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Abstract

:

The wall-thinning measurement of ferromagnetic plates covered with insulations and claddings is a main challenge in petrochemical and power generation industries. Pulsed eddy current testing (PECT) is considered as a promising method. However, the accuracy is limited due to the interference factors such as lift-off and cladding. In this study, by decoupling analytic solution, a feature only sensitive to plate thickness is proposed. Based on the electromagnetic waves reflection and transmission theory, cladding-induced interference is firstly decoupled from the analytical model. Moreover, by using the first integral mean value theorem, interferences of insulation and the lift-off are decoupled, too. Hence, the method is proposed by calculating Euclidean distances between the normalized detection signal and normalized reference signal as the feature to assess wall thinning. Its effectiveness under various conditions is examined and results show that the proposed feature is only sensitive to the ferromagnetic plate thickness. Finally, the experiment is carried on to verify this method practicable.
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1. Introduction


Ferromagnetic plates are commonly used materials in petrochemical and power generation industries. Wall thinning is one critical threat to ferromagnetic plates. It is caused by corrosion under insulation (CUI), flow accelerated corrosion (FAC), or liquid droplet impingement (LDI), and severely affects the structural strength and integrity of ferromagnetic plates [1,2]. Therefore, wall thinning assessment is important. The thickness measurement is an essential early warning method. Whereas the ferromagnetic plates in petrochemical and power generation applications are always wrapped with insulations and externally protected metal claddings. Therefore, it is challenging for the commonly used methods, such as ultrasonic testing (UT) and eddy current testing (ECT), to determine the plate thickness without removing the insulations and claddings [3]. Pulsed eddy current testing (PECT) provides a possible solution. PECT involves excitation by a square-wave pulse rather than a sinusoidal waveform. So, it contains a variety of frequency components and large driving electric currents, which allows for non-contact remote sensing [4,5]. Therefore, it could be used to measure the thickness of ferromagnetic plates covered with insulations and claddings.



The PECT signal is a complicated coupling response related to many factors [6,7]. including ferromagnetic plate thicknesses, insulations, claddings, and lift-offs (distance from the sensor to the cladding), etc. Thus, decoupling the ferromagnetic plate thickness from other factors is a key problem in PECT. Some features have been proposed to evaluate the plate thickness. Waidelich et al. [8] proved that the peak value, time to zero-crossing (TZC), and lift-off intersection (LOI) of the differential PECT signal could be used to evaluate the thickness. Bieber et al. [9] verified these features experimentally and further proposed that the peak value was proportional to the metal loss extent, and the TZC contained information regarding the flaw depth. Fan et al. [10] showed that the LOI point could be adjusted by varying the rising time of pulse excitation, which was beneficial to extend the measurement range and to increase the measurement sensitivity. Smith and Hugo [11] used the time-to-peak to characterize defects and structural variations in aging aircraft structures, showing that the time-to-peak and defect depth exhibited a quadratic relationship. Xu et al. [12] compared the time-to-peak and peak value for wall thinning assessment, and found that the time-to-peak was superior to the peak value due to its linear relationship with wall thickness. Tian et al. [13] proposed the rising point to identify and quantify the defects, and proved that the rising point was related to the propagation time of electromagnetic waves in metallic plates. However, these features [8,9,10,11,12,13] are all obtained by analyzing special points in PECT signals, they are easily affected by the confounding factors. For example, the peak value [8,9] and the time-to-peak [11,12] are related to the cladding thicknesses [12], and the rising point [13] relates to the sensor lift-off [14].



Cheng [15] discussed magnetic field variation by using an anisotropic magneto-resistive (AMR) sensor embedded differential detector, showing that the signal decay behavior was only relevant to the pipe wall thickness over a limited time after switching off the excitation current. Li et al. [16] studied the magnetic flux change with variable pulsed width excitation, demonstrating that the slope of the relative increase in magnetic flux and pulse width could be used to evaluate the ferromagnetic plate thickness. However, the feature proposed by Cheng [15] cannot be obtained when a coil is used as a detector, which limits its application. The slope of the relative increase in magnetic flux and pulse width [16] are complicated. Therefore, an efficient and easy-to-use signal feature, which is sensitive only to the ferromagnetic plate thickness, is still needed.



