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Abstract

:

Featured Application


The delamination detection of lined anti-corrosion pipes.




Abstract


Lined anti-corrosion pipes are widely used in oil and gas, petrochemical, pharmaceutical industries. However, defects, especially delamination, may occur in the production and service of pipes which result in safety accidents. Based on nonlinear ultrasonic theory, this paper studied the delamination detection method using the nonlinear harmonics for lined anti-corrosion pipes. The response characteristics of the anti-corrosion pipe were obtained through a sweep sine response experiment and the preferred excitation frequency was determined. The Wavelet Packet transform and Hilbert–Huang transform is applied for signal process and feature extraction. Then, a series of experiments were carried out and the results were analyzed and discussed. The results showed that a second-order and third-order nonlinear coefficient increased with the delamination damage. The amplitude of second-harmonic is much stronger than the third-order one. The mean squared error of the nonlinear coefficient, which was processed by Wavelet Packet transform and Hilbert–Huang transform, is smaller than wavelet packet transform and Discrete Fourier transform or processed only Hilbert–Huang transform. The higher harmonics can describe the change of delamination damage, which means that the nonlinear ultrasonic detection method could use for damage detection of anti-corrosion pipe. The nonlinear higher-harmonic is sensitive to delamination damage. The nonlinear ultrasonic method has the potential for damage detection for lined anti-corrosion pipes.
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1. Introduction


The pipeline is one of the most important transportation means in oil and gas, petrochemical, and pharmaceutical industries [1,2,3,4]. Due to their excellent performance in extreme environments, lined anti-corrosion pipes are the most widely used [5]. The lined anti-corrosive pipe is a metal–nonmetal composite pipe that is composed of an anti-corrosive liner and an outer steel layer. It has both the mechanical strength of the metal material and the wear resistance, corrosion resistance and high temperature resistance of the liner materials. The lined anti-corrosion pipelines are widely used in harsh environments and its processing procedure is complex. Therefore, various defects may occur during the production, installation, and serve, such as delamination, pinhole and wrinkle defect. Especially, the delamination damage leads to a reduction in stiffness and strength, and it is not easy to detect [6]. Therefore, detection of delamination damage for lined anti-corrosion pipes has great significance to ensure the normal operation of the pipes.



In industrial production, the vacuuming test method is often used. It is decided whether the delamination damage exists in lined anti-corrosion pipes by sealing the two ends of the pipeline to be tested and extracting the air in the pipes to vacuum and observe the surface of the lining plastic pipe [7,8]. Although this method is effective, it may cause damage to the pipe. The pipes are normally inspected before installation and it is very costly to inspect the serve pipelines. In nondestructive testing methods, infrared thermal wave testing and the ultrasonic testing method are commonly used in the detection of delamination defects. The infrared thermal wave testing method has the advantages of direct perception, non-contact and large detection area [9]. For example, Cotič et al. [10] applied the infrared thermography method to investigate the detectability of the delamination and void in concrete, and found that the delamination with 2 mm thickness beneath 20–30 mm of plaster could be detected. Ellenberg et al. [11] achieved rapid evaluation of the delamination size and location using infrared imagery for a bridge deck. In addition, pipeline monitoring using active thermography with a fiber optical sensor has been investigated [12,13,14], and some literature demonstrated that coded-excitation with low-power heating source is an effective solution to avoid damage [15,16,17,18]. However, the method has not been yet tried on pipes as a possible future application, and infrared thermal wave testing is difficult to detect deeper defects.



Ultrasonic testing methods mainly include ultrasonic echo detection and ultrasonic guided wave detection. For an ultrasonic echo detection method, for example, Benammar et al. [19] applied split spectrum processing and the expectation maximization algorithm to process the ultrasonic echo signal of the delamination in carbon fiber-reinforced polymer composite. Karabutov et al. [20] evaluated the delamination and void damage in carbon fiber-reinforced plastic using the ultrasonic attenuation coefficient of laser ultrasonic. Park et al. [21] scanned the composites to detect the delamination damage using laser ultrasonic techniques. However, to achieve the scanning of the test object, the ultrasonic echo testing method has a very high demand of the testing device. The ultrasonic guided wave detection includes a linear ultrasonic guided wave and a nonlinear ultrasonic guided wave method. For a linear ultrasonic guided wave method, for example, Na et al. [22] detected the delamination damage of reinforced concrete using lamb wave to evaluate the interface bonding condition between steel bar and concrete. Bingham et al. [23] analyzed the quantitative information of delamination damage for large diameter pipe coatings using lamb wave. Lam et al. [6] developed a delamination detection system for glass fiber-reinforced epoxy composite beam by receive the ultrasonic lamb wave using a fiber Bragg grating as a sensing transducer. However, the linear ultrasonic guided wave detection method is not efficient for detecting small delamination damage.



