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Abstract

:

The transportation of oil and gas through pipelines is an integral aspect of the global energy infrastructure. It is crucial to ensure the safety and integrity of these pipelines, and one way to do so is by utilizing an inspection tool called a smart pig. This paper reviews various smart pigs used in steel oil and gas pipelines and classifies them according to pipeline structure, anomaly-detection capability, working principles, and application areas. The advantages and limitations of each sensor technology that can be used with the smart pig for in-line inspection (ILI) are discussed. In this context, ultrasonic testing (UT), electromagnetic acoustic transducer (EMAT), eddy current (EC), magnetic flux leakage (MFL), and mechanical contact (MC) sensors are investigated. This paper also provides a comprehensive analysis of the development chronology of these sensors in the literature. Additionally, combinations of relevant sensor technologies are compared for their accuracy in sizing anomaly depth, length, and width. In addition to their importance in maintaining the safety and reliability of pipelines, the use of ILI can also have environmental benefits. This study aims to further our understanding of the relationship between ILI and the environment.
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1. Introduction


Today’s main energy sources are petroleum and natural gas. If the primary energy consumption in the United States of America (USA) is analyzed based on sources, oil accounts for 35% of the total and natural gas accounts for 23% [1]. The transportation of these energy sources is important in terms of accessing energy. Pipelines are considered the most efficient way to transport oil and gas resources [2]. Furthermore, it surpasses other modes of transportation such as road, train, air, and sea when traveling long distances in terms of convenience, cost, safety, and environmental friendliness. As a result, almost all natural gas is transported via pipelines. For instance, about 97% of the natural gas and oil transported in Canada is carried through pipelines. As of 2017, the entire length of gas and oil pipelines in the world is estimated to be approximately 3,550,000 km, with gas pipelines measuring 2,965,600 km in length and oil pipelines measuring 584,000 km [3].



Oil and natural gas pipelines spanning kilometers are susceptible to accidents for a variety of reasons. The main causes of pipeline accidents are corrosion, gouges, plain and kinked dents, smooth dents on welds, smooth dents with other types of anomalies, manufacturing defects in the pipe body, girth and seam weld defects, and cracking [4]. If these anomalies are not addressed, they may result in pipeline failures such as leaks or ruptures, resulting in increases in costs, environmental risks, and even catastrophic accidents. According to the data of the US Department of Transportation Pipeline and Hazardous Materials Safety Administration (PHMSA), there were 681 accidents labeled as serious in the USA between 2002 and 2021. In these accidents, 260 people lost their lives, 1112 people were injured and USD11,043,742,158 financial losses occurred. Apart from that, as a result of the rupture of the pipeline in Michigan in July 2010, 1,000,000 barrels of oil leaked and caused great damage to the environment [5].



Pipeline integrity (PI) programs must be used to maintain the gas supply and prevent accidents. PI is threatened by many factors. These factors can be listed as mechanical [6], operational [7], natural [8], and third-party [9]. Periodic assessment of PI is needed to prevent pipeline accidents and thus higher costs, environmental risks, and fatal accidents. Methods used for the assessment of PI are hydrostatic pressure testing [10], direct assessment [11,12], and in-line inspection (ILI) [13].



Hydrostatic pressure testing is used to locate leaks and confirm the performance and durability of pipes, tubing, and coils [14]. During testing, the pipeline is typically filled with water, and the pressure is maintained above the maximum operating pressure for a period of time. Meanwhile, critical anomalies in the pipeline cause leakage. This proves that anomalies that do not leak in the pipeline are not critical and that it is safe to operate the pipeline at maximum operating pressure. Testing can damage the pipeline, especially when performed at levels higher than 100 percent of the specified minimum yield strength of the pipe material, so ILI is often preferred over hydrostatic testing [15].



Direct assessment is the inspection of pipelines by operators. Operators should combine their knowledge of the pipeline section’s physical properties and operating records with the results of the examination, inspection, and evaluation [16]. Direct assessment is effective on limited anomalies such as internal corrosion, external corrosion, and stress corrosion cracking (SCC). Therefore, ILI offers a more comprehensive assessment than direct assessment.



The only inspection technology that offers extensive information regarding anomalies that do not pose an immediate threat to the PI is ILI [17]. The ILI tools can classify anomaly types and specify their orientation, size, and location [18]. There are numerous ILI robots that specialize in detecting metal loss, cracks, geometry deformations, leaks, and wax deposition [19]. These robots were classified as pig type [20], wheel type [21,22,23], caterpillar type [24,25], wall-press type [26], walking type [27], inchworm type [28], and screw type [29] by Choi and Roh [30].



Pigs are the most-preferred robots in the ILI industry due to their features such as longer operation time, less downtime, being driven by product flow, and compatibility with developing sensor technologies. Pigs are essentially cylindrical electronic tools equipped with a traction system that completely covers the inner wall of the pipeline, a battery system that provides energy for the pig, and sensors that detect anomalies in the pipeline. These electronic tools can be used as geometry tools, mapping tools, metal-loss tools, and crack-detection tools [31]. Furthermore, smart pigs can be classified according to many factors. Figure 1 summarizes these factors.



Pipelines are classified as piggable or un-piggable. Pig operations can be conducted without difficulty in pipelines that are piggable. In un-piggable pipelines, the pig cannot be operated due to factors limiting the mechanical characteristics of the pig such as sharp turns, consecutive bends, and tee transitions in the pipeline. In addition, piggable lines may become un-piggable over time for various reasons [33]. These reasons can be listed as debris accumulation, configuration changes, and corrosion formation in the pipeline. Technologies such as closed-circuit television cameras (CCTV) [34] and smart ball [35] are used in un-piggable pipelines [36]. For piggable pipelines, the smart pigs that have been summarized in the literature by Song et al. [37] are the most suitable tool for the ILI of pipelines because of their speed, the sensor technology they can carry, and their ability to survey very long distances in one go. In the existing literature, the smart pig types and their sensor technologies have not been comprehensively evaluated in terms of anomaly-detection capabilities, historical developments, and hybrid sensor topologies.



This study aims to address the lack of understanding regarding the causal relationship between pipeline anomalies, pig-adaptive sensor technologies, and the environment in the current literature. The core of this study is based on a conference paper [38] presented at the 3rd Latin American Conference on the Sustainable Development of Energy, Water, and Environmental Systems, which includes literature reviews on basic ILI sensors. The main contributions of this paper are as follows:




	
First, the ILI methodology was evaluated to current state-of-the-art developments.



	
Second, a comprehensive comparison of non-destructive testing sensors specific to smart pigs was also conducted, taking into account their current technological status.



	
Third, the ability of sensor technologies to detect various anomaly types and the use of hybrid sensors were also discussed in this paper.



	
Finally, the relationship between the ILI and environmental impacts conducted within the scope of pipeline integrity management (PIM) was examined.








Following this introductory information, Section 2 provides the causes, hazard potentials, and management methods of pipeline anomalies. Section 3 includes the current status of ILI sensor technologies, as well as the advantages and limitations of basic pig-adaptive sensors, their working principles, and development chronologies in the literature. The anomaly-detection capabilities of ILI sensors and their hybrid structures are extensively evaluated in Section 4. The relationship of ILI sensors to the environment is given in Section 5 and finally, Section 6 presents the conclusion.




2. Types of Pipeline Anomalies


Anomalies occur in oil and natural gas pipelines for various reasons. The formation process of these anomalies can be examined in three classes. While corrosion anomalies in the pipeline occur depending on time, anomalies caused by mechanical damage or disasters occur independent of time. Anomalies originating from fabrication such as bends, buckles, and wrinkles are classified as stable. The management process of anomalies is associated with these formation processes. Therefore, the formation process of anomalies is important for PIM.



PIM is a systematic approach to ensuring the safe operation of pipelines. This process involves identifying and mitigating potential hazards that could lead to pipeline accidents. PIM can be divided into three main categories: assessment, planning, and management. Assessment involves close observation of the internal and external sections of pipelines to identify any anomalies and determine the overall condition of the pipelines. Planning encompasses all the activities aimed at maintaining or repairing pipelines, such as defining operations and procedures, conducting inspections, and performing maintenance and monitoring. Management includes tasks such as data management audits, fit-for-service evaluations, burst pressure assessments, and third-party verification. Through this comprehensive approach, PIM plays a vital role in protecting the environment and communities.



Pipeline anomalies can cause structural stress on the pipeline and increase the risk of pipeline failure. As such, it is important to examine the causes of occurrence, hazard potentials, and management methods of pipeline anomalies as part of PIM. Walker [39] grouped the most important pipeline anomalies as geometric deformation, metal loss, and cracking. This paper provides comprehensive information regarding the formation and management process of these anomaly groups.



2.1. Geometric Deformation


The pipeline may be subject to operational distortions such as pressure fluctuations, excessive mechanical forces, poor workmanship, or third-party damage. These distortions are the main source of geometric deformations in the pipeline. Geometric deformations in the pipeline can be listed as metal movement, denting, metal removal, cold working of the underlying metal, and puncturing [40]. Among them, the dent is one of the three most common typical anomalies (i.e., corrosion, dents, and cracks) encountered in oil and gas pipelines [41]. Dents are formed on the surface of pipes due to external loads such as excavation activities during the construction of pipelines [42]. Dents can be classified as plaint dents [43] and composite dents [44]. Plaint dents pose no major threat to PI, whereas composite dents pose a greater threat to PI [45].



Dents cause stress and strain concentration [46,47]. Therefore, dent management is an important issue for PIM. Different approaches can be used for dent management. Warman et al. [48] presented an approach that Duke Energy Gas Transmission has implemented for dent management. This approach involved characterizing dents and mechanical damage in the pipeline system by integrating data collected from high-resolution ILI tools operated over 2000 miles. Torres and Piazza [49] developed a new engineering tool for the integrity management of dents using finite element analysis (FEA). This tool was used to develop fatigue life trends. There are other studies on the management and characterization of geometric deformations in the literature [50,51,52]. However, the most common use for detecting geometric deformations is pigs with mechanical contact (MC) probes.




2.2. Metal Loss


The pipeline may be exposed to rusting, cavitation, and corrosive substances over time. These reasons are the main source of metal losses in the pipeline. Metal loss can manifest itself as gouging, corrosion, and erosion. Among them, corrosion is one of the most important problems affecting safety in oil and gas pipelines, as shown in Figure 2, and accounts for approximately 30% of all equipment failures [53]. Corrosion continually reduces the pipe-wall thickness and can significantly accelerate the formation of leaks [54].



Accurate estimation of the corrosion rate is of primary importance for integrity management planning of a pipeline [56]. Machine-learning-based approaches are suitable approaches to predict the behavior of corrosion occurring in pipelines [57]. Hamed et al. [58] proposed a nonparametric calibration model based on k-nearest neighbor interpolation to improve field data collected from ultrasonic testing (UT) and magnetic flux leakage (MFL). The model improved the accuracy of pipeline wall-thickness measurements. In this way, the life of the critical part of the pipeline can be better predicted.



ILI tools are widely used for corrosion detection in oil and gas pipelines [59]. ILI is accepted as the optimum approach to detect and characterize the anomalies as well as reveal the growth rate information of the active anomalies in the pipeline [60]. Low and Selman [61] outlined the capabilities and limitations of ILI methods used to inspect corroded pipelines. Huyse et al. [62] presented a study that tested the performance of various ILI methods on top of the line (TOL) corrosion. According to the study, MFL technology showed the best success in detecting TOL corrosion. Palmer and Schneider [63] revealed that hybrid sensor technology, which combines different ILI methods such as UT, electromagnetic acoustic transducer (EMAT), MFL, and eddy current (EC), will be effective in sizing complex metal losses.




2.3. Cracking


Pipelines are constantly exposed to environmental effects, external loads, and ground movements due to their nature. These effects are the main source of cracking in pipelines. In addition, cracks often occur in a hybrid form in oil and natural gas pipelines. Examples of these hybrid anomalies are crack in corrosion (CIC), SCC, and crack in dent (CID).



Crack-like anomalies may occur simultaneously with corrosion anomalies and represent a new hybrid form of an anomaly called CIC [64]. Bedairi et al. [65] presented a study for predicting the failure pressures of CIC anomalies to determine the applicability of PI assessment methods. The predicted failure pressures were conservative when compared to the experimental results, with a mean difference of 17.4% for five different CIC anomalies with various depths.



SCC is defined as the growth of crack formation in a corrosive environment. These cracks often have a high aspect ratio and pose a major threat to the PI [66]. As a result, estimating the crack growth rate (CGR) of SCCs is critical. Song [67] developed a mathematical model for this purpose. The developed model was used to predict CGRs with two methods called the potentiodynamic polarization curve and the Butler–Volmer equation. The potentiodynamic polarization curve was good at predicting high CGRs, while the Butler–Volmer equation was good at predicting low CGRs. Ryakhovskikh and Bogdanov [68] determined the conditions for operating a pipeline with SCC cracks by considering the temporal variations of the CGR to certain accident statistics. The findings showed that pipes with crack depths between 0.1 and 0.25 δ (where δ is the pipe-wall thickness) could be left operating until a scheduled inspection if the CGR is estimated. Palmer et al. [69] presented a case study on CGR estimation based on repeated EMAT data. The method simply involved passing the EMAT sensor over the relevant crack periodically. Estimated CGRs determined during the presented case study showed reasonable results in line with the available literature.



Dents adjacent to welds can cause cracks to develop in the welds and cause a combined anomaly referred to as a CID or dent–crack anomaly [70]. These anomalies can lead to major accidents such as bursts in the pipeline. The effect of the location of the CID anomaly on burst pressure has been discussed in the literature [71,72,73].