In this study, a feature only sensitive to plate thickness is proposed through electromagnetic waves theory. The electromagnetic waves theory has been used for PECT analysis in some researches. Waidelich [8] propose features, such as the peak value, TZC, and the LOI, by considering the wave produced by the square-wave pulse was a plane wave. However, the model [8] was imprecise, because the wave produced by the square-wave pulse could be regarded as a plane wave only if the transmission coil radius or plate thickness was sufficiently large [17,18]. Then, Dodd–Deeds model was used to obtain the analytical solution of the PECT problem [19,20]. Fan et al. [21] reinterpreted the model using the reflection-transmission theory, which provided it a clearly physical meaning. According to the previous studies, the reflection and transmission of electromagnetic waves in the ferromagnetic plates covered with insulations and claddings are further studied, and by decoupling the analytical solution, a feature which is only sensitive to the thickness is introduced in this study.



The rest of this paper is organized as follows: Part II describes the modeling of the insulated ferromagnetic plate, and the theoretical analysis for decoupling the interference caused by claddings, insulations, and lift-offs. In Part III, the similarity measurement based feature is presented, and in part IV, the validity of the feature is proved by experimental study. In part V, the performances of the feature are examined under various conditions. Finally, a brief conclusion is provided in part V.




2. Theoretical Analysis


In this section, the PECT analytical model and its solution are described firstly, and then, the reflection and transmission of the electromagnetic waves is discussed to decouple the cladding-induced interference. Moreover, influences of insulations and lift-off effects to the PECT signal are studied by using the first integral mean value theorem.



2.1. Solution for PECT Analytical Model


As shown in Figure 1, a ferromagnetic plate with an insulation and a cladding is modeled as a four-layered structure for simplicity. Layers from bottom to top represent the air, the plate, the insulation, and the cladding, successively. The layer over the cladding is layer 5, and it is divided into three subregions. The sensor consisting of transmitter and receiver coils with rectangular cross-sections is in section I-II.



According to the reflection and transmission theory of electromagnetic waves, the expression of the reflection coefficient at the interface between layers k + 1 and k is:


   R  k + 1 , k   ( α ) =    μ  r k    β  k + 1   −  μ  r ( k + 1 )    β k     μ  r k    β  k + 1   +  μ  r ( k + 1 )    β k    k = 1 , 2 , 3 , 4  



(1)




where βk = (α2 + jωμ0μrkσk)1/2; μrk and σk are the relative magnetic permeability and electrical conductivity of layer k, respectively; j is the imaginary unit; ω is the angular frequency of the sinusoidal harmonic; μ0 is the permeability of vacuum; α can be understood as a wavenumber [5].



Received waves are the superposition of reflection waves from multiple interfaces, thus some scholars have defined a generalized reflection coefficient to represent the superposition of reflection waves [20,21,22]. The generalized reflection coefficient R′k + 1,k is defined as the ratio of the electromagnetic wave reflected at all the interfaces between the layer 1 and k + 1 to the electromagnetic wave incident from the layer k + 1 to k. It satisfies the recursive Equation (2).


    R ′   k + 1 , k   ( α ) =    R  k + 1 , k   ( α ) +   R ′   k , k − 1   ( α )  e  − 2  β k  (  d  k − 1   −  d k  )     1 +  R  k + 1 , k   ( α )   R ′   k , k − 1   ( α )  e  − 2  β k  (  d  k − 1   −  d k  )     k = 2 , 3  



(2)




with the initial condition R′2,1(α) = R2,1(α), where (dk−1 − dk) denotes the thickness of layer k.



R′5,4(α) is the generalized reflection coefficient of the four-layered structure which could be derived:


    R ′   5 , 4   ( α ) =    R  5 , 4   ( α ) +   R ′   4 , 3   ( α )  e  − 2  β 4  (  d 3  −  d 4  )     1 +  R  5 , 4   ( α )   R ′   4 , 3   ( α )  e  − 2  β 4  (  d 3  −  d 4  )      



(3)







For each frequency component, the induced voltage in the receiver coil could be deduced based on the Dodd–Deeds model [23]:


  Δ U ( ω ) = j π ω  μ 0  I ( ω ) ×    ∫ 0 ∞    e  − 2 α  l 1    S ( α )   R ′   5 , 4   ( α )    d α  



(4)




where I(ω) is the amplitude of the harmonic excitation current; S(α) is the spatial frequency spectra of the sensor which gives the amplitude of the contributions as a function of α [21].