The nonlinear ultrasonic guided wave enabled detection method is sensitive to small damage and incipient damage relative to a linear ultrasonic method [24]. In solid materials, due to the irregularity of the self-lattice arrangement and the discontinuity of the contact interface, linear and nonlinear features may exist inside the material. With a linear excitation signal, not only linear response but also nonlinear response will occur inside the material [25]. There is a nonlinear response caused by nonlinear features. By measuring the nonlinearity of the material, the relevant damage information can be obtained, and the damage detection of the material can be realized. Hirsekorn et al. [26] assessed the quality of composite with delamination damage using a nonlinear variable including second-order nonlinearity coefficient, third-order nonlinearity coefficient and distortion factor. Delrue et al. [27] simulated the delamination damage of composite based on the nonlinear ultrasonic method, and the position, shape, depth and orientation of delamination were investigated by a finite element model. Mandal et al. [28] combined the finite element analysis and nonlinear ultrasonic technique to detect the delamination damage with a different size for a stiffened aluminum plate. Yelve et al. [29] analyzed the effect of debonding damage to the nonlinearity, which resulted in incorrect detection results. Hong et al. [30,31,32] studied the feasibility of damage detection of plastic pipe and glass curtain walls through nonlinear ultrasonic techniques. However, there is still little research of delamination detection for lined anti-corrosion pipes.



On the other hand, Lead Zirconate Titanate Transducer (PZT) has been extensively used in ultrasonic structural health monitoring and nondestructive testing for their excellent actuation and sensing capacity [33,34,35,36,37]. Yang et al. [38] developed a reusable PZT transducer for monitoring initial hydration and structural health of concrete. Luo et al. [39] assessed the interfacial strength of concrete filled fiber reinforced polymer tube using PZT transducers. Parvasi et al. [40] applied the time reversal technique to evaluate loosened bolted joints based on the actuation and sensing capacity of PZT transducers. Huo et al. [41] utilized the PZT transducers as the actuator and sensor to detect the pre-load status of rock bolts. Zhu et al. [42] presented a rapid detection and location method for pipeline leakage utilizing PZT as transducers. In addition, PZT-transducer enabled ultrasonic/stress wave methods have been used to detect debonding and a separation type of damage in various structures [43,44,45,46,47]. Xu et al. [48] developed a PZT enabled active sensing method to detect the steel and concrete debonding in Concrete Filled Steel Tubes (CFST). Jiang et al. [49] investigated the detection of debonding between fiber reinforced polymer bar and concrete structure using piezoceramic transducers and wavelet packet analysis. For composite structures, PZTs are also actively studied to detect the interlayer delamination [50,51,52]. Therefore, PZT were utilized as the transducer to excite and to sense the ultrasonic wave in the paper.



Delamination damage is a common failure form of lined anti-corrosion pipes. With the expansion of delamination damage, the anti-corrosive liner will rupture and the outer steel layer will corrode, which results in accidents. Therefore, the detection of delamination damage for anti-corrosion pipes is very necessary. In this paper, a nonlinear ultrasonic testing method is developed for delamination detection of lined anti-corrosion pipes. This paper is organized as follows. First, theoretical fundamentals of nonlinear ultrasonic are present. Second, the experimental setup is established and experiments are carried out. Then, analysis is conducted and the experimental results are discussed. Finally, the paper presents a brief summary.