ILI is frequently used in the management of oil and gas pipeline cracks. UT has proven to be the most suitable and reliable technology for crack detection in pipelines [74]. However, the application of UT technology requires a liquid medium. Therefore, EMAT is used as a substitute for UT technology in gas pipelines.





3. In-Line Inspection Sensor Technologies


The ILI system collects data from internal pipelines and is a key component of the pipeline industry’s integrity management system that promotes safe, efficient, and cost-effective pipeline operations [75]. ILI technologies are constantly evolving depending on developments in sensor technologies. INGU Solutions has developed an inspection ball called Pipers [76], which includes a built-in three-axis accelerometer, gyroscope, magnetometer, and pressure and temperature sensors. The working principle of Pipers is similar to that of MFL, but the inspection ball uses the earth’s magnetic field instead of the magnetic field created by a permanent magnet. While the inspection ball is low-cost and easy to operate, its measurement accuracy is low compared to conventional pig-adapted ILI sensors.



Pig-adapted novel ILI sensors are frequently encountered in the literature. Sampath et al. [77] introduced a new pig-adapted non-contact optical sensor array method for real-time inspection and non-destructive evaluation (NDE) of pipelines. The proposed sensor array included simple light-emitting diodes to send light to the pipeline’s inner wall and light-dependent resistors to receive reflected light. The new array was successful on deposits, cavities, and uniform corrosions. Feng et al. [78] developed a novel alternating current field measurement probe that can be integrated into pigs and used in the inspection of natural gas and oil pipelines. The proposed probe consisted of sensors, supports, and inductive components (core and coils) and showed good results in corrosion and cracks. Sampath et al. [79] developed a smart pig that detects metal loss and geometric deformations using an optical sensor and bimorph sensor arrays. The proposed bimorph sensor array is based on the piezoelectric principle and consists of a bimorph sensor, probe tip, and cantilever beam components. When the probe tip passes over a geometric deformation, the cantilever beam is bent, the bending strain is measured by the bimorph sensor, and anomaly characterization is performed. The results showed that the proposed ILI method could accurately identify the anomaly size and location.



Despite extensive research on novel pig-adapted ILI sensors, these technologies tend to be inferior in practical application compared to the longstanding and preferred basic ILI sensor technologies in the industry. Basic ILI sensor technologies can be classified as UT [80], EMAT [81], EC [82], MFL [83], and MC [84]. This paper presents the methodology, limitations, and recent developments of basic ILI sensor technologies.



3.1. Ultrasonic Testing


UT is typically performed using a handheld probe that is passed over the surface of the material being inspected. The probe emits sound waves that travel through the material and are reflected back to the probe. The time it takes for the sound waves to travel through the material and be reflected back to the probe is measured, and this information is used to detect anomalies in the material. Figure 3 illustrates the functioning principle of a UT sensor.



In comparison to other technologies, ultrasonic is currently the most reliable ILI technique [85]. It is more feature-sensitive than MFL and gives better results on thick-walled pipes. UT waves can detect discontinuities in materials such as metals and polymers both above and below the surface. However, it is only used in liquid media due to limitations in its methodology. In addition, the pig should not accelerate to high speeds due to the difficulty of coupling the sensor to the pipe wall. The anomalies that UT can detect are internal and external metal losses, flanges, cracking, welds, etc.



The development of UT technology on different anomalies has occurred over time. The first ILI tool using ultrasonic technology for crack detection was introduced in the early 1990s [86]. This tool allowed inline detection of both internal and external cracks. Reber et al. [87] presented a design that made it possible to use the same tool for metal-loss or crack inspection. In this design, the same basic instrument assembly and electronic module could be used for both configurations by changing the sensor carrier. Significant savings in mobilization and demobilization costs have been achieved as a single tool can be used for both inspection tasks. However, two physically separate operations were still necessary. Reber et al. [88] later introduced another design that eliminated this problem and offered both metal-loss and crack detection in one operation. Thanks to this new array, higher inspection speeds, improved resolution, and accuracy have been achieved compared to the previous design. Dobmann et al. [89] examined the performance of UT at pipe welding points. Ultrasonic sensors arrayed in different structures according to axial, spiral, and girth weld types successfully detected welds in an investigation mission to detect transverse anomalies in an offshore pipeline. The internal rotary inspection system (IRIS), an ultrasonic pulse/echo immersion technique, first introduced by MatEval [90] in the early 1980s, was used by Birchall et al. [91] for anomaly detection in pigs. As a result of this study, fundamental pipeline anomalies such as external erosion, internal dent, and internal corrosion have been successfully detected. Slaughter et al. [92] presented a case study on the new-generation UT ILI crack tool called Combo WM CD. This tool showed improvements in high sensitivity, reduction in signal losses, higher resolution, probability of detection (POD), and anomaly sizing. UT technology can also be used to detect anomalies in unreachable locations in the pipeline. There are ultrasonic techniques such as higher-order mode cluster [93], multi-skip [94], and S0 mode lamb wave [95] in the literature. Khalili and Cawley [96] used these techniques to detect corrosion at unreachable points in the pipeline and classified them according to their success. Of these techniques, the higher-order mode cluster was very little affected due to its low surface motion and showed the best overall performance.



UT tools generally have three resolution components. These are axial resolution, circumferential resolution, and depth resolution. Willems [97] examined the developments in UT technology developed in the second decade of the 21st century in terms of hardware, data digitization, data processing, and data storage, and attributed the increase in these three basic resolutions to these concepts. Of these concepts, data storage has always been a problem because the UT tool contains too many transducer systems [98]. In this case, reducing the ultrasound data may be the solution. In the literature, there are techniques such as entropy coding [99], transformation techniques [100], techniques based on behavioral information of ultrasound signals [101], and FPGA-based architecture techniques [102]. The most efficient of these methods is the FPGA-based architecture technique, with an average data reduction of 96.5%.




3.2. Electromagnetic Acoustic Transducer


EMAT is a UT method that generates ultrasonic waves in the material being inspected rather than using a transducer. The EMAT sensor employs an electromagnetic field to produce ultrasonic waves. This field is generated by an electrical current that flows through a coil. The electromagnetic field excites the surface of the material being tested, causing it to oscillate. As the surface oscillates, it creates ultrasonic waves that travel along the surface of the material. The receiver circuit in the EMAT sensor detects these ultrasonic waves and thus the anomaly is characterized using the frequency, amplitude, and other properties of the wave. The working principle of an EMAT sensor is given in Figure 4.



EMAT technology is relatively new compared to other basic ILI technologies. EMAT does not require any coupling fluid. Hence, it can be used in both liquid and gas pipelines. Scanning is reliable since there is no requirement for coupling between the probe and the pipe wall, but the probe and the wall must be separated by a specific distance. The anomalies that EMAT can detect are blisters, laminations, cracking, wall thickness, etc. In addition, EMAT technology is known to be a reliable and accurate method for the detection, identification, and sizing of hybrid anomalies such as SCC [103].



EMAT and UT technologies have significant differences in methodology. While UT concentrates on classical wave modes generated by piezoelectric probes, EMAT is the most advanced technology concentrating on shear horizontal (SH) and guided waves [104]. Parameters such as amplitude and phase shift of these wave modes are important in the classification and sizing of anomalies. Hirao and Ogi [105] developed an EMAT technique to detect corrosion anomalies on the outer surfaces of steel pipelines and determined that the amplitude and phase shift of the SH1 mode is more sensitive to the presence of anomalies than the SH0 mode. In the study, round-trip signals of SH0 and SH1 modes have proven to be uniquely responsive to surface anomalies. Gauthier et al. [106] tested the probe’s success on notches on a pipe, using multi-mode SH waves generated by EMAT. Zhao et al. [107] demonstrated that the n1 mode SH wave generated by EMATs can successfully detect and classify mechanical dents at the outer surface of the pipe wall at a depth of 25% or more along the wall. Klann and Beuker [108] presented a study on the detection of cracks in steel pipelines using SHn waves produced by EMAT. The detection tool using SHn waves produced by EMAT was compared with the traditional MFL method. In anomaly classification, EMAT performed better than MFL. Cong et al. [109] proposed a new EMAT design based on a magnetostriction mechanism to generate and receive longitudinal guided waves. The proposed design has advantages such as small volume and light weight, which helps to increase inspection efficiency in anomaly detection in pipes.



Apart from wave modes, there are different parameters such as configuration that affect the anomaly-sizing success of EMAT. Tu et al. [110] introduced a different EMAT configuration called ring array to enlarge the detection range. Thanks to this configuration, the entire cross-section of the pipe can be scanned with a single solenoid coil and enough permanent magnets. The new configuration yielded successful results in detecting pipe-wall thickness and anomalies in the pipeline. In addition to configuration and wave mode, the lift-off distance of the EMAT is an important criterion. For the EMAT to work effectively, there must be a constant lift-off distance between the pipe’s inner wall and the sensor. This distance causes the EMAT to be sensitive to noise [111]. Noise reduction is a critical step to increase the reliability of the EMAT system [112] and noise can be reduced using signal processing methods [113,114,115,116,117,118].




3.3. Eddy Current


The EC method is only applicable to conductive substances. When an EC sensor is used to test a gas pipeline or other conductive structure, the sensor generates an electromagnetic field that penetrates the surface of the material. When this magnetic field intersects with the conductive material, electromagnetic ECs are induced in the conductive material. If there are any defects or discontinuities in the material, such as cracks or corrosion, they will disrupt the flow of the ECs. The sensor can detect these disruptions and use them to identify the location and size of the anomalies. Figure 5 demonstrates the operation of an EC sensor.



The EC technique is frequently used for crack detection [119,120] due to the advantages arising from its methodology. EC also offers non-contact testing and no residual effects. However, as with EMAT technology, the lift-off effect is exhibited here due to the non-contact nature of the tool. The anomalies that EC can detect are cracks, laminar anomalies, etc.



Different EC imaging methods can be used to detect anomalies in metal structures. These methods are low-frequency EC imaging [121], multi-frequency EC imaging [122], transient EC imaging [123], and pulsed EC (PEC) imaging [124,125]. Among these imaging methods, PEC is frequently seen in the literature. By developing a feature-extraction algorithm based on principal component analysis, Tian et al. [126] demonstrated that more anomaly information is provided for PEC than traditional peak value and time. The new feature extraction algorithm eliminated the lift-off effect and proved effective in detecting cracks without scanning. Safizadeh and Hasanian [127] presented an advanced PEC technique for the detection of corrosion anomalies. The optimum test parameters were obtained by simulating the PEC test on a pipe with Maxwell software. The results obtained from the artificial anomalies produced on the inner surface of a gas pipe revealed that the lift-off effect was eliminated with the PEC technique and the corrosion was successfully detected. Arjun et al. [128] presented a study on optimizing the PEC probe configuration for deeper penetration of the magnetic field in the material. The detection sensitivity of the optimized probe was investigated using notches machined at different depths, and the detection sensitivity of the PEC probe was increased. Tian et al. [129] proposed a new method for thickness measurement by analyzing the PEC detection system. The method does not need to evaluate electromagnetic parameters. This greatly simplifies the machine learning process, improves measurement accuracy, and can make the system more stable than traditional ways. Yu et al. [130] proposed an approach to reduce lift-off noise for detecting anomaly depth or width based on the investigation of the relationship between the peak value of the difference signal and lift-off. The proposed approach was validated by experiment and the results showed that lift-off noise can be greatly reduced in the PEC technique. Park et al. [131] developed PEC technology to detect the amount of thinning of a carbon steel pipe wall covered with insulation. The results showed that the PEC system could detect wall thinning in an insulated pipeline. Piao et al. [132] proposed a new high-speed PEC-detection method to detect internal/external anomalies using conductivity-dependent and permeability-dependent distribution models of EC induced in the inner surface of steel pipes. The method showed high inspection speed, good linearity, and superior sensitivity.



EC can gain expertise in different types of anomalies over time because of its replaceable structure. For example, pipelines manufactured with corrosion-resistant alloy (CRA) cannot be inspected with UT or MFL. UT sensors cannot transmit the sound wave over the CRA liner. The MFL cannot inspect the pipe as it cannot penetrate the magnetic field due to the CRA liner. Asher and Boenisch [133,134] introduced a new ILI sensor technology based on the magnetic EC and multi-differential EC principles developed by Innospection Ltd. and ExxonMobil. This sensor was tested on anomalies artificially added to the CRA pipe, such as metal loss, erosion, internal girth weld, and crack-like defects. All anomalies were detected with the sensors, including very small anomalies. Remote field EC (RFEC) has advantages such as being unaffected by the skin effect and material properties in anomaly detection of metal pipelines. However, the RFEC probe is large in size and the signal received by the sensing coil is weak. She et al. [135] proposed a new configuration for RFEC. Thanks to this new configuration, the probe size was reduced and the signal received by the sensing coil was strengthened.




3.4. Magnetic Flux Leakage


MFL sensors typically consist of a permanent magnet and a sensor coil, which are placed on opposite sides of the material being tested. The permanent magnet generates a magnetic field within the material. If there are any imperfections or anomalies in the material, they will disrupt the magnetic field and cause a leakage of magnetic flux. Leakage of magnetic flux is then detected by the sensor coil, allowing the presence and location of anomalies in the material to be determined. Figure 6 illustrates the operation of an MFL sensor.



One of the oldest methods for detecting metal loss is the MFL method [136]. MFL is also the most common ILI technology. MFL sensors are a highly effective NDE tool for the inspection of ferromagnetic materials, such as steel pipes. MFL testing is relatively fast and inexpensive compared to other NDE methods, such as UT. It can conveniently determine the location and orientation of the anomaly and whether it is inside or outside the pipe. The anomalies that MFL can detect are metal losses, metallurgical changes, dents, etc.