  S ( α ) =  n T   n R    I n t ( α  r  1 T   , α  r  2 T   )    α 2  (  r  2 T   −  r  1 T   )     I n t ( α  r  1 R   , α  r  2 R   )    α 2  (  r  2 R   −  r  1 R   )     (  e  − α (  l  2 R   −  l 1  )   − 1 )   α (  l  2 R   −  l 1  )     (  e  − α (  l  2 T   −  l 1  )   − 1 )   α (  l  2 T   −  l 1  )    



(5)




where Int(x1, x2) =   ∫  x 1    x 2    xJ1(x)dx, J1(x) denotes the first-order Bessel function; l1 is the sensor lift-off, e−2αl1 is the lift-off coefficient; n is the coil turns number, r1, r2, and (l2 − l1) are the inner radius, outer radius, and the coil height, respectively; the subscripts T and R label the transmitter and receiver coils, respectively.



Substituting Equations (1)–(3) and Equation (5) into Equation (4), the induced voltage in frequency domain can be obtained. As the square-wave excitation current of PECT could be theoretically represented by superimposing a series of sinusoidal harmonics in the frequency domain. The PECT signal could be derived from a sum of harmonic responses in the frequency domain through using an inverse discrete Fourier transform (IDFT), the expression of which is


  Δ U [  t s  ] =  1 N    ∑  m = 1  N    e  j   2 π  N  ( s − 1  ) (  m − 1 )   Δ U [  ω m  ]   , s = 1 , 2 , … , N  



(6)




where ts denotes the s-th point in time, m denotes the m-th sinusoidal harmonic, N is the number of sampling point.




2.2. Decoupling the Cladding-Induced Interference


As shown in Equation (1), the solution of the PECT signal is mainly depended on three parameters: the sensor spatial frequency spectra, S(α); generalized reflection coefficient of the four-layered structure, R′5,4(α); and lift-off coefficient, e−2αl1. According to Equations (1)–(3), R′5,4(α) is determined by the ferromagnetic plate, the insulation and the cladding. e−2αl1 is related to the sensor lift-off. Then through analyzing R′5,4(α) and e−2αl1, the interference factors could be discussed. As R′5,4(α) indicates that the interference caused by the cladding and the insulation are coupled with the ferromagnetic plate, thus, R′5,4(α) is discussed firstly.



R′5,4 (α) is the result of the ratio between the amplitudes of the reflected wave and the incident wave [22]. It essentially indicates the electromagnetic wave propagation in the four-layered structure. As shown in Figure 2, the amplitude of the incident wave in layer 5 is set to 1, and then R5,4 and T5,4 denote the single reflection and transmission from the interface between layers 5 and 4, respectively. In addition, as the thickness of layer 4 is finite, there are multiple reflections and transmissions in layer 4, for example T5,4R′4,3η, T5,4R′4,3R4,5η2, T5,4   R ′   4 , 3  2  R4,5η3, … And T5,4R′4,3T4,5η2, T5,4   R ′   4 , 3  2  R4,5T4,5η4, …are the related multiple reflections in layer 5.



Figure 2 indicates that R′5,4 (α) is the sum of the single reflection coefficient and the other n-th reflections whose general expression is T5,4R′(n − 1)4,3R(n − 2)4,5T4,5η2(n − 1). Wherein T5,4 = 1 + R5,4, R4,5 = −R5,4, η = e-β4(d3 − d4). To explain this more clearly, R′5,4 (α) in (3) could be rewritten as follows:


    R ′    5 , 4    ( α ) =  R  5 , 4   ( α ) +   R ′    4 , 3    ( α )  e  − 2  β 4  (  d 3  −  d 4  )     1 −  R  5 , 4   ( α )  R  5 , 4   ( α )   1 +  R  5 , 4   ( α )   R ′    4 , 3    ( α )  e  − 2  β 4  (  d 3  −  d 4  )      



(7)




where the first term is the single reflection coefficient, and the second term is the sum of the other n-th reflections.