2. Methodology


2.1. Theoretical Fundamental of Nonlinear Ultrasonic


The lined anti-corrosion pipe is composed of a metal layer (galvanized steel) and the non-metallic layer (polyethylene) that belongs to a solid-solid composite material. When ultrasonic wave propagates in the pipes, if there is damage, the interaction between ultrasonic wave and damage will produce nonlinear effects. The received signal includes not only the fundamental frequency, but also higher-harmonics that could be used to evaluate the nonlinearity of the pipes. A schematic illustration of a nonlinear ultrasonic method for damage detection of anti-corrosion pipes is shown in Figure 1.



The three-dimensional nonlinear elastic wave equation of lined anti-corrosion pipe can be described as [25]:


  μ  ∇ 2   u →  + ( λ + μ ) ∇ ∇ ⋅  u →  = ρ    ∂ 2   u →    ∂  t 2    ,  



(1)




where   u →   is displacement of microelement,  λ  and  μ  are the lame coefficients, and  ρ  is the material density. Because of the complexity of the actual wave propagation mode, it is very difficult to solve the equation mathematically. The equation can be simplified as the one-dimensional nonlinear elastic wave equation:


  ρ    ∂ 2   u x    ∂  t 2    =   ∂ σ   ∂ x   ,  



(2)




where  σ  is the axial strain. Retaining the second-order nonlinear terms, Equation (2) can be rewritten as:


     ∂ 2  u   ∂  t 2    −  c 2    ∂ σ   ∂  x 2    =  c 2  β   ∂ u   ∂ x      ∂ 2  u   ∂  x 2    .  



(3)







According to the wave theory, with one excitation signal, the solution can be assumed as:


  u ( x , t ) =  u   ( 0 )    + β  u   ( 1 )    ,  



(4)




where    u   ( 0 )      is linear displacement,    u   ( 1 )      is the displacement caused by nonlinearity, and  β  is nonlinear coefficient. If the displacement caused by nonlinearity is a micro-perturbation, then    u   ( 0 )    ≫ β  u   ( 1 )     , and the change caused by the nonlinearity has little effect on the energy of linear vibration.



When the excitation signal is a single frequency cosine, without considering the attenuation of ultrasonic waves,    u   ( 0 )      and    u   ( 1 )      can be expressed as:


   u   ( 0 )    =  A ω  cos  (  ω τ  )  ,  



(5)






    u   ( 1 )    = x h ( τ )   ,   h ( τ ) , =   x  A ω 2   k 2   8  cos ( 2 ω τ )   



(6)







Then, Equation (4) can be expressed as:


  u  (  x , t  )  =  A ω  cos  (  ω τ  )  −   β x  A ω 2   k 2   8  cos ( 2 ω τ ) ,  



(7)




where    A ω    is the amplitude of fundamental frequency,  ω  is angular frequency, and  k  is wave number. It can see that, when transmitting a signal with frequency  ω , the received signal contains not only the fundamental component of frequency  ω  but also the second harmonic with frequency 2 ω .



Usually, Equation (5) is abbreviated as:


  u  (  x , t  )  =  A ω  cos  (  ω τ  )  −  A  2 ω   cos ( 2 ω τ ) ,  



(8)




where    A  2 ω   = β x  A ω 2   k 2  / 8   represents the amplitude of the nonlinear component. The amplitude of the second harmonic is directly proportional to the nonlinear coefficient, the amplitude of the fundamental wave and the propagation distance. When there is a nonlinear effect in the solid medium, the energy of the fundamental signal leaks to higher-harmonics.



For a given    A 1   ,    A 2   , the nonlinear coefficient can be expressed as:


  β =  8   k 2  x      A  2 ω      A ω 2    .  



(9)







Considering the attenuation of ultrasonic waves, Equations (5) and (6) can be expressed as:


   u   ( 0 )    =  A ω   e  − α x   cos  (  ω τ  )  ,  



(10)






      u   ( 1 )    = x h ( τ ) ,   h ( τ ) =  A ω 2   e  − 2 α x    p 1  sin ( 2 ω τ ) +  A ω 2   e  − 2 α x    p 2  cos ( 2 ω τ ) +  A ω 2   e  − 2 α x    p 9         p 1  =  α  8 (  α 2  +  k 2  )   (  k 3  − 3  k 2  α − 3 k  α 2  +  α 3  ) ,        p 2  =  α  8 (  α 2  +  k 2  )   ( −  k 3  + 3  k 2  α + 3 k  α 2  +  α 3  ) ,        p 9  =   (  k 2  +  α 2  )  / 8  .     