The success of the MFL technique depends on many parameters. One of these parameters is a sensitive magnetic sensor. Pham et al. [137] developed the planar hall magnetoresistance magnetic sensor for use in MFL. The results showed improvements in the bipolar and linear responses to the magnetic field, high sensitivity, and low thermal drift. To find out which parameters the MFL signal is affected by, FEA is often used [138]. Chen et al. [139] studied MFL signals on four different corrosion anomalies with three-dimensional FEA. The findings showed that the relative position of the corrosion affects the amplitude of the MFL signal. In addition, the amplitude of the MFL signal is also affected by the morphology of the anomaly. Conventional MFL technology creates a magnetic field aligned to the axis of the pipe being inspected. Therefore, while the MFL can easily detect anomalies perpendicular to the field, it has difficulty detecting long and thin anomalies. In contrast to the traditional MFL structure, Kim et al. [140] presented a method called circumferential MFL (CMFL) or transverse field inspection (TFI) for the detection and characterization of signals produced by long and narrow cracks formed by the external–internal pressure difference. The findings showed that the circumferential magnetic fields maximized the leakage of magnetic flux in cracks. Technology developed by T.D. Williamson Inc. [141] called spiral MFL (SMFL) possesses MFL and CMFL detection capabilities. The proposed MFL has become able to detect both perpendiculars to the field and long and thin anomalies. Okolo and Meydan [142] presented a quantitative approach based on the pulsed MFL (PMFL) method for the detection and characterization of signals produced by hairline cracks. The findings show that the proposed technique can be used to classify hairline cracks. One of the parameters affecting the success of the MFL technique is the processing of MFL inspection signals. Mao et al. [143] presented a detailed study on preprocessing and processing of MFL inspection signals. Carvalho et al. [144] used an artificial neural network (ANN) to classify signals collected along the weld bead as defective or non-defective. Again, ANN was used to classify signals labeled as defective as external corrosion, internal corrosion, and lack of penetration. The study showed a success rate of 94.2% for the first classification and 71.7% for the second classification. Ma and Liu [145] used the immune radial basis function neural network to process MFL signals. The location and size of the corrosion were successfully determined in the tests. Layouni et al. [146] presented a study to detect, locate, and estimate the size of metal-loss anomalies from MFL scans of oil and gas pipelines. Pattern-adapted wavelets were used for the anomaly length and ANN was used for the anomaly depth. The proposed technique is computationally efficient, provides a high level of accuracy, and works for a wide variety of anomaly shapes. In the processing of MFL signals, noise elimination is also a crucial step. Ji et al. [147] presented a noise-elimination algorithm called adaptive fuzzy lifting wavelet transform to solve the noise reduction problem in MFL signals. The findings show that this method achieves a better noise reduction than that obtained with conventional wavelet transform. Mukherjee et al. [148] suggested a new scheme of channel equalization algorithm to correct misalignments of MFL sensors, resulting in excellent signal recovery and noise elimination.




3.5. Mechanical Contact


MC tools contain a mechanical arm, a mechanical or magnetic encoder, and a spring system. The spring system pushes the mechanical arm against the pipeline’s inner wall. The displacement of the mechanical arm in contact with any anomaly in the pipeline is read by the encoder as angular displacement and converted into depth information by processing. Figure 7 depicts the working principle of an MC sensor.



The majority of MC tools are used to identify pipeline geometry. Besides their ability to measure the diameter and roundness of a pipeline, MC sensors can detect any geometric anomalies in the pipe wall. MC sensors can also measure the distance between the pipeline wall and any objects that may be present within the pipe, such as deposits or debris. This can help identify potential blockages or obstructions that may cause problems in the pipeline. The anomalies that MC can detect are dents, welds, buckles, wrinkles, ovality, and pits, among other irregularities.



In MC tools, choosing an encoder is crucial. Mechanical encoders can have several issues in terms of sensitivity to collision and vibration and excessive power consumption. For this reason, magnetic encoders are generally preferred in MC tools. Kim et al. [149] developed a high-resolution, low-power-consumption, fast-response MC tool using a non-contact rotary sensor produced using an annular anisotropic magnet and a hall effect sensor. Later, Kim et al. [150] designed a 30” geometry pig using this MC tool. The pig included the inertial measurement unit (IMU), odometer, and MC tool. The MC tool was used to measure ovality, dent size, and pipeline inside diameter, the IMU for trajectory measurement and three-dimensional coordination in space, and the odometer for distance traveled and instantaneous velocity measurement. Xiaolong et al. [151] gave general information about the design principles of the MC tool (mechanical structure, mathematical model, sensor circuit design, methodology, etc.). In addition, the basic components of the sensing arm were optimized by analyzing the magnetic field strength and structural strength. Canavese et al. [152] designed a new low-cost and low-risk foam-made pig that can detect, position, and size internal diameter changes and anomalies. In this design, a strain sensor is used to detect the anomaly depth. Laboratory results showed successful sizing of internal diameter changes and corrosion. The results obtained in the field test [153] were compared with the results provided by the commercial conventional MC tool launched into the same pipeline under the same conditions. The developed pig provided more information about the pipeline structure than the commercial one.



One of the disadvantages of the traditional MC tool is the dynamic behavior of the mechanical arms under operating conditions. There are three different types of mechanical arms [154], called a wheel, arm, or probe, and they all have different dynamic behavior. Li et al. [155] tested the dynamic behavior of the probe-type mechanical arm. Analytical and experimental results show that pigging speed and spring force are closely related to mechanical arm sensitivity. Zhu et al. [156] tested the dynamic behavior of the wheel-type mechanical arm. According to the experimental results, high pigging speed increases the measurement error, while low pigging speed reduces the measurement error. Increasing the spring force can reduce or even eliminate the measurement error. Li et al. [157] proposed a bouncing model that can be used to calculate the bouncing height and sliding length of the wheel-type mechanical arm along the convex defect. According to the model, it was observed that the bouncing was caused by the sudden angular acceleration, and the sudden angular acceleration was caused by the anomaly shape and rigid collision. Paeper et al. [158] designed a non-contact measurement technology as a solution to the dynamic disadvantage of the traditional mechanical arm. This technology was a mechatronic arm with a conventional mechanical arm and a touchless operating proximity sensor. As a result, geometric anomalies in the pipe, such as dents or wrinkles, are detected by the sensor, which offers comprehensive shape information.





4. Anomaly-Detection Capabilities of In-Line Inspection Sensors


ILI sensors are used to detect and size anomalies such as metal loss, cracking, and geometric deformation. The basic ILI sensors cannot exhibit the same resolution and accuracy for every anomaly type, or even detect some anomalies. This is known as the anomaly-detection capability of that sensor. In this section, the anomaly-detection capabilities of UT, EMAT, EC, MFL, and MC sensors are given, and basic sensors used in the market and some hybrid models are compared in terms of resolution and accuracy.



Table 1 summarizes the basic ILI sensors’ capability for detecting anomalies. These sensors are not capable of providing the same level of resolution and accuracy for all types of anomalies. Comparing the two commercially available UT [159] and EMAT [160] tools, the minimum length that the UT tool can detect is 25 mm, while the minimum length that the EMAT tool can detect is 40 mm in crack detection. Although the minimum depth it can detect in a long seam in both tools is 2 mm, the length sizing of the UT tool is ±10 mm and the length sizing of the EMAT tool is ±20 mm. The findings show that the UT tool performs better at detecting and sizing cracks. In metal-loss detection, the UT [161] tool’s length sizing accuracy is ±7 mm, the MFL [162] tool’s length-sizing accuracy is ±15 mm, and the EC [163] tool’s length-sizing accuracy is ±6 mm. Width-sizing accuracies are ±8 mm for UT tool, ±15 mm for MFL tool, and ±5 mm for EC tool. The findings show that the EC tool performs best at detecting and sizing metal losses. However, MFL tools are generally preferred for detecting and sizing metal loss, as the UT tool is limited to liquid mediums and the EC tool is unable to measure the metal loss on the pipe’s outer surface or wall thickness. ILI technologies used in the inspection of natural gas and oil pipelines are sometimes used as hybrids to combine their advantages or eliminate their disadvantages. In metal-loss detection, the MFL-UT [164] hybrid tool’s depth-, length-, and width-sizing accuracy is ±0.4 mm, ±7 mm, and ±8 mm, respectively, while the MFL-EC [165] tool’s is ±1.3 mm, ±6 mm, and ±5 mm, respectively. The findings showed that the MFL-UT hybrid tool was better at depth sizing and the MFL-EC hybrid tool was better at length and width sizing.



Apart from the measurement sensitivity of the smart pig, sometimes hybrid pigs are preferred for anomaly classification. For instance, while the MFL sensor can detect metal losses on both the inner and the outer surfaces of the pipe, it cannot determine whether the damage is on the inner or outer surface. In this case, due to the presence of hybrid structures such as (MFL + EC), it is possible to deduce that the EC-detected metal losses are internal. Dual MFLs can also be used for the same purpose. While the first MFL saturates the entire pipe, the second MFL with a lower magnetic field strength can only saturate half the pipe. Therefore, anomalies that can be detected by both MFLs are labeled as internal. In addition, MC tools are inefficient for detecting metal loss and cracks, but they are unique in detecting dents and ovality as they are in direct contact with the pipe’s inner wall. Thus, MC tools are frequently used in hybrid pigs.




5. Impact of In-Line Inspection Sensors on Environmental Issues


Anomalies such as geometric deformation, metal loss, and cracking occur in pipelines for various reasons. These anomalies cause rupture of pipelines, hence leakage. Sometimes anomalies trigger other anomalies to occur. Hafez [217] studied the case of an oil spill that occurred in an undersea crude oil pipeline. According to the case outputs, a plaint dent formed in the pipeline, presumably by external effects, caused corrosion and cracking, respectively, and caused the pipeline to rupture. Pipeline leaks have occurred in Russia [218], Peru [219], Canada [220], and the USA [221] in recent years. These leaks caused thousands of barrels of oil to leak and pollute the environment.



Pipeline accidents have considerably decreased as a result of the development of ILI technology. In fact, most pipeline accidents in the last decade have not occurred on ILI-applied liquid or gas transmission pipelines, but on non-ILI-applied local gas distribution systems [222]. This has resulted in a major reduction in the volume of hazardous liquid leaks.



Siler-Evans et al. [223] analyzed data on pipeline incidents that took place in the USA from 1968 to 2009 and found that the number of hazardous liquid pipeline accidents has dropped significantly over the past four decades, resulting in a fourfold reduction in the annual volume of hazardous liquid leaks. PHMSA’s statistics on oil pipeline accidents affecting people or the environment in the USA between 2010 and 2020 also support this. The volume spilled rate per billion barrel-miles transported is given in Figure 8. Although the volume spilled rate per billion barrel-miles transported has fluctuated since 2010, the trend line is in a downward trend.




6. Conclusions


ILI is crucial to the sustainability of the oil and gas pipeline industry. Advances in ILI technology will lead to more accurate detection of anomalies in the pipeline and better prediction of the growth rate of anomalies and the life of the pipeline, preventing pipeline ruptures and eliminating the potential vital, environmental, and financial damages of rupture. This paper discusses the potential of ILI technology used in natural gas and oil pipelines. The most common types of anomalies in oil and natural gas pipelines are mentioned, and the causes of anomalies and anomaly management are emphasized. By mentioning the basic ILI sensors, the methodologies, historical developments, limitations, and studies of the sensors in the literature are presented. The sensors were compared according to their anomaly-detection capabilities, and the accuracy and resolution information of the basic and hybrid sensors used in the sector were given. The effect of the use of ILI tools on the integrity of the pipeline was examined, and the trends in the number of accidents and the amount of harmful liquid leaking into nature were examined.



The growing demand for energy has resulted in the construction of new pipelines all over the world. According to PHMSA’s data, a total of 107,835 miles of gas pipelines were constructed in the USA between 2010 and 2021. Although significant lengths of pipelines have been constructed worldwide, the rate of serious accidents has been reported to be relatively low [224]. It is undeniable that ILI tools account for a significant portion of this decline. For this very reason, ILI tools seem to have a bright future in PIM, such that the smart pig market, which was worth USD544.7 million in 2017, is expected to be worth USD717.9 million in 2023 and USD900 million in 2027 [225]. As worldwide industrialization continues, the world’s energy needs will increase. With the need for energy, the extension of pipelines will become inevitable. Because increasing the length of pipelines increases the chances of vital, environmental, or financial consequence of pipeline rupture, ILI technology must continue to advance.



The most in-demand ILI sensor technologies in the industry are still the MFL for metal losses, the UT for cracks, and the MC for geometric deformations. However, due to the advantages it brings, EMAT technology is becoming more popular among ILI methods and is likely to dominate the smart-pig market in the future. EMAT has the potential to provide more detailed information about pipeline conditions than other inspection methods and does not require a couplant, as it uses electromagnetic waves to generate the ultrasound signal. Additionally, EMAT is effective at detecting metal losses and is capable of detecting other types of anomalies, such as cracks and geometric deformations. The non-contact nature of EMAT inspections allows for inspections to be performed without the need for pipeline cleaning or shutdown, saving time and resources. Although EMAT saves time and resources, in general, smart pigs are inherently problematic in terms of time and resources due to pipeline preparation, the complexity of data analysis, and becoming stuck in the pipeline. For this reason, the ILI market is likely to be shared by new and inexpensive products such as inspection balls in the future.







Author Contributions


Conceptualization, H.A.Y.; methodology, H.A.Y.; evaluating literature, B.O.P.; validation, B.O.P.; formal analysis, B.O.P.; visualization, B.O.P.; resources, B.O.P.; writing—original draft preparation, B.O.P.; writing—review and editing, H.A.Y.; supervision, H.A.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Fichman, B.T. Annual Energy Review 2009 (No. DOE/EIA-0384); Technical Report; U.S. Department of Energy Office of Scientific and Technical Information: Washington, DC, USA, 2010.