According to Equation (1), R5,4(α) = (αμr4 − β4)/(αμr4 + β4), wherein β4 = (α2 + jωμ0μr4σ4)1/2. It indicates that R5,4 (α) is only related to the cladding material. Therefore, R5,4(α) could be regarded as part of the cladding-induced interference. In addition, Waidelich demonstrated that the amplitude of the first reflection was much larger than that of the other reflections [8]. Therefore, the interference caused by R5,4(α) is significant.



To further decouple the interference caused by the cladding, the electromagnetic wave propagation in layers 2 and 3 is studied with the same method, and the generalized reflection coefficient R′4,3 is rewritten as follows:


    R ′    4 , 3    ( α ) =  R  4 , 3   ( α ) +   R ′    3 , 2    ( α )  e  − 2  β 3  (  d 2  −  d 3  )     1 −  R  4 , 3   ( α )  R  4 , 3   ( α )   1 +  R  4 , 3   ( α )   R ′    3 , 2    ( α )  e  − 2  β 3  (  d 2  −  d 3  )      



(8)




where the first term, R4,3(α), could be expressed as R4,3(α) = (μr3β4-μr4β3)/(μr3β4 + μr4β3). As the insulation is always composed of non-conducting material, such as rock wool or foamed glass, then μr3 = 1, β3 = α. Thus, R4,3(α) could be rewritten as R4,3(α) = (β4 − μr4α)/(β4 + μr4α) = −R5,4(α). Therefore, R4,3(α) is also related only to the cladding material.



If Equation (8) is completely substituted into Equation (7), the expressions of R′5,4(α) will become very complicated, which is not conducive to decoupling. So, Equation (8) is firstly substituted into the first R′4,3(α) in Equation (7), then R′5,4(α) becomes:


    R ′    5 , 4    ( α ) =  R  5 , 4   ( α ) +    R  4 , 3   ( α )  e  − 2  β 4  (  d 3  −  d 4  )   [ 1 −  R  5 , 4   ( α )  R  5 , 4   ( α ) ]   1 +  R  5 , 4   ( α )   R ′    4 , 3    ( α )  e  − 2  β 4  (  d 3  −  d 4  )     +     R ′    3 , 2    ( α )  e  − 2  β 3  (  d 2  −  d 3  )    e  − 2  β 4  (  d 3  −  d 4  )   [ 1 −  R  4 , 3   ( α )  R  4 , 3   ( α ) ] [ 1 −  R  5 , 4   ( α )  R  5 , 4   ( α ) ]   [ 1 +  R  4 , 3   ( α )   R ′    3 , 2    ( α )  e  − 2  β 3  (  d 2  −  d 3  )   ] [ 1 +  R  5 , 4   ( α )   R ′    4 , 3    ( α )  e  − 2  β 4  (  d 3  −  d 4  )   ]    



(9)




where, (d3 − d4) is the thickness of the cladding, R5,4(α) and R4,3(α) are only related to cladding material. The R′4,3(α) that still remains in Equation (9) can be approximated by R4,3(α), since the first reflection was much stronger than that of the other reflections, and R4,3(α) significantly influences the value of R′4,3(α). Thus, the equations in the first line of Equation (9) is only related to the material and thickness of the cladding.



