of the average location error and at the same time avoid carrying out a large number of preliminary tests. The high precision of the calculation was confirmed by the correlation coefficient R = 0.92.



To minimize the positioning error, it is necessary to take into account not only the recording time of acoustic signals but also fluctuations in the wave velocity of AE signals. This approach can help to reduce the influence of the threshold algorithm on the values of ∆t. For the numerical calculation of Vg fluctuations, statistical models of multiple linear regression and machine learning methods can be used.




5. Conclusions


	
The influence of the acoustic dispersion on the reduced error of AE source location has been considered. AE monitoring was performed using a thresholding approach. The location error calculated at a distance of less than 100 mm from the AE transducer reached 15% in respect to the whole investigated area;



	
Finite element modeling of AE signals allowed to estimate with high accuracy the positioning error of the linear location technique applied to determine the AE source coordinates;



	
The experimentally obtained data corresponded to the simulation results (see Figure 11). It implies that the developed FE model of acoustic wave propagation in a steel plate can be implemented to determine the AE source location with the required level of accuracy. Moreover, only a few preliminary tests should be carried out for a model construction;



	
The optimization method for assessing the reduced error of the 1D linear location technique of AE sources consists of several stages. At the initial stage, it is necessary to generate acoustic signals of various amplitudes using an electronic simulator. Then it is alternately installed at a distance of 0.1 B and 0.3 B (B—distance between two AETs) relative to one of the receiving transducers. Based on the results of the two experiments, there is a need to evaluate the spectral characteristics of the recorded AE signals, as well as to construct FE models of receiving AEs. Finally, a comparison between the error obtained by simulation and the results of preliminary tests should be done.



	
The obtained results can be effectively used in the framework of acoustic emission monitoring of isotropic metal structures. There are many more potential applications offering benefits to the diagnostics adopting this approach. Especially it concerns maintenance inspections of extended objects with complex geometry.
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Figure 1. Scheme of experimental determination of AE source location on the steel plate. 
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Figure 2. Experimental result of AE source linear location recorded on a steel plate. ■—AE source location; ■—AE sensors location, X—coordinate, Nl—number of recorded AE events (responses from the AE source). 
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Figure 3. Comparison of the signal waveforms and spectra recorded by (a,b) AE sensor #1 and (c,d) AE sensor #2 located at a distance of 100 mm and 700 mm from the AE source, respectively. 
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Figure 4. Dependence of the relative attenuation δ of high-frequency spectral components on the distance L between the AE sensors and AE source. 
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Figure 5. Typical model of an AE sensor: (1)—damper, (2)—bonding layer, (3)—piezoelectric element, (4)—damping protector. 
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Figure 6. The frequency response of transducers with a damper thickness of (a) 0.5 mm and (b) 5 mm. 
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Figure 7. The frequency response of transducers with (a) one and (b) five piezoelectric elements. 
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Figure 8. The frequency response of (a) AE source and (b) AE sensor. 
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Figure 9. The dependence of the calculated coordinate X on the amplitude um of the simulated signals at the distance between the AE source and AE sensor #1 (a) 100 mm, (b) 200 mm and (c) 300 mm. 
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Figure 10. Simulation results of AE source coordinate determination. ■—AE source location; ■—AE sensors location; Nl—the number of AE events. 
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Figure 11. Comparison of the average location error for experimental and computational methods. 
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Table 1. The experimental results of the AE source positioning error.
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Coordinates of AE Source X, mm

	
Amplitudes Interval of Recorded AE Signals [umin:umax], dB

	
Positioning Error γ, %

	
Average Positioning Error γav, %






	
100

	
[40:60]

	
14.9

	
8.6




	
[60:75]

	
8.3




	
[75:100]

	
2.5




	
200

	
[40:60]

	
10.4

	
5.8




	
[60:75]

	
5.0




	
[75:100]

	
1.9




	
300

	
[40:60]

	
7.2

	
4.4




	
[60:75]

	
4.1




	
[75:100]

	
1.9




	
400

	
[40:60]

	
2.5

	
2.1




	
[60:75]

	
2.05




	
[75:100]

	
1.8




	
500

	
[40:60]

	
2.4

	
2.2




	
[60:75]

	
2.1




	
[75:100]

	
2.0




	
600

	
[40:60]

	
7.6

	
5.4




	
[60:75]

	
5.1




	
[75:100]

	
3.6




	
700

	
[40:60]

	
13.4

	
8.6




	
[60:75]

	
8.5




	
[75:100]

	
3.9

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
IHipy.
VAl

o e w0y

THf
mVA

0

®)

£z





media/file4.png
Nl T T T T T T T T

120 =

100 + .