	



Zhou, W. System Reliability of Corroding Pipelines. Int. J. Press. Vessel. Pip. 2010, 87, 587–595. [Google Scholar] [CrossRef]

	



Lu, H.; Iseley, T.; Behbahani, S.; Fu, L. Leakage Detection Techniques for Oil and Gas Pipelines: State-of-the-Art. Tunn. Undergr. Sp. Technol. 2020, 98. [Google Scholar] [CrossRef]

	



Vilkys, T.; Rudzinskas, V.; Prentkovskis, O.; Tretjakovas, J.; Višniakov, N.; Maruschak, P. Evaluation of Failure Pressure for Gas Pipelines with Combined Defects. Metals 2018, 8, 346. [Google Scholar] [CrossRef]

	



Liu, S.; Liang, Y. Statistics of Catastrophic Hazardous Liquid Pipeline Accidents. Reliab. Eng. Syst. Saf. 2021, 208, 107389. [Google Scholar] [CrossRef]

	



Roberge, P.R. Corrosion Inspection and Monitoring; John Wiley & Sons: Hoboken, NJ, USA, 2007; ISBN 0470099755. [Google Scholar]

	



Senouci, A.; El-Abbasy, M.S.; Zayed, T. Fuzzy-Based Model for Predicting Failure of Oil Pipelines. J. Infrastruct. Syst. 2014, 20. [Google Scholar] [CrossRef]

	



Cruz, A.M.; Krausmann, E. Vulnerability of the Oil and Gas Sector to Climate Change and Extreme Weather Events. Clim. Chang. 2013, 121, 41–53. [Google Scholar] [CrossRef]

	



Senouci, A.; Elabbasy, M.; Elwakil, E.; Abdrabou, B.; Zayed, T. A Model for Predicting Failure of Oil Pipelines. Struct. Infrastruct. Eng. Maint. Manag. Life-Cycle Des. Perform. 2014, 10, 375–387. [Google Scholar] [CrossRef]

	



Edwards, M. Pipeline Hydrostatic Pressure Test Pass/Fail Criteria Used by a Regulatory Agency. In Proceedings of the 10th International Pipeline Conference, Calgary, AB, Canada, 29 September 2014; American Society of Mechanical Engineers: New York, NY, USA, 2014. [Google Scholar]

	



Kuprewicz, R.B. Pipeline Integrity and Direct Assessment A Layman’s Perspective. Pipeline Saf. Trust 2004, 33, 7. [Google Scholar]

	



Melo, C.; Dann, M.R.; Hugo, R.J.; Janeta, A. Optimal Locations for Non-Destructive Inspections to Verify Direct Assessment of Internally Corroded Pipelines. Upstream Oil Gas Technol. 2020, 5, 100008. [Google Scholar] [CrossRef]

	



Caleyo, F.; Alfonso, L.; Espina-Hernández, J.H.; Hallen, J.M. Criteria for Performance Assessment and Calibration of In-Line Inspections of Oil and Gas Pipelines. Meas. Sci. Technol. 2007, 18, 1787. [Google Scholar] [CrossRef]

	



Kishawy, H.A.; Gabbar, H.A. Review of Pipeline Integrity Management Practices. Int. J. Press. Vessel. Pip. 2010, 87, 373–380. [Google Scholar] [CrossRef]

	



Kiefner, J.F.; Maxey, W.A. The Benefits and Limitations of Hydrostatic Testing. In Proceedings of the API’s 51st Annual Pipeline Conference & Cybernetics Symposium. 2000. Available online: https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=7512249543318e9895c6532da3f3263ec07a3fcc (accessed on 8 January 2023).

	



Jo, Y.-D.; Ahn, B.J. A Method of Quantitative Risk Assessment for Transmission Pipeline Carrying Natural Gas. J. Hazard. Mater. 2005, 123, 1–12. [Google Scholar] [CrossRef]

	



Ellinger, M.; GL, D. A History of In-Line Inspection Tools. Insp. J. 2017, 23, 2. [Google Scholar]

	



Shaik, M.R. Pipeline Integrity Assessment: Methodology. In Proceedings of the ASME India Oil and Gas Pipeline Conference, New Delhi, India, 17–18 April 2015; American Society of Mechanical Engineers: New York, NY, USA, 2015; Volume 56468. [Google Scholar] [CrossRef]

	



Varela, F.; Yongjun Tan, M.; Forsyth, M. An Overview of Major Methods for Inspecting and Monitoring External Corrosion of On-Shore Transportation Pipelines. Corros. Eng. Sci. Technol. 2015, 50, 226–235. [Google Scholar] [CrossRef]

	



Mazraeh, A.A.; Ismail, F.B.; Khaksar, W.; Sahari, K. Development of Ultrasonic Crack Detection System on Multi-Diameter PIG Robots. Procedia Comput. Sci. 2017, 105, 282–288. [Google Scholar] [CrossRef]

	



Carrigan, T.D.; Forrest, B.E.; Andem, H.N.; Gui, K.; Johnson, L.; Hibbert, J.E.; Lennox, B.; Sloan, R. Nondestructive Testing of Nonmetallic Pipelines Using Microwave Reflectometry on an In-Line Inspection Robot. IEEE Trans. Instrum. Meas. 2019, 68, 586–594. [Google Scholar] [CrossRef]

	



Reiss, A. Pipe Robots for Internal Inspection of Pipelines–Ultrasonic Wall Thickness Determination in District Heating Lines. In Proceedings of the 11th Pipeline Technology Conference, Berlin, Germany, 23–25 May 2016. [Google Scholar]

	



Nee, L.V.; Elamvazuthi, I.; Ganesan, T.; Khan, M.K.A.A.; Parasuraman, S. Development of a Laboratory-Scale Pipeline Inspection Robot. Procedia Comput. Sci. 2015, 76, 9–14. [Google Scholar] [CrossRef]

	



Durai, M.; Lan, C.-W.; Chang, H. In-Line Detection of Defects in Steel Pipes Using Flexible GMR Sensor Array. J. King Saud Univ.-Sci. 2022, 34. [Google Scholar] [CrossRef]

	



Butt, I.; Little, W.; Senior, G.; Waine, R. Asset Management of High Pressure Installations: Project GRAID-an Innovation Project to Develop a Robotics System for Internal Inspection of Buried Pipework. In Proceedings of the 11th Pipeline Technology Conference, Berlin, Germany, 23–25 May 2016. [Google Scholar]

	



Ryew, S.; Baik, S.H.; Ryu, S.W.; Jung, K.M.; Roh, S.G.; Choi, H.R. In-Pipe Inspection Robot System with Active Steering Mechanism. In Proceedings of the 2000 IEEE/RSJ International Conference on Intelligent Robots and Systems, Takamatsu, Japan, 31 October–5 November 2000; Volume 3, pp. 1652–1657. [Google Scholar]

	



Pfeiffer, F.; Rossmann, T.; Loffler, K. Control of a Tube Crawling Machine. In Proceedings of the 2nd International Conference Control of Oscillations and Chaos, St. Petersburg, Russia, 5–7 July 2000; Volume 3, pp. 586–591. [Google Scholar]

	



Anthierens, C.; Libersa, C.; Touaibia, M.; Bétemps, M.; Arsicault, M.; Chaillet, N. Micro Robots Dedicated to Small Diameter Canalization Exploration. In Proceedings of the IEEE/RSJ International Conference on Intelligent Robots and Systems, Takamatsu, Japan, 31 October–5 November 2000; Volume 1, pp. 480–485. [Google Scholar]

	



Hayashi, I.; Iwatsuki, N.; Iwashina, S. The Running Characteristics of a Screw-Principle Microrobot in a Small Bent Pipe. In Proceedings of the Sixth International Symposium on Micro Machine and Human Science, Nagoya, Japan, 4–6 October 1995; pp. 225–228. [Google Scholar]

	



Choi, H.R.; Roh, S. In-Pipe Robot with Active Steering Capability for Moving Inside of Pipelines. In Bioinspiration and Robotics Walking and Climbing Robots; I-Tech Education and Publishing: Uttar Pradesh, India, 2007; Volume 1, ISBN 9783902613158. [Google Scholar]

	



Cordell, J.; Vanzant, H. Pipeline Pigging Handbook; Clarion Technical Publishers: Houstaon, TA, USA, 2003. [Google Scholar]

	



Smart Pigs Market. Available online: https://www.persistencemarketresearch.com/market-research/smart-pigs-market.asp (accessed on 5 January 2023).

	



Phillips, B. How to Ensure Integrity in Non-Piggable Pipelines. Pipeline Gas J. 2001, 228, 26. [Google Scholar]

	



Hawari, A.; Alamin, M.; Alkadour, F.; Elmasry, M.; Zayed, T. Automated Defect Detection Tool for Closed Circuit Television (Cctv) Inspected Sewer Pipelines. Autom. Constr. 2018, 89, 99–109. [Google Scholar] [CrossRef]

	



Fletcher, R.; Chandrasekaran, M. SmartBallTM: A New Approach in Pipeline Leak Detection. In Proceedings of the 7th International Pipeline Conference, Calgary, AB, Canada, 1 January 2018; ASMEDC: New York, NY, USA, 2008; Volume 48586, pp. 117–133. [Google Scholar]

	



Ma, Q.; Tian, G.; Zeng, Y.; Li, R.; Song, H.; Wang, Z.; Gao, B.; Zeng, K. Pipeline In-Line Inspection Method, Instrumentation and Data Management. Sensors 2021, 21, 3862. [Google Scholar] [CrossRef] [PubMed]

	



Song, H.; Yang, L.; Liu, G.; Tian, G.; Ona, D.; Song, Y.; Li, S. Comparative Analysis of In-Line Inspection Equipments and Technologies. IOP Conf. Ser. Mater. Sci. Eng. 2018, 382, 032021. [Google Scholar] [CrossRef]

	



Parlak, B.O.; Yavasoglu, H.A. A Review on Oil and Gas Pipelines In-Line Inspection Tools and Technologies. In Proceedings of the 3rd LA SDEWES Conference, Sao Paulo, Brazil, 24–28 July 2022. [Google Scholar]

	



Walker, J. In-Line Inspection of Pipelines: Advanced Technologies for Economic and Safe Operation of Oil and Gas Pipelines; Verlag Moderne Industrie: Berlin, Germany, 2010; ISBN 3862360032. [Google Scholar]

	



The American Society of Mechanical Engineers. ASME B31. 4. Pipeline Transportation Systems for Liquid Hydrocarbons and Other Liquids; The American Society of Mechanical Engineers: New York, NY, USA, 2009. [Google Scholar]

	



Shuai, Y.; Wang, X.-H.; Shuai, J.; Zhao, Y.-Z.; Zhang, X.; Tang, C. Mechanical Behavior Investigation on the Formation of the Plain Dent of an API 5L L245 Pipeline Subjected to Concentrated Lateral Load. Eng. Fail. Anal. 2020, 108, 104189. [Google Scholar] [CrossRef]

	



Alexander, C.R. Review of Experimental and Analytical Investigations of Dented Pipelines. In Proceedings of the ASME Conference on Pressure Vessel and Piping Operations, Applications and Components, New York, NY, USA, 1–3 February 1999; pp. 197–209. [Google Scholar]

	



Kec, J.; Cerny, I. Stress-Strain Assessment of Dents in Wall of High Pressure Gas Pipeline. Procedia Struct. Integr. 2017, 5, 340–346. [Google Scholar] [CrossRef]

	



Akbari Alashti, R.; Jafari, S.; Hosseinipour, S.J. Experimental and Numerical Investigation of Ductile Damage Effect on Load Bearing Capacity of a Dented API XB Pipe Subjected to Internal Pressure. Eng. Fail. Anal. 2015, 47, 208–228. [Google Scholar] [CrossRef]

	



Zhang, P.; Lan, H.; Dou, X.; Wang, J.; Zha, S. Review of Load-Bearing Capacity of Dented Pipes under Typical Loads. Eng. Fail. Anal. 2021, 120. [Google Scholar] [CrossRef]

	



Wu, Y.; Xiao, J.; Zhang, P. The Analysis of Damage Degree of Oil and Gas Pipeline with Type II Plain Dent. Eng. Fail. Anal. 2016, 66, 212–222. [Google Scholar] [CrossRef]

	



Yan, S.; Shen, X.; Jin, Z.; Ye, H. On Elastic-Plastic Collapse of Subsea Pipelines under External Hydrostatic Pressure and Denting Force. Appl. Ocean Res. 2016, 58, 305–321. [Google Scholar] [CrossRef]

	



Warman, D.J.; Johnston, D.; Mackenzie, J.D.; Rapp, S.; Travers, B. Management of Pipeline Dents and Mechanical Damage in Gas Pipelines. In Proceedings of the Volume 2: Integrity Management; Poster Session; Student Paper Competition, Calgary, AB, Canada, 1 January 2006; ASMEDC: New York, NY, USA, 2006; Volume 2, pp. 551–560. [Google Scholar]

	



Tiku, S.; Eshraghi, A.; Semiga, V.; Torres, L.; Piazza, M. Improved Pipeline Dent Integrity Management. In Proceedings of the Volume 1: Pipelines and Facilities Integrity, Calgary, AB, Canada, 26 September 2016; American Society of Mechanical Engineers: New York, NY, USA, 2016; Volume 1, pp. 1–10. [Google Scholar]

	



Co, V.; Ironside, S.; Ellis, C.; Wilkie, G. Characterization of Mechanical Damage Through Use of the Tri-Axial Magnetic Flux Leakage Technology. In Proceedings of the Proceedings of the 6th International Pipeline Conference, Calgary, AB, Canada, 1 January 2006; ASMEDC: New York, NY, USA, 2006; Volume 2, pp. 677–684. [Google Scholar]