Substituting Equation (9) into Equation (4), ΔU could be divided into two terms:


    Δ U = Δ  U 1  + Δ  U 2      = j π ω  μ 0  I ( ω ) ×    ∫ 0 ∞    e  − 2 α  l 1    S ( α ) [  R  5 , 4   ( α ) +    R  4 , 3   ( α )  e  − 2  β 4  (  d 3  −  d 4  )   [ 1 −  R  5 , 4   ( α )  R  5 , 4   ( α ) ]   1 +  R  5 , 4   ( α )   R ′    4 , 3    ( α )  e  − 2  β 4  (  d 3  −  d 4  )     ]    d α       + j π ω  μ 0  I ( ω )    ∫ 0 ∞      e  − 2 α  l 1     e  − 2  β 3  (  d 2  −  d 3  )    e  − 2  β 4  (  d 3  −  d 4  )       ×   S ( α )   R ′    3 , 2    ( α ) [ 1 −  R  4 , 3   ( α )  R  4 , 3   ( α ) ] [ 1 −  R  5 , 4   ( α )  R  5 , 4   ( α ) ]   [ 1 +  R  4 , 3   ( α )   R ′    3 , 2    ( α )  e  − 2  β 3  (  d 2  −  d 3  )   ] [ 1 +  R  5 , 4   ( α )   R ′    4 , 3    ( α )  e  − 2  β 4  (  d 3  −  d 4  )   ]        d α    



(10)




where according to Equation (9), ΔU1 is only related to the cladding, and it is the cladding-induced interference signal. ΔU2 contains the information regarding the ferromagnetic plate thickness, which is the desired signal. In addition, according to Equations (1)–(3), ΔU2 is also influenced by the cladding, while the interference is negligible. This will be demonstrated in Section 4.




2.3. Influence Analysis of Insulation and Lift-Off


Based on the analysis above, ΔU2 is the signal which the cladding-induced interference has been decoupled. However, as shown in Equation (10), ΔU2 is still affected by the insulation thickness, (d2 − d3), and the sensor lift-off, l1. Therefore, methods for reducing these interferences should be further studied.



As β3 = α, R4,3(α) = −R5,4(α), ΔU2 in Equation (10) could be rewritten as follows:


  Δ  U 2  = j π ω  μ 0  I ( ω )    ∫ 0 ∞    e  − 2 α (  l 1  +  d 2  −  d 3  ) − 2  β 4  (  d 3  −  d 4  )   S ( α )   R ′    3 , 2    ( α ) × C o e f ( α )    d α  



(11)






  C o e f ( α ) =   1 −  R  5 , 4   ( α )  R  5 , 4   ( α )   1 −  R  5 , 4   ( α )   R ′    3 , 2    ( α )  e  − 2  β 3  (  d 2  −  d 3  )       1 −  R  5 , 4   ( α )  R  5 , 4   ( α )   1 +  R  5 , 4   ( α )   R ′    4 , 3    ( α )  e  − 2  β 4  (  d 3  −  d 4  )      



(12)




where the parameter Coef(α) is used for simplicity.



As the commonly used cladding is 0.3−0.7 mm thick, the commonly used insulation is 40 mm to a few hundred mm thick, and the sensor lift-off is a few mm [24]. Thus, the cladding thickness, (d3 − d4), is much smaller than the sum of the sensor lift-off and the insulation thickness, (l1 + d2 − d3). Therefore, e−2α(l1 + d2 − d3)−2β4(d3 − d4) could be approximated by e−2α(l1 + d2 − d3). Then, Equation (11) could be rewritten as follows:


  Δ  U 2  = j π ω  μ 0  I ( ω )    ∫ 0 ∞    e  − 2 α (  l 1  +  d 2  −  d 3  )   S ( α )   R ′    3 , 2    ( α ) × C o e f ( α )    d α  



(13)







In Equation (13), as S(α)R′3,2(α) × Coef(α) is continuous in the range [0, ∞], and e−2α(l1 + d2 − d3) is continuous with its values always greater than zero. Thus, the first integral mean value theorem [25] could be used, and Equation (13) becomes:


  Δ  U 2  = j π ω  μ 0  I ( ω ) × S ( ε )   R ′   3 , 2   ( ε ) C o e f ( ε ) ×    ∫ 0 ∞    e  − 2 α (  l 1  +  d 2  −  d 3  )      d α  



(14)




where ε is a value between 0 and ∞.