80 .

60

40

20

Oﬁ 100 200 300 400 500 600 700 800 X,mm
AE sensor #1 AE sensor #2





media/file18.png
X, mm

2

100

920

220
200
180
160

140

;)
320

300
280
260
240
220

200
40

o
th

et

h
h

th

80

— — —
g N—

- #’ gatetttas s s 0 *
7

]

85

— — — — ——

20

90

95 100 Um, dB

95 100 um, dB

|

95 100 ZUm, dB





media/file21.jpg
Yav, %

no e

crmNuwa

300

utal results

400 500 600

— —Simulation results






media/file3.jpg
80

60

40

20

0 800 X, mm
& i)
AE sensor #1 AE sensor #2





media/file22.png
YVav, %

9 o ®
7 ~ /
6 h N /
® ~N ® /
5 N /
4 AN v
3 A /
\
/
®
2 N\ { — P
1
0
0 100 200 300 400 500 600 700 )(, mm

® Experimental results  — — Simulation results





media/file19.jpg
120

100

80

60

40

20,

100

200

300

400

500

600

700

X, mm





media/file7.jpg
25

20

T g
|

100 200 300

@ — experimental results

400

500

60 700 800 [ mm

~~ approximating curve





media/file10.png
Steel plate






media/file14.png
H(1)),
mV/kHz

0.08

0.06 -

0.04

0.02

100

200

(a)

300 400 f kHz

H()I,

mV/kHz

0.08

0.06

0.04

0.02

—
"

W\

0





media/file11.jpg
HODL
mVAHz
0 0 we w0 a0 fiHg

@

IHE).
mVAH,
on

o

w00

®

0

o0

iz





media/file6.png
f kHz

400

300

Adia b
200

100

mV/kHz

H®),

0.08

0.06

0.04

0.02

700 T s

200 300 400 500

100

(b)

(a)

mV/kHz

H(®)],

0.08

0.06 -

0.04

0.02

700 T s

400

300

200

100

200 300 400 500 600

100

f, kHz

(d)

(c)





media/file15.jpg
THO, IHbY.

mVAHz mVAHz
o1 i
ol ois
004 o
o W0 a0 0 W0 gk e w0 w0 w0 fu

(@ ®





nav.xhtml


  applsci-12-00224


  
    		
      applsci-12-00224
    


  




  





media/file16.png
H(),
mV/kHz
0.12

0.1

0.08-
0.06

0.04

0.02-

IH(1)),
mV/kHz

0.25

0.2

0.15
0.1

0.05

f, kHz





media/file2.png
Vallen AMSY-6
AE sensor | /- B AE sensor 2
/

steel plate 1000x650x7 mm

/ AE simulator






media/file20.png
200 300 400 500 600 700 800

X, mm





media/file5.jpg
@

©

s

HO,

VAl
I ———T
®)
oy
VA
o o T

@





media/file1.jpg
Vallen AMSY-6)

AE sensor | /—

AE sensor 2

D
/

B =800mm

Sieel plate _ooo-csor7 ]

AE simulator

{





media/file12.png
[H(f), [H(f),
mV/kHz — mV/kHz
o2l [ | L 1 [ [ | 0.12
0.1 0.1
0.08 - 0.08
0.06 - 0.06
0.04 0.04
0.02 0.02
0 100 200 300 400 f kHz 0

(a)

100 200

(b)

300 400 f kHz





media/file9.jpg
Steel plate






media/file0.png





media/file8.png
0, %

30

25

20

10

°
/
/ +
¥ 4
e
-
/ "
. .
‘ ”~
-
o -
-
r ——
100 200 300 400 500 600 700 800 L, mm

@ — experimental results

— —=—— approximating curve






media/file17.jpg
w e ox e @ wom om ok om o wusndB

M /

W s o owm e om o om ok owon mumdB

©