(11)







The corresponding nonlinear coefficient can be expressed as:


  β =  1  x    p 1 2  +  p 2 2         A  2 ω      A ω 2    .  



(12)







According to Equations (9) and (12), when the propagation distance x is a constant, the nonlinear coefficient  β  is proportional to the ratio of the second harmonic amplitude to the square of the fundamental amplitude. Therefore, the second-order nonlinear coefficient is usually expressed as:


  β =    A  2 ω      A ω 2    .  



(13)







In the above process, only the second-order nonlinearity is considered and the third-order nonlinearity and other high-order terms are omitted. If the second-order and third-order nonlinearity are considered simultaneously, the solution to wave equation contains not only the fundamental and second-order harmonic but also the third-order harmonic. The derivation of the third harmonic is similar to the second harmonic. Similarly, the third-order nonlinear coefficient can be obtained by the following equation:


  δ =    A  3 ω      A ω 3    ,  



(14)




where    A  3 ω     is the amplitude of the third harmonic.



In the damage detection of Lined anti-corrosion pipes, the delamination damage existing in the pipes will cause the change of nonlinearity in the pipe. Nonlinear coefficients can be used to characterize the nonlinearity in materials. Therefore, the damage state in the pipes can be evaluated by measuring and analyzing the nonlinear coefficients.




2.2. Signal Processing Based on Wavelet Packet Transform (WPT)


Because of the dispersion and multimode characteristics of ultrasonic waves and the effect of damages in pipes [53,54], the receiving signals are very complex. Therefore, wavelet packet transform (WPT) was used to analyze the receiving signal and feature extraction [55].



For a given scaling function and wavelet function, the dual scale equations are defined as [56]:


   {     u  2 n   ( t ) =  2    ∑  k ∈ Z    l ( k )  u n  ( 2 t − k )        u  2 n + 1   ( t ) =  2    ∑  k ∈ Z    m ( k )  u n  ( 2 t − k )       ,  



(15)




where  Z  is a set of integers, and   l ( k )   and   m ( k )   are a pair of conjugate filters that satisfy the relation   l ( k ) =   ( − 1 )  k  m ( 1 − k )  .



From Equation (15), a signal can be expanded according to the wavelet packet basis function:


  x ( t ) =     ∑  k ∈ Z     C  n , j  k  · 2      k / 2    ·  u n  (  2 k  t − j ) ,  



(16)




where    C  n , j  k    is wavelet packet decomposition coefficient, that is wavelet packet transform:


   C  n , j  k  =  2   k / 2       ∫ R   x ( t )     u n  (  2 k  t − j ) d t .  



(17)







In the damage detection of anti-corrosion pipes, the receiving signal can be decomposed by l-layer WPT, and 2l subsets    {   C 1  ,  C 2  , ⋯ ,  C   2 l     }    are obtained. Each subset represents the wavelet packet decomposition coefficient in a frequency band. Then, the wavelet packet energy of each subset can be calculated by


   E i  =   ∑  m = 1  m    C  i , m  2    ,  



(18)




where    C  i , m     is the mth wavelet packet decomposition coefficient of the ith subset.



The wavelet packet energy of the frequency band indicates the strength of the band in the signal. The wavelet packet energy of subsets is calculated after the WPT. The frequency band with larger wavelet packet energy is extracted as signal characteristics to reduce noise and interference.




2.3. Feature Extraction Based on Hilbert–Huang Transform (HHT)


Hilbert–Huang Transform is a time-frequency analysis method presented by Huang et al. [57]. This method is suitable for non-stationary signals. HHT contains two processing processes: Empirical mode decomposition (EMD) and Hilbert Transform (HT). EMD decomposes a complex signal into a series of Intrinsic Mode Function (IMF). Then, Hilbert Transform is used to obtain the instantaneous frequency and amplitude. The Hilbert spectrum obtained by this method has a high time-frequency resolution. In addition, each IMF component obtained by EMD has a clear physical meaning, and the processed signal retains the local characteristics of the original signal.