Calculating   ∫ 0 ∞  e−2α(l1 + d2 − d3) dα gives   ∫ 0 ∞  e−2α(l1 + d2 − d3) dα =1/2(l1 + d2 − d3), thus (14) could be rewritten as follows:


  Δ  U 2  =   j π ω  μ 0  I ( ω ) × S ( ε )   R ′   3 , 2   ( ε ) C o e f ( ε )   2 (  l 1  +  d 2  −  d 3  )    



(15)







Because jπωμ0I(ω) and S(ε)R′3,2(ε) × Coef(ε) are independent of (d2 − d3) and l1, ΔU2 is inversely proportional to (l1 + d2 − d3). Therefore, the relationship that ΔU2 is approximately inversely proportional to the sensor lift-off and the insulation is obtained.





3. Similarity Measurement Based Feature


As indicated above, the original signal, ΔU, could be decomposed into two terms ΔU1 and ΔU2, where ΔU1 is the cladding-induced interference, and ΔU2 contains the information regarding the plate thickness. For ΔU1, differential methods or similarity measurement methods could be used to eliminate it. However, the differential method is always used as a pre-processing method [8,9,10,11,12]. It cannot obtain the thickness measurement feature directly. Therefore, the similarity measurement method is selected herein. In addition, as ΔU2 is approximately inversely proportional to the insulation thickness and sensor lift-off, (l1 + d2 − d3) can be reduced by dividing two signals. Normalization method is used to eliminate the influence of interfering factors. Then a feature based on the similarity measurement of the normalized PECT signal is proposed in this study.



The similarity of the signals is always measured by the distance information. It could be calculated through the Euclidean distance, angular separation, correlation coefficient et al. In this paper, the Euclidean distance is used. Then, the feature could be calculated as follows:


  D i s =    ∑    ( Δ  U  norr   − Δ  U  nor   )  2       



(16)




where Dis is the Euclidean distance, ΔUnorr is the normalized reference signal, and ΔUnor is the normalized calibration signal or the detection signal. Moreover, the reference signal is the signal of the defect-free plate, the calibration signal is the signal of the plate with a known thickness, and the detection signal is the signal of the detected plate.



To examine the feature detailly, a 16 Mn steel step wedge plate is used. The thicknesses of the 16 Mn steel step wedge plate are 25.4 mm, 21.5 mm, 20.1 mm, 16.7 mm, and 14.8 mm. The thicknesses of the insulation and the cladding located above the plate are 40 mm and 0.5 mm, respectively. The cladding is composed of galvanized steel sheet (GS cladding). The sensor parameters are listed in Table 1. The lift-off of the sensor is 5 mm, and the amplitude, duty cycle, and period of the square-wave current are 4 A, 50%, and 1 s, respectively. Moreover, the signals of the 16Mn steel plate are calculated based on the analytical model described in Section 2.1. In the calculation, the relative magnetic permeability and conductivity of the 16Mn steel plate are 500 and 1.6 MS/m, respectively, and those of the GS cladding are 300 and 2.0 MS/m, respectively. As ΔU shown in Equation (1) is expressed as an integral of Bessel functions which is cumbersome and complex, the truncated region eigenfunction expansion (TREE) method presented in [26] is applied to calculate the signals.



The calculated normalized signal obtained from the 25.4 mm thick plate is used as the reference signal ΔUnorr, and those obtained from the 21.5 mm, 20.1 mm, 16.7 mm, and 14.8 mm thick plates are used as the calibration signals ΔUnor. Substituting ΔUnorr and ΔUnor into Equation (15), Dis are obtained. The results are shown in Figure 3. It shows that the plate thickness is monotonically related to the Euclidean distances, then it can be used for thickness measurement.




4. Experimental Study


Experimental study is conducted to further discuss the feature. Figure 4 illustrates the experimental set-up. Similar to the set-up shown in Section III, a 16 Mn steel step wedge plate with thicknesses of 25.4 mm, 21.5 mm, 20.1 mm, 16.7 mm, and 14.8 mm is used, of which the reference thickness is 25.4mm, and plates with other thickness are used to simulate the uniform wall thinning. A 40 mm thick plastic plate and a 0.5 mm thick galvanized steel sheet are attached on the 16 Mn steel plate to simulate the insulation and cladding, respectively. A sensor with the parameters shown in Table 1 is placed over the cladding. The sensor lift-off is 5 mm. A square-wave voltage signal is generated by a function generator, and subsequently converted to a current signal and amplified using a power amplifier. The amplified square-wave current signal is provided to the transmitter coil. The induced voltage of the receiver coil is amplified by a preamplifier, then digitized using a data acquisition card. A computer is used to display the detection signal. The amplitude, duty cycle, and period of the square-wave current are the same as the ones provided in Section 3.