	



Wang, R.Y.; Kania, R.; Arumugam, U.; Gao, M. Characterization of Topside Mechanical Damage. In Proceedings of the 10th International Pipeline Conference, Calgary, AB, Canada, 29 September 2014; American Society of Mechanical Engineers: New York, NY, USA, 2014. [Google Scholar]

	



Torres, L.A.; Fowler, M.J.; Stenerson, J.G. Assessment of In-Line Inspection Performance and Interpretation of Field Measurements for Characterization of Complex Dents. In Proceedings of the Volume 1: Pipelines and Facilities Integrity, Calgary, AB, Canada, 26 September 2016; American Society of Mechanical Engineers: New York, NY, USA, 2016; pp. 1–8. [Google Scholar]

	



Zakikhani, K.; Nasiri, F.; Zayed, T. A Review of Failure Prediction Models for Oil and Gas Pipelines. J. Pipeline Syst. Eng. Pract. 2020, 11, 03119001. [Google Scholar] [CrossRef]

	



Wright, R.F.; Lu, P.; Devkota, J.; Lu, F.; Ziomek-Moroz, M.; Ohodnicki, P.R. Corrosion Sensors for Structural Health Monitoring of Oil and Natural Gas Infrastructure: A Review. Sensors 2019, 19, 3964. [Google Scholar] [CrossRef]

	



Zakikhani, K.; Zayed, T.; Abdrabou, B.; Senouci, A. Modeling Failure of Oil Pipelines. J. Perform. Constr. Facil. 2020, 34, 04019088. [Google Scholar] [CrossRef]

	



Huyse, L.; van Roodselaar, A. Effects of Inline Inspection Sizing Uncertainties on the Accuracy of the Largest Features and Corrosion Rate Statistics. In Proceedings of the 2010 8th International Pipeline Conference, Calgary, AB, Canada, 1 January 2010; ASMEDC: New York, NY, USA, 2010; Volume 4, pp. 403–413. [Google Scholar]

	



Soomro, A.A.; Mokhtar, A.A.; Kurnia, J.C.; Lashari, N.; Lu, H.; Sambo, C. Integrity Assessment of Corroded Oil and Gas Pipelines Using Machine Learning: A Systematic Review. Eng. Fail. Anal. 2022, 131, 105810. [Google Scholar] [CrossRef]

	



Hamed, Y.; Shafie, A.; Mustaffa, Z.; Rusma, N. Error-Reduction Approach for Corrosion Measurements of Pipeline Inline Inspection Tools. Meas. Control 2019, 52, 28–36. [Google Scholar] [CrossRef]

	



Rathod, V.R.; Anand, R.S.; Ashok, A. Comparative Analysis of NDE Techniques with Image Processing. Nondestruct. Test. Eval. 2012, 27, 305–326. [Google Scholar] [CrossRef]

	



Brockhaus, S.; Ginten, M.; Klein, S.; Teckert, M.; Stawicki, O.; Oevermann, D.; Meyer, S.; Storey, D. In-Line Inspection (ILI) Methods for Detecting Corrosion in Underground Pipelines. In Underground Pipeline Corrosion; Elsevier: Amsterdam, The Netherlands, 2014; pp. 255–285. ISBN 9780857095091. [Google Scholar]

	



Low, A.; Selman, C. In-Line Inspection Programs for Corroded Pipelines. In Proceedings of the Annual Conference of the Australasian Corrosion Association 2013: Corrosion and Prevention, Brisbane, Australia, 10–13 November 2013; pp. 588–599. [Google Scholar]

	



Huyse, L.; van Roodselaar, A.; Onderdonk, J.; Wimolsukpirakul, B.; Baker, J.; Beuker, T.; Palmer, J.; Jemari, N.A. Improvements in the Accurate Estimation of Top of the Line Internal Corrosion of Subsea Pipelines on the Basis of In-Line Inspection Data. In Proceedings of the 2010 8th International Pipeline Conference, Calgary, AB, Canada, 1 January 2010; ASMEDC: New York, NY, USA, 2010; Volume 1, pp. 75–82. [Google Scholar]

	



Palmer, J.; Schneider, E. Reliable Sizing of Complex Metal Loss through Combined ILI Data Sets for Internal & External Anomalies in Gaseous & Liquid. In Proceedings of the 8th Pipeline Technology Conference, Berlin, Germany, 8–11 May 2013. [Google Scholar]

	



Cronin, D.; Plumtree, A.; Sen, M.; Kania, R. Assessment of Crack in Corrosion Defects in Natural Gas Transmission Pipelines. In Proceedings of the 2008 7th International Pipeline Conference, Calgary, AB, Canada, 1 January 2008; ASMEDC: New York, NY, USA, 2008; Volume 2, pp. 557–565. [Google Scholar]

	



Bedairi, B.; Cronin, D.; Hosseini, A.; Plumtree, A. Failure Prediction for Crack-in-Corrosion Defects in Natural Gas Transmission Pipelines. Int. J. Press. Vessel. Pip. 2012, 96–97, 90–99. [Google Scholar] [CrossRef]

	



Manfredi, C.; Otegui, J. Failures by SCC in Buried Pipelines. Eng. Fail. Anal. 2002, 9, 495–509. [Google Scholar] [CrossRef]

	



Song, F.M. Predicting the Mechanisms and Crack Growth Rates of Pipelines Undergoing Stress Corrosion Cracking at High PH. Corros. Sci. 2009, 51, 2657–2674. [Google Scholar] [CrossRef]

	



Ryakhovskikh, I.V.; Bogdanov, R.I. Model of Stress Corrosion Cracking and Practical Guidelines for Pipelines Operation. Eng. Fail. Anal. 2021, 121. [Google Scholar] [CrossRef]

	



Palmer, M.; Davies, C.; Ginten, M.; Palmer-Jones, R. Detection of Crack Initiation Based on Repeat In-Line Inspection. In Proceedings of the Volume 1: Pipelines and Facilities Integrity, Calgary, AB, Canada, 26–30 September 2016; American Society of Mechanical Engineers: New York, NY, USA, 2016; Volume 1, pp. 1–12. [Google Scholar]

	



Rosenfeld, M.J. Proposed New Guidelines for ASME B31. 8 on Assessment of Dents and Mechanical Damage: Topical Report; Gas Research Institute: Des Plaines, IL, USA, 2001. [Google Scholar]

	



Okodi, A.; Li, Y.; Cheng, J.J.R.; Kainat, M.; Yoosef-Ghodsi, N.; Adeeb, S. Effect of Location of Crack in Dent on Burst Pressure of Pipeline with Combined Dent and Crack Defects. J. Pipeline Sci. Eng. 2021, 1, 252–263. [Google Scholar] [CrossRef]

	



Rafi, A.; Silva, J.; Kenno, S.; Das, S.; Kania, R.; Wang, R.Y. Strength of Line Pipe With Dent and Crack Defect. In Proceedings of the Proceedings of the 8th International Pipelines Conference, Calgary, AB, Canada, 1 January 2010; ASMEDC: New York, NY, USA, 2010. [Google Scholar]

	



Ghaednia, H.; Das, S.; Wang, R.; Kania, R. Safe Burst Strength of a Pipeline with Dent–Crack Defect: Effect of Crack Depth and Operating Pressure. Eng. Fail. Anal. 2015, 55, 288–299. [Google Scholar] [CrossRef]

	



Reber, K.; Beller, M.; Uzelac, N.I. How Do Defect Assessment Methods Influence the Choice and Construction of In-Line Inspection Tools. In Proceedings of the 4th International Pipeline Conference, Parts A and B., Calgary, AB, Canada, 1 January 2002; ASMEDC: New York, NY, USA, 2002; Volume B, pp. 2039–2044. [Google Scholar]

	



Seo, J.K.; Cui, Y.; Mohd, M.H.; Ha, Y.C.; Kim, B.J.; Paik, J.K. A Risk-Based Inspection Planning Method for Corroded Subsea Pipelines. Ocean Eng. 2015, 109, 539–552. [Google Scholar] [CrossRef]

	



van Pol, A.; van Pol, J.; McNealy, R.; Goudy, C. The Future of In-Line Inspection: Free-Floating Smart Sensors. In Proceedings of the International Pipeline Conference, Calgary, AB, Canada, 24–28 September 2018; American Society of Mechanical Engineers: New York, NY, USA, 2018; Volume 51869, p. V001T03A021. [Google Scholar]

	



Sampath, S.; Bhattacharya, B.; Aryan, P.; Sohn, H. A Real-Time, Non-Contact Method for In-Line Inspection of Oil and Gas Pipelines Using Optical Sensor Array. Sensors 2019, 19, 3615. [Google Scholar] [CrossRef]

	



Feng, Y.; Yang, F.; Zhang, L.; Zheng, W.; Liu, H. A Novel ACFM Probe for Oil and Gas Pipe In-Line Inspection. Energy Rep. 2021, 7, 1594–1600. [Google Scholar] [CrossRef]

	



Sampath, S.; Chaurasiya, K.L.; Aryan, P.; Bhattacharya, B. An Innovative Approach towards Defect Detection and Localization in Gas Pipelines Using Integrated In-Line Inspection Methods. J. Nat. Gas Sci. Eng. 2021, 90, 103933. [Google Scholar] [CrossRef]

	



Salama, M.M.; Nestleroth, B.J.; Maes, M.A.; Dash, C. Characterization of the Uncertainties in the Inspection Results of Ultrasonic Intelligent Pigs. In Proceedings of the International Conference on Offshore Mechanics and Arctic Engineering, Calgary, AB, Canada, 31 May–5 June 2013; American Society of Mechanical Engineers: New York, NY, USA, 2013; Volume 55355, p. V003T03A044. [Google Scholar]

	



Mikhaylov, A.V.; Gobov, Y.L.; Smorodinskii, Y.G.; Korzunin, G.S. Electromagnetic Acoustic Transducers for Non-Destructive Testing of Main Pipelines. J. Phys. Conf. Ser. 2020, 1636, 012012. [Google Scholar] [CrossRef]

	



Xie, S.; Duan, Z.; Li, J.; Tong, Z.; Tian, M.; Chen, Z. A Novel Magnetic Force Transmission Eddy Current Array Probe and Its Application for Nondestructive Testing of Defects in Pipeline Structures. Sens. Actuators A Phys. 2020, 309, 112030. [Google Scholar] [CrossRef]

	



Wu, L.; Yao, K.; Shi, P.; Zhao, B.; Wang, Y.-S. Influence of Inhomogeneous Stress on Biaxial 3D Magnetic Flux Leakage Signals. NDT E Int. 2020, 109, 102178. [Google Scholar] [CrossRef]

	



Dotson, R.L.; Ginten, M.; Alexander, C.; Bedoya, J.J.; Schroeer, K. Combining High-Resolution in-Line Geometry Tools and Finite-Element Analysis to Improve Dent Assessments. J. Pipeline Eng. 2014, 13, 113–123. [Google Scholar]

	



Xie, M.; Tian, Z. A Review on Pipeline Integrity Management Utilizing In-Line Inspection Data. Eng. Fail. Anal. 2018, 92, 222–239. [Google Scholar] [CrossRef]

	



Willems, H.H.; Barbian, O.A.; Uzelac, N.I. Internal Inspection Device for Detection of Longitudinal Cracks in Oil and Gas Pipelines: Results From an Operational Experience. In Proceedings of the Volume 1: Regulations, Codes, and Standards; Current Issues, Materials, Corrosion and Integrity, Calgary, AB, Canada, 9 June 1996; American Society of Mechanical Engineers: New York, NY, USA, 1996; Volume 1, pp. 345–352. [Google Scholar]

	



Reber, K.; Beller, M.; Willems, H.; Barbian, O.A. A New Generation of Ultrasonic In-Line Inspection Tools for Detecting, Sizing and Locating Metal Loss and Cracks in Transmission Pipelines. In Proceedings of the 2002 IEEE Ultrasonics Symposium, Munich, Germany, 8–11 October 2002; Volume 1, pp. 665–671. [Google Scholar]

	



Beller, M.; Uzelac, N.I.; Barbian, A. Combined Quantitative In-Line Inspection of Pipelines for Metal Loss and Cracks. In Proceedings of the Volume 2: Integrity Management; Poster Session; Student Paper Competition, Calgary, AB, Canada, 1 January 2006; ASMEDC: New York, NY, USA, 2006; pp. 857–864. [Google Scholar]

	



Dobmann, G.; Barbian, O.A.; Willems, H. State of the Art of In-Line Nondestructive Weld Inspection of Pipelines by Ultrasonics. Russ. J. Nondestruct. Test. 2007, 43, 755–761. [Google Scholar] [CrossRef]

	



MatEval, L. IRIS-Internal Rotary Inspection System. Anti-Corros. Methods Mater. 1982, 29, 12–14. [Google Scholar] [CrossRef]

	



Birchall, M.; Sevciuc, N.; Madureira, C. Internal Ultrasonic Pipe & Tube Inspection-IRIS. In Proceedings of the IV Conferencia Panamericana de END, Buenos Aires, Argentina, 22–26 October 2007; pp. 1–11. [Google Scholar]

	



Slaughter, M.; Huss, M.; Zakharov, Y.; Vassiljev, A. A Pipeline Inspection Case Study: Design Improvements on a New Generation UT In-Line Inspection Crack Tool. In Proceedings of the 7th Pipeline Technology Conference, Berlin, Germany, 9–11 May 2012. [Google Scholar]

	



Chandrasekaran, J.; Anto, I.; Balasubramaniam, K.; Venkataraman, K.S. Higher Order Modes Cluster (HOMC) Guided Waves for Online Defect Detection in Annular Plate Region of above-Ground Storage Tanks. Insight Non. Destr. Test. Cond. Monit. 2009, 51, 606–611. [Google Scholar] [CrossRef]