The decomposed component of EMD must satisfy two conditions so as to be considered as IMFs. First, the difference between the number of extrema and zero crossings is less than or equal to 1. Second, the mean value of the envelope determined by local maxima and local minima must equal zero.



The specific process of HHT (EMD and HT) are as follows:



Step 1: For an original signal   x ( t )  , the local maxima and local minima are computed and upper and lower envelop are obtained by connected them using a cubic spline, respectively.



Step 2: The mean of the upper and lower envelop    m 1  ( t )   is calculated and is subtracted from the original signal   x ( t )  :


   h 1  ( t ) = x ( t ) −  m 1  ( t ) .  



(19)







If    h 1  ( t )   satisfies the conditions of the IMF definition, then    h 1  ( t )   is the first IMF component, and let    h 1  =  h 1  ( t )  . Otherwise,   x ( t )   is replaced by    h 1  ( t )   and repeat the previous process k times until meet the IMF conditions, and let    h 1  =  h  1 , k   ( t )  .


   h  1 , j + 1   ( t ) =  h  1 , j   ( t ) −  m  1 , j + 1   ( t ) , j = 1 , 2 , … , k .  



(20)







Step 3: After the first IMF is found, the residue is calculated by subtracted    h 1    from the   x ( t )  :


   r 1  = x ( t ) −  h 1  .  



(21)







Step 4: Take    r 1    as the new data, repeat step 1, step 2 and step 3, and obtain the nth IMF component    h n    and nth residue    r n   , until the residue    r n    becomes too small or    r n  ( t )   a monotonic function.



Step 5: For each IMF component    h n  ( t )  , Hilbert Transform is performed as follows:


   y n  ( t ) =  P π     ∫  − ∞   + ∞       h n  ( τ )   t − τ      d τ ,  



(22)




where P is the Cauchy principal value.



Step 6: Coupling    h n  ( t )   and    y n  ( t )  , a signal    z n  ( t )   can be obtained [58]:


   z n  ( t ) =  h n  ( t ) + i  y n  ( t ) =  a n  ( t )  e  i  φ n  ( t )   ,  



(23)




where    a n  ( t ) =    h n  ( t ) +  y n  ( t )     and    φ n  ( t ) = a r c t a n (  y n  ( t ) /  h n  ( t ) )   are instantaneous amplitude and instantaneous phase. Instantaneous frequency can be obtained by derivation of the instantaneous phase:


   ω n  ( t ) =   d  φ n  ( t )   d t   .  



(24)







Step 7: The time-frequency distribution of amplitude is called Hilbert spectrum and is expressed as:


  H ( ω , t ) = Re  {   ∑   a n  ( t ) exp [ i   ∫   ω n  ( t ) d t    ]    }  .  



(25)







Step 8: The Hilbert marginal spectrum is obtained by integrating the Hilbert spectrum:


  h ( ω ) =    ∫ 0 T   H ( ω , t )    d t .  



(26)







According to the Hilbert marginal spectrum, the amplitude of the fundamental frequency, second-order harmonic and third-order harmonic can be obtained. Then, the nonlinear coefficient can be calculated to evaluate the damage state.




2.4. Delamination Evaluation of the Nonlinear Ultrasonic Detection Method


According to the theoretical foundation and the processing approach introduced above, the specific evaluation process of the lined anti-corrosion pipes is as follows. The schematic illustration of the evaluation process is shown in Figure 2:




	
Step 1: The excitation frequency was determined through a sweep experiment.



	
Step 2: The experimental setup was established and a set of experiments were carried out.



	
Step 3: The receiving signal was collected 10 times to reduce the experimental random error, and a trip filter and ideal band-pass filter was used to reduce the low-frequency and high-frequency interference.



	
Step 4: The wavelet packet energy was calculated after WPT and the wavelet packet coefficient containing feature frequency components was reconstructive as the new feature signal to reduce the noise.



	
Step 5: The HHT was used to feature extraction. Hilbert marginal spectrum is obtained by integrating the Hilbert spectrum.



	
Step 6: The second-order and third-order nonlinear coefficient was calculated to evaluate the damage state.