All the normalized experimental signals can be obtained by dividing each signal with its own maximum value, and are substituted into Equation (16), where the reference signal ΔUnorr is obtained from the 25.4 mm thick plate, while each ΔUnor can be obtained from plates with other thicknesses. The obtained Euclidean distances are presented in Figure 5a, and the errors between the experimental and theoretical results are shown in Figure 5b. As shown in Figure 5b, the maximum relative error is less than 5.0%, which indicates the Euclidean distance obtained by the analytical model is quite accurate. Therefore, the Euclidean distance obtained experimentally is replaced by those calculated from the analytical model in Section 5.



Furthermore, to illustrate that the feature is viable for thickness measurement, two detection signals with the real thicknesses of 23.5 mm and 18.4 mm are provided. The Euclidean distances between the detection and reference signals are 0.0353 and 0.1820, respectively. The signals obtained from 21.5 mm, 20.1 mm, 16.7 mm, and 14.8 mm thick plates are used as calibration signals, and fitting the curve of the Euclidean distances and the calibration thicknesses with a second order polynomial, a calibration equation is obtained as follows:


   d 1  −  d 2  = 54  . 42   x 2   − 48   . 3  x + 25  . 28   



(17)




where x denotes the Euclidean distance, and (d1 − d2) is the ferromagnetic plate thickness.



Substituting the Euclidean distances of the detection signals into Equation (17), the calculated thicknesses are 23.6 mm and 18.3 mm, respectively. The relative errors between calculated and real thicknesses are 0.42% and 0.54%, respectively. This indicates that the feature is feasible for the ferromagnetic plate thickness assessment.




5. Discussion


To demonstrate that the proposed feature is independent of confounding factors, such as the cladding, the insulation, and the sensor lift-off, changes in the feature with the confounding factors are discussed. The plates thicknesses examined in this section are 25.4 mm, 23.5 mm, 21.5 mm, 20.1 mm, 18.4 mm, 16.7 mm, and 14.8 mm. The other calculation parameters are the same as those in Section 3, and for the convenience of comparison, only the curves of the Euclidean distances with the plate thicknesses are displayed.



5.1. Variation in Cladding Parameters


Firstly, the Euclidean distances—thicknesses curves under different cladding materials and thickness are discussed. Figure 6a is the Euclidean distances—thicknesses curves with and without the GS cladding, and Figure 6b is the errors between them. As shown in Figure 6b, the maximum error is 5.78%. It could be concluded that the feature is helpful to reduce the cladding-induced interference. This result is consistent with the analysis in Section 2.



Furthermore, except for the GS cladding, a stainless-steel sheet cladding (SS cladding) is also commonly used in petrochemical and power generation applications. Then, performances of features under SS cladding are studied. Figure 7 shows features obtained with and without a 0.5 mm thick SS cladding. They are calculated through the analytical mode by setting the relative magnetic permeability and conductivity of the SS cladding to 1 and 1.35 MS/m, respectively. As shown in Figure 7, for the SS cladding, the maximum differences in Euclidean distance could be calculated by (0.3877–0.3809)/0.3877 = 1.8%. This indicates that the similarity measurement based feature is also available for SS cladding. Thus, the feature is insensitive to cladding materials.



In addition, except for the cladding materials, features with different cladding thicknesses are also analyzed. According to a previous study [24], the designed cladding thicknesses are always between 0.3 and 0.7 mm, so 0.3 mm, 0.5 mm, and 0.7 mm thick claddings are examined in this study. Moreover, as the difference in Euclidean distances obtained with and without the GS cladding is larger, the GS cladding materials is used herein. Figure 8 shows the Euclidean distances with different GS cladding thicknesses. The maximum relative errors of the Euclidean distances obtained from the 0.3 mm and 0.5 mm thick cladding is calculated as (0.3763 − 0.3653)/0.3653 = 3.01%, and that for the 0.7 mm and 0.5 mm thick cladding is calculated as (0.3516 − 0.3653)/0.3653 = 3.75%. They are both small, which indicates that the Euclidean distance is independent of the cladding thickness.