	



Burch, S.F.; Collett, N.J.; Terpstra, S.; Hoekstra, M.V. M-Skip: A Quantitative Technique for the Measurement of Wall Loss in Inaccessible Components. Insight Non. Destr. Test. Cond. Monit. 2007, 49, 190–194. [Google Scholar] [CrossRef]

	



Bloom, J.G.P.; Heerens, G.-J.; Volker, A.W.F. Opportunities for Permanent Corrosion Monitoring of Pipelines Using Guided Wave Tomography. In Proceedings of the Volume 5: High Pressure Technology; Nondestructive Evaluation Division; Student Paper Competition, Calgary, AB, Canada, 1 January 2009; ASMEDC: New York, NY, USA, 2009; Volume 5, pp. 225–230. [Google Scholar]

	



Khalili, P.; Cawley, P. The Choice of Ultrasonic Inspection Method for the Detection of Corrosion at Inaccessible Locations. NDT E Int. 2018, 99, 80–92. [Google Scholar] [CrossRef]

	



Willems, H. Advanced Ultrasonic In-Line Inspection for the Assessment of Pipelines Affected by Pitting and Pinhole Corrosion. In Proceedings of the ASME 2017 India Oil and Gas Pipeline Conference, Calgary, AB, Canada, 20 April 2017; American Society of Mechanical Engineers: New York, NY, USA, 2017; pp. 1–8. [Google Scholar]

	



Balzer, M.; Stripf, H. Online Data Reduction with a DSP-FPGA Multiprocessor System. In Proceedings of the Sixth International Symposium on Signal Processing and its Applications (Cat.No.01EX467), Kuala Lumpur, Malaysia, 13–16 August 2001; Volume 2, pp. 619–622. [Google Scholar]

	



Huffman, D. A Method for the Construction of Minimum-Redundancy Codes. Proc. IRE 1952, 40, 1098–1101. [Google Scholar] [CrossRef]

	



Cardoso, G.; Saniie, W. Compression of Ultrasonic Data Using Transform Thresholding and Parameter Estimation Techniques. In Proceedings of the 2002 IEEE Ultrasonics Symposium, Munich, Germany, 8–11 October 2002; Volume 1, pp. 837–840. [Google Scholar]

	



Cardoso, G.; Saniie, J. Ultrasonic Data Compression via Parameter Estimation. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2005, 52, 313–325. [Google Scholar] [CrossRef] [PubMed]

	



Soto-Cajiga, J.A.; Pedraza-Ortega, J.C.; Rubio-Gonzalez, C.; Bandala-Sanchez, M.; Romero-Troncoso, R.D.J. FPGA-Based Architecture for Real-Time Data Reduction of Ultrasound Signals. Ultrasonics 2012, 52, 230–237. [Google Scholar] [CrossRef]

	



Kania, R.; Klein, S.; Marr, J.; Rosca, G.; Riverol, E.S.; Ruda, R.; Jansing, N.; Beuker, T.; Ronsky, N.D.; Weber, R. Validation of EMAT Technology for Gas Pipeline Crack Inspection. In Proceedings of the 9th International Pipeline Conference, Calgary, AB, Canada, 24 September 2012; American Society of Mechanical Engineers: New York, NY, USA, 2012. [Google Scholar]

	



Salzburger, H.-J.; Niese, F.; Dobmann, G. Emat Pipe Inspection with Guided Waves. Weld. World 2012, 56, 35–43. [Google Scholar] [CrossRef]

	



Hirao, M.; Ogi, H. An SH-Wave EMAT Technique for Gas Pipeline Inspection. NDT E Int. 1999, 32, 127–132. [Google Scholar] [CrossRef]

	



Gauthier, J.; Mustafa, V.; Chabbaz, A.; Hay, D.R. EMAT Generation of Horizontally Polarized Guided Shear Waves for Ultrasonic Pipe Inspection. In Proceedings of the Volume 1: Risk Assessment and Management; Emerging Issues and Innovative Projects; Operations and Maintenance; Corrosion and Integrity Management, Calgary, AB, Canada, 7 June 1998; American Society of Mechanical Engineers: New York, NY, USA, 1998; pp. 327–334. [Google Scholar]

	



Zhao, X.; Varma, V.K.; Mei, G.; Ayhan, B.; Kwan, C. In-Line Nondestructive Inspection of Mechanical Dents on Pipelines With Guided Shear Horizontal Wave Electromagnetic Acoustic Transducers. J. Press. Vessel Technol. 2005, 127, 304–309. [Google Scholar] [CrossRef]

	



Klann, M.; Beuker, T. Pipeline Inspection With the High Resolution EMAT ILI-Tool: Report on Full-Scale Testing and Field Trials. In Proceedings of the Volume 2: Integrity Management; Poster Session; Student Paper Competition, Calgary, AB, Canada, 1 January 2006; ASMEDC: New York, NY, USA, 2006; Volume 2, pp. 235–241. [Google Scholar]

	



Cong, M.; Wu, X.; Qian, C. A Longitudinal Mode Electromagnetic Acoustic Transducer (EMAT) Based on a Permanent Magnet Chain for Pipe Inspection. Sensors 2016, 16, 740. [Google Scholar] [CrossRef]

	



Tu, J.; Zhong, Z.; Song, X.; Zhang, X.; Deng, Z.; Liu, M. An External through Type RA-EMAT for Steel Pipe Inspection. Sens. Actuators A Phys. 2021, 331, 113053. [Google Scholar] [CrossRef]

	



Huang, S.; Zhao, W.; Zhang, Y.; Wang, S. Study on the Lift-off Effect of EMAT. Sens. Actuators A Phys. 2009, 153, 218–221. [Google Scholar] [CrossRef]

	



Sun, M.; Shen, Y.; Zhang, W. A Wavelet Threshold Denoising Method for Ultrasonic Signal Based on EMD and Correlation Coefficient Analysis. In Proceedings of the 2010 3rd International Congress on Image and Signal Processing, Yantai, China, 16–18 October 2010; Volume 107, pp. 3992–3996. [Google Scholar]

	



Le, M.; Kim, J.; Kim, S.; Lee, J. Nondestructive Testing of Pitting Corrosion Cracks in Rivet of Multilayer Structures. Int. J. Precis. Eng. Manuf. 2016, 17, 1433–1442. [Google Scholar] [CrossRef]

	



Dragomiretskiy, K.; Zosso, D. Variational Mode Decomposition. IEEE Trans. Signal Process. 2014, 62, 531–544. [Google Scholar] [CrossRef]

	



Kubik, T.; Kałużyński, K.; Cygan, S.; Mikołajczyk, K. Evaluation of the Empirical Mode Decomposition Method as a Tool for Preprocessing Ultrasonic Cardiological Data. In Mechatronics 2013; Springer: Berlin/Heidelberg, Germany, 2014; pp. 793–799. ISBN 9783319022949. [Google Scholar]

	



Liang, W.; Que, P. Optimal Scale Wavelet Transform for the Identification of Weak Ultrasonic Signals. Measurement 2009, 42, 164–169. [Google Scholar] [CrossRef]

	



Wu, Z.; Huang, N.E. Ensemble Empirical Mode Decomposition: A Noise-Assisted Data Analysis Method. Adv. Adapt. Data Anal. 2009, 1, 1–41. [Google Scholar] [CrossRef]

	



Legendre, S.; Goyette, J.; Massicotte, D. Ultrasonic NDE of Composite Material Structures Using Wavelet Coefficients. NDT E Int. 2001, 34, 31–37. [Google Scholar] [CrossRef]

	



Coleman, G.A. Self Excited Eddy Currents for the Detection of SCC. In Proceedings of the International Pipeline Conference, Calgary, AB, Canada, 29 September–3 October 2008; Volume 48586, pp. 463–469. [Google Scholar]

	



Christophe, A.; Le Bihan, Y.; Rapetti, F. A Mortar Element Approach on Overlapping Non-Nested Grids: Application to Eddy Current Non-Destructive Testing. Appl. Math. Comput. 2015, 267, 71–82. [Google Scholar] [CrossRef]

	



Rerkratn, A.; Pulkham, J.; Chitsakul, K.; Sangworasil, M. Anucha Keawpoonsuk High Current Low Frequency Eddy Current Imaging System. In Proceedings of the 2007 International Conference on Control, Automation and Systems, Seoul, Republic of Korea, 17–20 October 2007; pp. 1966–1969. [Google Scholar]

	



Le Diraison, Y.; Joubert, P.-Y.; Placko, D. Characterization of Subsurface Defects in Aeronautical Riveted Lap-Joints Using Multi-Frequency Eddy Current Imaging. NDT E Int. 2009, 42, 133–140. [Google Scholar] [CrossRef]

	



Smith, R.A.; Hugo, G.R. Deep Corrosion and Crack Detection in Aging Aircraft Using Transient Eddy-Current NDE. In Proceedings of the 40th Annual Conference of the British Institute of Nondestructive Testing, Telford, UK, 3–5 September 1999; pp. 1401–1408. [Google Scholar]

	



Moulder, J.C.; Bieber, J.A.; Ward, W.W.; Rose, J.H. Scanned Pulsed Eddy Current Instrument for Nondestructive Inspection of Aging Aircraft. In Nondestructive Evaluation of Aging Aircraft, Airports, and Aerospace Hardware; Society of Photo Optical: Maharashtra, India, 1996; Volume 2945, pp. 2–13. ISBN 0819423491. [Google Scholar]

	



He, Y.; Pan, M.; Luo, F.; Tian, G. Pulsed Eddy Current Imaging and Frequency Spectrum Analysis for Hidden Defect Nondestructive Testing and Evaluation. NDT E Int. 2011, 44, 344–352. [Google Scholar] [CrossRef]

	



Tian, G.Y.; Sophian, A.; Taylor, D.; Rudlin, J. Multiple Sensors on Pulsed Eddy-Current Detection for 3-D Subsurface Crack Assessment. IEEE Sens. J. 2005, 5, 90–96. [Google Scholar] [CrossRef]

	



Safizadeh, M.S.; Hasanian, M. Gas Pipeline Corrosion Mapping Using Pulsed Eddy Current Technique. Adv. Des. Manuf. Technol. 2011, 5, 858–867. [Google Scholar] [CrossRef]

	



Arjun, V.; Sasi, B.; Rao, B.P.C.; Mukhopadhyay, C.K.; Jayakumar, T. Optimisation of Pulsed Eddy Current Probe for Detection of Sub-Surface Defects in Stainless Steel Plates. Sens. Actuators A Phys. 2015, 226, 69–75. [Google Scholar] [CrossRef]

	



Tian, L.; Yin, C.; Cheng, Y.; Bai, L. Successive Approximation Method for the Measurement of Thickness Using Pulsed Eddy Current. In Proceedings of the 2015 IEEE International Instrumentation and Measurement Technology Conference (I2MTC), Pisa, Italy, 11–14 May 2015; pp. 848–852. [Google Scholar]

	



Yu, Y.; Yan, Y.; Wang, F.; Tian, G.; Zhang, D. An Approach to Reduce Lift-off Noise in Pulsed Eddy Current Nondestructive Technology. NDT E Int. 2014, 63, 1–6. [Google Scholar] [CrossRef]

	



Park, D.-G.; Kishore, M.B.; Kim, J.Y.; Jacobs, L.J.; Lee, D.H. Detection of Corrosion and Wall Thinning in Carbon Steel Pipe Covered With Insulation Using Pulsed Eddy Current. J. Magn. 2016, 21, 57–60. [Google Scholar] [CrossRef]

	



Piao, G.; Guo, J.; Hu, T.; Deng, Y.; Leung, H. A Novel Pulsed Eddy Current Method for High-Speed Pipeline Inline Inspection. Sens. Actuators A Phys. 2019, 295, 244–258. [Google Scholar] [CrossRef]

	



Asher, S.L.; Boenisch, A.; Reber, K. Development of a Magnetic Eddy Current In-Line Inspection Tool. In Proceedings of the Volume 1: Pipelines and Facilities Integrity, Calgary, AB, Canada, 26 September 2016; American Society of Mechanical Engineers: New York, NY, USA, 2016; pp. 1–7. [Google Scholar]

	



Asher, S.L.; Boenisch, A. Magnetic Eddy Current In-Line Inspection Tool Development for CRA Pipelines. In Proceedings of the Pipeline Technology Conference, Berlin, Germany, 8–10 June 2015. [Google Scholar]

	



She, S.; Chen, Y.; He, Y.; Zhou, Z.; Zou, X. Optimal Design of Remote Field Eddy Current Testing Probe for Ferromagnetic Pipeline Inspection. Measurement 2021, 168, 108306. [Google Scholar] [CrossRef]

	



Ireland, R.C.; Torres, C.R. Finite Element Modelling of a Circumferential Magnetiser. Sens. Actuators A Phys. 2006, 129, 197–202. [Google Scholar] [CrossRef]

	



Pham, H.Q.; Tran, B.V.; Doan, D.T.; Le, V.S.; Pham, Q.N.; Kim, K.; Kim, C.; Terki, F.; Tran, Q.H. Highly Sensitive Planar Hall Magnetoresistive Sensor for Magnetic Flux Leakage Pipeline Inspection. IEEE Trans. Magn. 2018, 54, 6201105. [Google Scholar] [CrossRef]

	



Feng, J.; Zhang, J.-F.; Lu, S.-X.; Wang, H.-Y.; Ma, R.-Z. Three-Axis Magnetic Flux Leakage in-Line Inspection Simulation Based on Finite-Element Analysis. Chin. Phys. B 2013, 22, 018103. [Google Scholar] [CrossRef]

	