	
Step 7: A comparison of the processing process with or without WPT and HHT was performed to verify the effectiveness of the method.










3. Experimental Setup


The nonlinear ultrasonic harmonic testing system was established to carry out a series of experiments. The instrumentation consisted of a function generator (Agilent 33522B, Palo Alto, Santa Clara County, CA, USA), an amplifier (TREK2100HF, Trek Inc., New York, NY, USA), and a data acquisition card (TDEC PCI-20614, Chengdu, CN) installed in the host of the high-performance PC. The diagram of the instrumentation is shown in Figure 3.



In the experiment, an excitation signal was generated by the function generator. The generated signal is too weak to drive the transducer T. Therefore, the amplifier was used to amplify the excitation signal, and the amplified signals were used to drive the transducer T to produce an ultrasonic wave. The generated ultrasonic wave propagated along the pipe and was received by the receiving transducer R. Finally, the received signal was sent to the high-performance PC for processing and analysis.



The experimental object is a lined anti-corrosion pipe that is mainly composed of a metal layer (galvanized steel) and a non-metallic layer (polyethylene). The thickness of the steel and PE layer are 3.5 mm and 1.5 mm. The lined and outer diameters are 77 mm and 82 mm, respectively. With the advantages of small dimensions and easy installation via surface bonding [59,60], PZTs in the form of patches have been widely used structural health monitoring applications to generate and to detect stress/ultrasonic waves [61,62,63,64]. Surface bonded PZT patches enable both the active-sensing based methods [65,66,67] and impedance-based methods [68,69]. In this research, PZT patches were adopted to enable the active sensing method. Two PZT patches were bonded at the surface of the metal layer as the excitation transducer T and receiving transducer R. The resonant frequency of the PZTs is 2 MHz. The diameter is 10 mm and thickness is 1 mm. Two PZTs were bonded on the same line of the pipe using the Leaftop 9903 AB adhesive (Shenzhen, CN). The distance between the excitation transducer T and the receiving transducer R is 200 mm. The distance between the excitation transducer T and the end of the pipe is 220 mm. The lined anti-corrosion pipe with PZTs is shown in Figure 4.




4. Experiments and Analyses


4.1. Frequency Response Characteristics of Anti-Corrosion Pipes


When ultrasonic waves propagate in the pipes, the interaction between fundamental frequency and damage leads to the generation of higher-harmonics. This is a kind of leakage of energy. The energy of fundamental frequency is leaked to higher-harmonics in the propagation of ultrasonic wave. Therefore, usually the amplitude of higher-harmonics is lower than the fundamental frequency. To obtain an obvious result of the nonlinear effect, a sweep signal from 0 kHz to 500 kHz is performed to obtain the response characteristics. The sweep time is 1 s, and the amplitude of sweep signal is 1 V. The sweep sine responses are shown in Figure 5.



Figure 5 shows that frequency response of the anti-corrosion pipe is stronger from 130 kHz to 250 kHz, and the strongest response is at 159.6 kHz. Therefore, the excitation frequency was 80 kHz, and the frequency of second-order harmonic was 160 kHz which almost has the strongest response, and the third-order harmonic was 240 kHz.



In the damage detection experiment, the excitation signal was a string of sine wave with 6 V, and the excitation time was 0.001 s. The excitation signal was amplified 50 times through the amplifier. The sampling rate is 20 MHz. The galvanized steel pipe and polyethylene pipe were firmly bonded together. The side view of the anti-corrosive pipe is shown in Figure 6. The delamination damage was made by stripping the polyethylene-layer of the galvanized steel pipe. In the experiments, six types of delamination damages with lengths of 0 mm, 4 mm, 8 mm, and 12 mm, 16 mm, and 20 mm were investigated. The width of all damages is 40 mm. The delamination damage length was increased from 0 mm to 20 mm. For a damage state, the data collection was completed and the delamination damage length was increased to perform the next round of the data collection. The schematic illustration of delamination damage is shown in Figure 7.