In conclusion, the similarity measurement based feature is insensitive to the cladding materials and the thicknesses.




5.2. Variation in Sensor Lift-Off and Insulation Thicknesses


As the interference caused by the sensor lift-off could be easily masked as a defect signal. To improve the thickness assessment accuracy, the feature change with the lift-off variation is investigated. Figure 9a shows Euclidean distances obtained with 5 mm, 10 mm, and 15 mm sensor lift-offs. The Euclidean distances under different lift-offs are basically overlapped. Therefore, the Euclidean distance is independent of the sensor lift-off.



In addition, insulation thickness variations caused by installation irregularities or external forces could also affect the thickness assessment accuracy. Thus, the influence of insulation thicknesses on the Euclidean distances is examined. Figure 9b shows the Euclidean distance under different insulation thicknesses. The curves obtained with 40 mm, 60 mm, and 80 mm thick insulation are approximately overlapped, which indicates that the Euclidean distance is also independent of insulation thickness.



In conclusion, the similarity measurement based feature is independent of the sensor lift-off and the insulation thickness.





6. Conclusions


This study proposes an efficient and easy-to-use feature for the thickness assessment of ferromagnetic plates covered with claddings and insulations. The feature is obtained by decoupling the analytical solution, thus is only sensitive to the plate thickness, unaffected by other interference factors. Firstly, the insulated ferromagnetic plate is modeled as a four-layered structure, its solution provides a basis for the theoretical analysis. Secondly, by analyzing the electromagnetic wave propagation in the four-layered structure through reflection and transmission theory, the cladding-induced interference is successfully decoupled from the PECT signal. In addition, by using the first integral mean value theorem, the inversely proportional relationship between the PECT signal and the insulation thickness as well as the sensor lift-off is deduced. Thirdly, the similarity measurement based feature is proposed for thickness assessment. A 16Mn steel step plate is used as an example to study the performance of the feature. Results show the proposed feature is sensitive only to the plate thickness, and it is independent of the interference factors, including the cladding material and thickness, the sensor lift-off, and the insulation thickness.



The feature proposed in this paper is based on the similarity measurement, which effectively suppresses some interference factors. However, to eliminate the influence of environmental noises, new features shall be found based on fuzzy similarity measures to further improve the thickness assessment accuracy [27,28]. The method proposed in this paper will contribute for PECT application in ferromagnetic plate detection. Further study will include the studies for other materials and defects assessment.
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Figure 1. Schematic of a sensor over a four-layered structure. 
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Figure 2. The reflections and transmissions in layers 4 and 5. 
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Figure 3. Euclidean distances under different plate thicknesses from analytical calculations. 






Figure 3. Euclidean distances under different plate thicknesses from analytical calculations.



[image: Applsci 11 04356 g003]







[image: Applsci 11 04356 g004 550] 





Figure 4. Experimental set-up for PECT: (a) The 16Mn steel step wedge plate. (b) experimental schematic diagram. 
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Figure 5. Experiment results: (a) Euclidean distances. (b) relative error of analytical calculations to experiment. 
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Figure 6. (a) Euclidean distances obtained with and without the GS cladding. (b) associated relative error. 
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Figure 7. Euclidean distances obtained with and without the SS cladding. 
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Figure 8. Variations of Euclidean distances due to different GS cladding thicknesses. 
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Figure 9. Euclidean distances. (a) under different sensor lift-offs. (b) under different insulation thicknesses. 
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Table 1. Parameters of the sensor.
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Parameters

	
Transmitter Coil

	
Receiver Coil




	
r1T (mm)

	
r2T (mm)

	
(l2T − l1) (mm)

	
nT

	
r1R (mm)

	
r2R (mm)

	
(l2R − l1) (mm)

	
nR






	
Values

	
16

	
40

	
34

	
800

	
72

	
76

	
6

	
1200
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