Chen, L.; Que, P.; Huang, Z.; Jin, T. Three-Dimensional Finite Element Analysis of Magnetic Flux Leakage Signals Caused by Transmission Pipeline Complex Corrosion. J. Jpn. Pet. Inst. 2005, 48, 314–318. [Google Scholar] [CrossRef]

	



Kim, H.M.; Rho, Y.W.; Yoo, H.R.; Cho, S.H.; Kim, D.K.; Koo, S.J.; Park, G.S. A Study on the Measurement of Axial Cracks in the Magnetic Flux Leakage NDT System. In Proceedings of the 2012 IEEE International Conference on Automation Science and Engineering (CASE), Seoul, Korea, 20–24 August 2012; pp. 624–629. [Google Scholar]

	



Kirkwood, M. Overcoming Limitations of Current In-Line Inspection Technology by Applying a New Approach Using Spiral Magnetic Flux Leakage (SMFL). In Proceedings of the 6th Pipeline Technology Conference, Berlin, Germany, 4–5 April 2011. [Google Scholar]

	



Okolo, C.K.; Meydan, T. Pulsed Magnetic Flux Leakage Method for Hairline Crack Detection and Characterization. AIP Adv. 2018, 8, 047207. [Google Scholar] [CrossRef]

	



Mao, B.; Lu, Y.; Wu, P.; Mao, B.; Li, P. Signal Processing and Defect Analysis of Pipeline Inspection Applying Magnetic Flux Leakage Methods. Intell. Serv. Robot. 2014, 7, 203–209. [Google Scholar] [CrossRef]

	



Carvalho, A.A.; Rebello, J.M.A.; Sagrilo, L.V.S.; Camerini, C.S.; Miranda, I.V.J. MFL Signals and Artificial Neural Networks Applied to Detection and Classification of Pipe Weld Defects. NDT E Int. 2006, 39, 661–667. [Google Scholar] [CrossRef]

	



Ma, Z.; Liu, H. Pipeline Defect Detection and Sizing Based on MFL Data Using Immune RBF Neural Networks. In Proceedings of the 2007 IEEE Congress on Evolutionary Computation, Singapore, 25–28 September 2007. [Google Scholar]

	



Layouni, M.; Hamdi, M.S.; Tahar, S. Detection and Sizing of Metal-Loss Defects in Oil and Gas Pipelines Using Pattern-Adapted Wavelets and Machine Learning. Appl. Soft Comput. 2017, 52, 247–261. [Google Scholar] [CrossRef]

	



Ji, F.; Sun, S.; Wang, C.; Zhang, H.; Liu, D. Applications of Adaptive Fuzzy Lifting Wavelet Transform in MFL Signal Processing. Insight-Non-Destr. Test. Cond. Monit. 2010, 52, 16–19. [Google Scholar] [CrossRef]

	



Mukherjee, D.; Saha, S.; Mukhopadhyay, S. An Adaptive Channel Equalization Algorithm for MFL Signal. NDT E Int. 2012, 45, 111–119. [Google Scholar] [CrossRef]

	



Kim, D.K.; Cho, S.H.; Park, S.S.; Yoo, H.R.; Rho, Y.W.; Kho, Y.T.; Park, G.S.; Park, S.H. Development of the Caliper System for a Geometry Pig Based on Magnetic Field Analysis. J. Mech. Sci. Technol. 2003, 17, 1835–1843. [Google Scholar] [CrossRef]

	



Kim, D.K.; Cho, S.H.; Park, S.S.; Yoo, H.R.; Rho, Y.W. Design and Implementation of 30 Geometry PIG. KSME Int. J. 2003, 17, 629–636. [Google Scholar] [CrossRef]

	



Xiaolong, L.; Jinzhong, C.; Yilai, M.; Renbi, H.; Shuanyi, L.; Defu, Y. Development of the Detection Arm of Multichannel Geometry Pig of Oil and Gas Pipeline. J. Phys. Conf. Ser. 2019, 1237, 042074. [Google Scholar] [CrossRef]

	



Canavese, G.; Scaltrito, L.; Ferrero, S.; Pirri, C.F.; Cocuzza, M.; Pirola, M.; Corbellini, S.; Ghione, G.; Ramella, C.; Verga, F.; et al. A Novel Smart Caliper Foam Pig for Low-Cost Pipeline Inspection-Part A: Design and Laboratory Characterization. J. Pet. Sci. Eng. 2015, 127, 311–317. [Google Scholar] [CrossRef]

	



Ramella, C.; Canavese, G.; Corbellini, S.; Pirola, M.; Cocuzza, M.; Scaltrito, L.; Ferrero, S.; Pirri, C.F.; Ghione, G.; Rocca, V.; et al. A Novel Smart Caliper Foam Pig for Low-Cost Pipeline Inspection – Part B: Field Test and Data Processing. J. Pet. Sci. Eng. 2015, 133, 771–775. [Google Scholar] [CrossRef]

	



Dai, L.; Zhu, X.; Zhang, S. Research Development of Pipeline Caliper Tool Technology. Oil Gas Storage Transp 2012, 31, 808–813. [Google Scholar]

	



Li, X.; Zhang, S.; Liu, S.; Jiao, Q.; Dai, L. An Experimental Evaluation of the Probe Dynamics as a Probe Pig Inspects Internal Convex Defects in Oil and Gas Pipelines. Measurement 2015, 63, 49–60. [Google Scholar] [CrossRef]

	



Zhu, X.; Jiao, Q.; Li, X.; Zhang, S.; Liu, S. Experimental Research on the Precision of Wheeled Caliper Arm for Measuring Pipeline Deformation. Measurement 2018, 127, 15–20. [Google Scholar] [CrossRef]

	



Li, X.; He, R.; Meng, T.; Zhang, S. The Evaluation of the Bouncing Model of Caliper Pig’s Detection Arm in Subsea Gas Pipelines. Proc. Inst. Mech. Eng. Part M J. Eng. Marit. Environ. 2019, 233, 735–744. [Google Scholar] [CrossRef]

	



Paeper, S.; Brown, B.; Beuker, T. Inline Inspection of Dents and Corrosion Using “High Quality” Multi-Purpose Smart-Pig Inspection Data. In Proceedings of the Volume 2: Integrity Management; Poster Session; Student Paper Competition, Calgary, AB, Canada, 1 January 2006; ASMEDC: New York, NY, USA, 2006; Volume 2, pp. 243–248. [Google Scholar]

	



ROCD UT-C SERVICE. Available online: https://www.rosen-group.com/global/solutions/services/service/rocd-ut-c.html (accessed on 28 March 2022).

	



ROCD EMAT-C SERVICE. Available online: https://www.rosen-group.com/global/solutions/services/service/rocd-emat-c.html (accessed on 28 March 2022).

	



ROCORR UTWM SERVICE. Available online: https://www.rosen-group.com/global/solutions/services/service/rocorr-utwm.html (accessed on 28 March 2022).

	



ROCOMBO MFL-A/XT SERVICE. Available online: https://www.rosen-group.com/global/solutions/services/service/rocombo-mfl-a_xt.html (accessed on 28 March 2022).

	



ROCOMBO IEC/XT SERVICE. Available online: https://www.rosen-group.com/global/solutions/services/service/rocombo-iec_xt.html (accessed on 28 March 2022).

	



ROCOMBO MFL-A/UTWM SERVICE. Available online: https://www.rosen-group.com/global/solutions/services/service/rocombo-mfl-a_utwm.html (accessed on 28 March 2022).

	



ROCOMBO MFL-A/IEC SERVICE. Available online: https://www.rosen-group.com/global/solutions/services/service/rocombo-mfl-a_iec.html (accessed on 28 March 2022).

	



Chen, X.; Zhao, Y. Research on Corrosion Protection of Buried Steel Pipeline. Engineering 2017, 9, 504. [Google Scholar] [CrossRef]

	



Hayrnan, A.J.; Parent, P.; Rouault, G.; Zurquiyah, S.; Verges, P.; Liang, K.; Stanke, F.E.; Herve, P. Developments in Corrosion Logging Using Ultrasonic Imaging. In Proceedings of the SPWLA 36th Annual Logging Symposium, Paris, France, 26 June 1995. [Google Scholar]

	



Hayman, A.J.; Parent, P.; Rouault, G.; Zurquiyah, S.; Verges, P.; Liang, K.K.; Stanke, F.E.; Herve, P. Quantitative Corrosion Evaluation in Wells Using a Multi-Function Ultrasonic Imager. In Proceedings of the 1995 IEEE Ultrasonics Symposium. Proceedings, An International Symposium, Seattle, WA, USA, 7–10 November 1995; Volume 2, pp. 1115–1120. [Google Scholar]

	



Wang, H.; Yajima, A.; Liang, R.Y.; Castaneda, H. A Bayesian Model Framework for Calibrating Ultrasonic In-Line Inspection Data and Estimating Actual External Corrosion Depth in Buried Pipeline Utilizing a Clustering Technique. Struct. Saf. 2015, 54, 19–31. [Google Scholar] [CrossRef]

	



Willems, H.; Barbian, A.; Vatter, N. Operational Experience with Inline Ultrasonic Crack Inspection of German Crude Oil Pipelines. J. Nondestruct. Test. Ultrason. 1998, 3, 281. [Google Scholar]

	



Qi, M.; Zhou, S.; Ni, J.; Li, Y. Investigation on Ultrasonic Guided Waves Propagation in Elbow Pipe. Int. J. Press. Vessel. Pip. 2016, 139, 250–255. [Google Scholar] [CrossRef]

	



Rubenson, J.; Boström, A. Modelling of Ultrasonic Bulk Wave Scattering by an Axial Crack in a Pipe. J. Nondestruct. Eval. 2017, 36, 1–10. [Google Scholar] [CrossRef]

	



Willems, H.; Hennig, T.; Global, N.D.T. Recent Improvements Regarding Ultrasonic Crack Inspection of Pipelines. Available online: https://www.ppsa-online.com/papers/17-Aberdeen/2017-03-NDT-paper.pdf (accessed on 28 March 2022).

	



Brimacombe, M.; Hennig, T.; Wargacky, C. Circumferential Crack Detection: Challenges, Solutions, and Results. In Proceedings of the International Pipeline Conference, Calgary, AB, Canada, 26–30 September 2016; American Society of Mechanical Engineers: New York, NY, USA, 2016; Volume 50251, p. V001T03A056. [Google Scholar]

	



Willems, H.; Bjørgen, H.P.; Kristiansen, T.-S.; Wieme, G. Qualification of a Combined Ultrasonic Inspection Tool for Detection and Sizing of Circumferential Weld Cracks in Offshore Pipelines. In Proceedings of the International Pipeline Conference; American Society of Mechanical Engineers: Calgary, AB, Canada, 2014; Volume 46117. [Google Scholar]

	



Al Omari, A.; Loubani, M.; AL-Mukhmari, H.; El Nabris, S. Subsea Pipeline Anchor Drag Dent at Girth Weld: Advanced Simulation and Case Study. In Proceedings of the Abu Dhabi International Petroleum Exhibition & Conference, Abu Dhabi, United Arab Emirates, 4 November 2018. [Google Scholar]

	



Race, J.M.; Haswell, J.V.; Owen, R.; Dalus, B. UKOPA Dent Assessment Algorithms: A Strategy for Prioritising Pipeline Dents. In Proceedings of the International Pipeline Conference, Calgary, AB, Canada, 27 September–1 October 2010; Volume 44205, pp. 923–933. [Google Scholar]

	



Taghipour Birgani, P. Ultrasonic Guided Waves Reflection from Simple Dent in Pipe for Defect Rate Estimation and Parameters Determination of Axisymmetric Wave Generation Source. J. Comput. Appl. Mech. 2020, 51, 66–71. [Google Scholar]

	



Willems, H.; Jaskolla, B.; Sickinger, T.; Barbian, O.A.; Niese, F. Advanced Possibilities for Corrosion Inspection of Gas Pipelines Using EMAT-Technology. In Proceedings of the Tenth European Conf. on Non-Destructive Testing, ECNDT, Moscow, Russia, 7–11 June 2010; Volume 1, p. 24. [Google Scholar]

	



de Mange, E.P. Overcoming Inspection Challenges with EMAT Robotic ILI Tools. In Proceedings of the CORROSION 2014, San Antonio, TA, USA, 9 March 2014. [Google Scholar]

	



Taylor, K.; Turner, S.; Goodfellow, G. A Case Study on the Application of Structural Reliability Analysis to Assess Integrity for Internal Corrosion of Unpiggable Pipelines. In Proceedings of the International Pipeline Conference, Calgary, AB, Canada, 26–30 September 2016; American Society of Mechanical Engineers: New York, NY, USA, 2016; Volume 50266, p. V002T07A010. [Google Scholar]

	



Li, Y.; Cai, R.; Yan, B.; Zainal Abidin, I.M.; Jing, H.; Wang, Y. A Capsule-Type Electromagnetic Acoustic Transducer for Fast Screening of External Corrosion in Nonmagnetic Pipes. Sensors 2018, 18, 1733. [Google Scholar] [CrossRef]

	



Li, Y.; Wang, Y.; Yan, B.; Cai, R.; Chen, Z.; Abidin, I.M.Z.; Jing, H. A Hybrid Model of Capsule-Typed Electromagnetic Acoustic Transducers for Inspection of Tubular Conductors. Int. J. Appl. Electromagn. Mech. 2019, 59, 1459–1467. [Google Scholar] [CrossRef]

	



Cho, S.-H.; Yoo, H.-R.; Rho, Y.-W.; Kim, H.-J.; Kim, D.-K.; Song, S.-J.; Park, G.-S. Feasibility Study on the Utilization of EMAT Technology for In-Line Inspection of Gas Pipeline. J. Magn. 2011, 16, 36–41. [Google Scholar] [CrossRef]

	