4.2. Signal Processing Based on Wavelet Packet Transform


The received signal always contains a lot of noise and interference. Preprocessing is required before the feature extraction. A trap filter was used to filter the noise of 50 Hz power frequency. An ideal band-pass filter was used to reduce the low-frequency and high-frequency interference. The cutoff frequencies were 50 kHz and 300 kHz, which contain the fundamental frequency, second-order and third-order harmonics’ components. The filtered signal was decomposed into a 32-frequency band through a 5-layer WPT with a db8 wavelet packet. The wavelet packet energy of each frequency band was calculated for the decomposed signal. The wavelet packet energy of undamaged pipe is shown in Figure 8.



The sampling rate is 20 MHz, and the Nyquist sampling frequency is 10 MHz. Each frequency band contains the information of 10/32 = 0.3125 MHz. From Figure 8, the wavelet packet energy of the first frequency band (0–312.5 kHz) is much higher than the other frequency bands. The wavelet packet energy of the first frequency band accounts for 95.79% of the total wavelet packet energy. The main information of a signal is contained in the first frequency band. Therefore, the wavelet packet decomposition coefficient that contains the feature frequency components is used to further the analysis.




4.3. Damage Evaluation Using Hilbert–Huang Transform


HHT, as a combination of EMD and HT, can be used for non-stationary signals to obtain the instantaneous frequency. The Hilbert marginal spectrum statistically represents the cumulative amplitude distribution of each frequency point. If there is energy of a certain frequency in the signal, it means that there must be a vibration wave of that frequency. In other words, the Hilbert marginal spectrum can reflect the actual frequency component of the signal more accurately. After the wavelet packet transform, HHT was applied to preprocessed signal. The IMFs of the EMD are shown in Figure 9. The signal was decomposed into six IMFs and residues. Then, HT was performed for each IMF and residue. The Hilbert marginal spectrum of different delamination damages was obtained by integrating Hilbert spectrum and is shown in Figure 10.



In Figure 10, the red, magenta and green lines represent the component of the fundamental frequency (80 kHz), the second-order harmonic (160 kHz) and the third-order harmonic (240 kHz). From Figure 10, the fundamental frequency is the main component of the signals. The amplitude of the fundamental frequency is the highest, and the second-order harmonic is obvious. The amplitude of the third-order harmonic is very smaller than fundamental frequency and second-order harmonic. The amplitude of the fundamental frequency decreased slightly with the increase of delamination damage. The change of the second-order harmonic amplitude is not obvious with the increase of delamination damage. The amplitude of the third-order increased slightly with the increase of delamination damage. In fact, with the increase of delamination damage, the nonlinear effect in the pipe increases. The energy released from the fundamental frequency to the higher-harmonics will increase. According to the obtained Hilbert marginal spectrum, the nonlinear coefficient was calculated. The changing curves of second-order and third-order nonlinear coefficients with the increase of delamination damage are shown in Figure 11 and Figure 12.



The variation trend of the second-order and third-order nonlinear coefficient is similar. When there is no delamination length, the second-order and third-order nonlinear coefficient were lowest. The nonlinear coefficient is increased greatly when the damage occurs, especially the second-order nonlinear coefficient. Then, with the increase of delamination damage, the second-order and third-order nonlinear coefficient are increased. The nonlinear coefficient increased with the delamination damage, which indicated that a nonlinear coefficient could describe the change of damage.




4.4. Validation of the Nonlinear Ultrasonic Harmonic Detection Method Based on HHT


In the nonlinear ultrasonic detection method, WPT and HHT were used to process the signals. To verify the effectiveness of the method, a comparison of the processing process with or without WPT and HHT used was performed. The Discrete Fourier transform (DFT) was used to calculate the nonlinear coefficient for the signal processed by WPT only. The spectrum processed by WPT+DFT and HHT of different delamination damages are shown in Figure 13 and Figure 14. The amplitude of the fundamental frequency also decreased slightly with the increase of delamination damage. The amplitude of second-order harmonic is buried in the surrounding frequency component. The amplitude of the third-order harmonic that was processed by WPT+DFT has a growing trend with the increase of delamination damage. Because of the difference of the nonlinear coefficient obtained by different methods, the detection results were normalized by min-max normalization.



The changing curves of the normalized second-order and third-order nonlinear coefficient are shown in Figure 15 and Figure 16. The nonlinear coefficient resulted being increased with the delamination damage, except for the second-order nonlinear coefficient which was processed by HHT, had a negative growth at 16 mm. The second-order nonlinear coefficient which was processed by WPT+DFT grows evenly at first, but the second-order nonlinear coefficient of 16 mm and 20 mm is very close, which is difficult to distinguish. The growth rate of the second-order nonlinear coefficient that was processed by HHT is quite different, which is unfavorable to the characterization of the damage. The growth rate of the second-order nonlinear coefficient that was processed by WPT+HHT increased evenly compared to WPT+DFT and HHT. The growth rate of the third-order nonlinear coefficient that was processed in all three ways increased evenly. To further compare three processing methods, the mean squared error (MSE) was calculated. The MSE of three processing process is shown in Table 1. The MSE of a nonlinear coefficient that was processed by WPT+HHT was much less than WPT+DFT and HHT. The MSE of the third-order nonlinear coefficient is smaller than a second-order nonlinear coefficient. The result obtained by using WPT+HHT was found to be the best one.





5. Conclusions


In this paper, a nonlinear ultrasonic detection method is developed for delamination detection in lined anti-corrosion pipes. The effectiveness of the method is verified by the theories and experiments. When ultrasonic wave propagated in the pipes, higher-harmonics will be generated for the nonlinear effect that can be used for damage detection. The amplitude of the fundamental frequency is the highest and decreased slightly with the increase of delamination damage, which indicated the leakage of fundamental frequency energy. The amplitude of second-harmonic is much stronger than the third-order one. The nonlinear coefficient increased with the delamination damage. The nonlinear coefficient can be used to assess the delamination state of the lined anti-corrosion pipes. The wavelet packet energy has a good effect on noise reduction. It is verified that the marginal spectrum of HHT has a better detection result compared with DFT. In summary, the nonlinear coefficient can characterize the damage state, and the nonlinear ultrasonic harmonic method has the potential for damage detection for lined anti-corrosion pipes. This method lays a foundation for the nonlinear ultrasonic damage detection of lined anti-corrosion pipes.
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Figure 1. Schematic illustration of a nonlinear ultrasonic method for anti-corrosion pipes. 
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Figure 2. The schematic illustration of the evaluation process for lined anti-corrosion pipes. 
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Figure 3. Instrumentation setup. 
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Figure 4. Lined anti-corrosion pipes with Lead Zirconate Titanate Transducer (PZT). T and R stands for excitation transducer and receiving transducer respectively. 
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Figure 5. The received sweep signals. (a) time-domain; (b) frequency-domain. 
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Figure 6. Side view of the anti-corrosive pipe. 
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Figure 7. Schematic illustration of delamination damage. T and R stands for excitation transducer and receiving transducer respectively. 
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Figure 8. Wavelet packet energy of the undamaged pipe. 
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Figure 9. Intrinsic Mode Functions (IMF) of the preprocessed signal. 
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Figure 10. Hilbert marginal spectrum processed by WPT+HHT of different delamination damages. (a) 0 mm; (b) 4 mm; (c) 8 mm; (d) 12 mm; (e) 16 mm; (f) 20 mm. 
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Figure 11. The changing curves of the second-order nonlinear coefficient. 
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Figure 12. The changing curves of the third-order nonlinear coefficient. 
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Figure 13. Marginal spectrum processed by WPT+DFT of different delamination damages. (a) 0 mm; (b) 4 mm; (c) 8 mm; (d) 12 mm; (e) 16 mm; (f) 20 mm. 
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Figure 14. Marginal spectrum processed by HHT of different delamination damages. (a) 0 mm; (b) 4 mm; (c) 8 mm; (d) 12 mm; (e) 16 mm; (f) 20 mm. 
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Figure 15. The changing curves of a normalized second-order nonlinear coefficient. 
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Figure 16. The changing curves of a normalized third-order nonlinear coefficient. 
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Table 1. Mean squared error of different processing processes.
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	Processing Process
	WPT+DFT
	HHT
	WPT+HHT





	Normalized second-order nonlinear coefficient
	0.1366
	0.1141
	0.0680



	Normalized third-order nonlinear coefficient
	0.0737
	0.0978
	0.0565
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