Zhang, X.; Cheng, J.; Liu, G.; Tu, J.; Wu, Q.; Liao, C.; Feng, S.; Song, X. Circumferential Shear Horizontal Guided Wave Crack Inspection of 3PE-Coated Pipes Based on a CNN. J. Nondestruct. Eval. 2022, 41, 1–13. [Google Scholar] [CrossRef]

	



Yang, L.-J.; Zhang, J.; Xing, Y.-H.; Gao, S.-W.; Xie, Z.; Fu, H.-W. Development of a Biaxial Grid-Coil-Type Electromagnetic Acoustic Transducer. Meas. Sci. Technol. 2020, 32, 25102. [Google Scholar] [CrossRef]

	



Shi, W.; Chen, W.; Lu, C.; Chen, Y. Interaction of Circumferential SH0 Guided Wave with Circumferential Cracks in Pipelines. Nondestruct. Test. Eval. 2021, 36, 571–596. [Google Scholar] [CrossRef]

	



Davies, J.; Cawley, P. The Application of Synthetic Focusing for Imaging Crack-like Defects in Pipelines Using Guided Waves. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2009, 56, 759–771. [Google Scholar] [CrossRef]

	



Xie, C.; Liu, T.; Pei, C.; Jin, Y.; Chen, Z. A New Longitudinal Mode Guided-Wave EMAT with Periodic Pulsed Electromagnets for Non-Ferromagnetic Pipe. Sens. Actuators A Phys. 2021, 331, 112991. [Google Scholar] [CrossRef]

	



Zhao, X.; Varma, V.; Mei, G.; Chen, H. In-Line Nondestructive Inspection and Classification of Mechanical Dents in a Pipeline with SH Wave EMATS. In Proceedings of the AIP Conference Proceedings, American Institute of Physics, Stanford, CA, USA, 5–8 February 2007; Volume 894, pp. 144–151. [Google Scholar]

	



Yin, J.; Lu, M.; de Gyvez, J.P. Full-Signature Real-Time Corrosion Detection of Underground Casing Pipes. IEEE Trans. Instrum. Meas. 2000, 49, 120–128. [Google Scholar]

	



Stawicki, O.; Beuker, T.; Ahlbrink, R.; Brown, B. Monitoring of Top of Line Corrosion with Eddy Current Technology Combined with Magnetic Flux Leakage Method. In Proceedings of the CORROSION 2010, San Antonio, TA, USA, 14–18 March 2010. [Google Scholar]

	



Stawicki, O.; Ahlbrink, R.; Schroeer, K. Shallow Internal Corrosion Sensor Technology for Heavy Pipe Wall Inspection. In Proceedings of the PPSA Seminar, Aberdeen, UK, 18 November 2009; Volume 18. [Google Scholar]

	



Huang, H.; Sakurai, N.; Takagi, T.; Uchimoto, T. Design of an Eddy-Current Array Probe for Crack Sizing in Steam Generator Tubes. Ndt E Int. 2003, 36, 515–522. [Google Scholar] [CrossRef]

	



Obrutsky, L.; Lepine, B.; Lu, J.; Cassidy, R.; Carter, J. Eddy Current Technology for Heat Exchanger and Steam Generator Tube Inspection. In Proceedings of the 16th WCNDT, Montreal, QC, Canada, 30 August–3 September 2004; Volume 30. [Google Scholar]

	



Takagi, T.; Huang, H.; Fukutomi, H.; Tani, J. Numerical Evaluation of Correlation between Crack Size and Eddy Current Testing Signal by a Very Fast Simulator. IEEE Trans. Magn. 1998, 34, 2581–2584. [Google Scholar] [CrossRef]

	



Yu, Z.; Fu, Y.; Jiang, L.; Yang, F. Detection of Circumferential Cracks in Heat Exchanger Tubes Using Pulsed Eddy Current Testing. NDT E Int. 2021, 121, 102444. [Google Scholar] [CrossRef]

	



Zhao, Y.; Qi, P.; Xie, Z.; Bai, P.; Chen, H.-E.; Xie, S.; Liao, S.; Chen, Z. A New Array Eddy Current Testing Probe for Inspection of Small-Diameter Tubes in Tokamak Fusion Devices. Fusion Eng. Des. 2020, 157, 111627. [Google Scholar] [CrossRef]

	



Krause, T.W.; Ross Underhill, P. Selecting the Correct Electromagnetic Inspection Technology. Adv. Mater. Lett. 2019, 10, 441–448. [Google Scholar] [CrossRef]

	



Geng, L.; Feng, Q.; Chang, J.; Huo, X.; Qu, J. Practical Application of Inline Inspection Tool With Combination of Eddy Current and Deformation Technology. In Proceedings of the Pressure Vessels and Piping Conference, Las Vegas, NV, USA, 17–22 July 2022; American Society of Mechanical Engineers: New York, NY, USA, 2022; Volume 86199, p. V005T09A013. [Google Scholar]

	



Reyno, T.; Underhill, P.R.; Krause, T.W.; Marsden, C.; Wowk, D. Surface Profiling and Core Evaluation of Aluminum Honeycomb Sandwich Aircraft Panels Using Multi-Frequency Eddy Current Testing. Sensors 2017, 17, 2114. [Google Scholar] [CrossRef]

	



Gloria, N.B.S.; Areiza, M.C.L.; Miranda, I.V.J.; Rebello, J.M.A. Development of a Magnetic Sensor for Detection and Sizing of Internal Pipeline Corrosion Defects. NDT E Int. 2009, 42, 669–677. [Google Scholar] [CrossRef]

	



Salama, M.M.; Nestleroth, B.J.; Maes, M.A.; Rodriguez, C.; Blumer, D. Characterization of the Accuracy of the MFL Pipeline Inspection Tools. In Proceedings of the International Conference on Offshore Mechanics and Arctic Engineering, Rio de Janeiro, Brazil, 1–6 July 2012; American Society of Mechanical Engineers: New York, NY, USA, 2012; Volume 44939, pp. 247–251. [Google Scholar]

	



Ramírez, A.R.; Mason, J.S.D.; Pearson, N. Experimental Study to Differentiate between Top and Bottom Defects for MFL Tank Floor Inspections. NDT E Int. 2009, 42, 16–21. [Google Scholar] [CrossRef]

	



Wang, H.; Yajima, A.; Liang, R.Y.; Castaneda, H. A Clustering Approach for Assessing External Corrosion in a Buried Pipeline Based on Hidden Markov Random Field Model. Struct. Saf. 2015, 56, 18–29. [Google Scholar] [CrossRef]

	



Hosokawa, Y.; Kajiyama, F. External Corrosion Risk Management for Aged Steel Pipelines Buried in High Consequence Areas. In Proceedings of the CORROSION, Houston, TA, USA, 3–7 April 2005. [Google Scholar]

	



Liu, B.; He, L.; Zhang, H.; Cao, Y.; Fernandes, H. The Axial Crack Testing Model for Long Distance Oil-Gas Pipeline Based on Magnetic Flux Leakage Internal Inspection Method. Measurement 2017, 103, 275–282. [Google Scholar] [CrossRef]

	



Kim, H.M.; Park, G.S. A Study on the Estimation of the Shapes of Axially Oriented Cracks in CMFL Type NDT System. IEEE Trans. Magn. 2014, 50, 109–112. [Google Scholar] [CrossRef]

	



Miller, S. Prediction of Dent Size Using Tri-Axial Magnetic Flux Leakage Intelligent Pigs. In Proceedings of the CORROSION, Nashville, TN, USA, 11–15 March 2007. [Google Scholar]

	



Babbar, V.; Bryne, J.; Clapham, L. Mechanical Damage Detection Using Magnetic Flux Leakage Tools: Modeling the Effect of Dent Geometry and Stresses. NDT E Int. 2005, 38, 471–477. [Google Scholar] [CrossRef]

	



Gao, M.; Krishnamurthy, R. Investigate Performance of Current In-Line Inspection Technologies for Dents and Dent Associated with Metal Loss Damage Detection. In Proceedings of the International Pipeline Conference, Calgary, AB, Canada, 17 September–1 October 2010; Volume 44205, pp. 615–626. [Google Scholar]

	



Wang, H.; Zhu, X.; Fang, Y.; Zhang, H.; Zhang, S. Study on the Detection Arm Accuracy of a Leaf Spring Caliper for Detecting Internal Convex Defects in Gas Pipelines. Meas. Sci. Technol. 2018, 29, 85901. [Google Scholar] [CrossRef]

	



Di Lullo, A.; Tasso, A.; Cocuzza, M.; Pirola, M.; Canavese, G. A Novel Fully Plastic Caliper Pig for Low-Risk Pipeline Inspection-Design, Characterization and Field Test. In Proceedings of the Abu Dhabi International Petroleum Exhibition and Conference, Abu Dhabi, United Arab Emirates, 10–13 November 2014. [Google Scholar]

	



Sawaryn, S.J.; Pattillo, P.D.; Brown, C.; Schoepf, V. Assessing Casing Wear in the Absence of a Baseline Caliper Log. SPE Drill. Complet. 2015, 30, 152–163. [Google Scholar] [CrossRef]

	



Braun, J.; Clouston, S. Detection and In-Field Verification of Potential Pipeline Expansion Due to Low Yield Strength Pipe in High Strength Line Pipe. In Proceedings of the International Pipeline Conference, Calgary, AB, Canada, 27 September–1 October 2010; Volume 44205, pp. 573–581. [Google Scholar]

	



Alexander, C. Evaluating the Effects of Ovality on the Integrity of Pipe Bends. In Proceedings of the International Pipeline Conference, Calgary, AB, Canada, 24–28 September 2012; American Society of Mechanical Engineers: New York, NY, USA, 2012; Volume 45134, pp. 791–803. [Google Scholar]

	



Hafez, K.M. The Role of a Plain Dent on the Failure Mode of a Crude Oil Pipeline. Eng. Fail. Anal. 2021, 122, 105291. [Google Scholar] [CrossRef]

	



Constant Oil Spills Devastate Russia. Available online: https://www.seattletimes.com/nation-world/constant-oil-spills-devastate-russia/ (accessed on 24 March 2022).

	



Damaged Peru Pipeline Leaks 3,000 Barrels of Oil into Amazon Region. Available online: https://www.theguardian.com/world/2016/feb/23/damaged-peru-pipeline-leaks-3000-barrels-of-oil-into-amazon-region (accessed on 24 March 2022).

	



Calgary Floods Trigger an Oil Spill and a Mass Evacuation. Available online: https://grist.org/climate-energy/calgary-floods-trigger-an-oil-spill-and-a-mass-evacuation/ (accessed on 24 March 2022).

	



Parfomak, P.W. Keeping America’s Pipelines Safe and Secure: Key Issues for Congress (CRS Report No. R41536). Available online: https://fas.org/sgp/crs/homesec/R41536.pdf (accessed on 24 March 2022).

	



Kowalewski, R. Pipeline Integrity Management: An Evaluation to Help Improve PHMSA’s Oversight of Performance-Based Pipeline Safety Programs; U.S. Department of Transportation: Washington, DC, USA, 2013.

	



Siler-Evans, K.; Hanson, A.; Sunday, C.; Leonard, N.; Tumminello, M. Analysis of Pipeline Accidents in the United States from 1968 to 2009. Int. J. Crit. Infrastruct. Prot. 2014, 7, 257–269. [Google Scholar] [CrossRef]

	



Papadakis, G.A. Major Hazard Pipelines: A Comparative Study of Onshore Transmission Accidents. J. Loss Prev. Process Ind. 1999, 12, 91–107. [Google Scholar] [CrossRef]

	



Intelligent Pigging Market. Available online: https://www.marketsandmarkets.com/Market-Reports/intelligent-pigging-market-253211433.html (accessed on 5 January 2023).








[image: Sustainability 15 02783 g001 550] 





Figure 1. Classification of smart pigs [32]. 
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Figure 2. Percentages of oil pipeline failure types [55]. 






Figure 2. Percentages of oil pipeline failure types [55].



[image: Sustainability 15 02783 g002]







[image: Sustainability 15 02783 g003 550] 





Figure 3. The working principle of a UT sensor. 
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Figure 4. The working principle of an EMAT sensor. 
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Figure 5. The working principle of an EC sensor. 
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Figure 6. The working principle of an MFL sensor. 
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Figure 7. The working principle of an MC sensor. 
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Figure 8. Barrels spilled per billion barrel-miles between 2010 and 2020. 
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Table 1. Detection capabilities of the basic ILI sensors.
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Tool Type

	
Metal Loss

	
Cracking

	
Geometric Deformation




	

	
Internal Corrosion

	
External Corrosion

	
Axial Crack

	
Circumferential Crack

	
Dent

	
Ovality






	
UT

	
* [166,167,168]

	
* [167,168,169]

	
* [170,171,172]

	
* [173,174,175]

	
* [176,177,178]

	




	
EMAT

	
* [179,180,181]

	
* [182,183]

	
* [184,185,186]

	
* [187,188,189]

	
* [107,190]

	




	
EC

	
* [191,192,193]

	

	
* [194,195,196]

	
* [197,198]

	
* [199,200,201]

	




	
MFL

	
* [202,203]

	
* [204,205,206]

	
* [207,208]

	

	
* [209,210]

	




	
MC

	

	

	

	

	
* [211,212,213]

	
* [214,215,216]








* indicates capability.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 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
Encoder .

Mechanical Spring
Arm System
Convex

!

Anomaly






media/file4.png
Third party
33%

Others
1%

Natural
4%

Operational /

7%





nav.xhtml


  sustainability-15-02783


  
    		
      sustainability-15-02783
    


  




  





media/file16.png
Barrels Spilled per billion Barrel-Miles

16
14
12

10 ¢

0
2010

2011 2012 2013 2014

—fll— Barrels Spilled per billion Barrel-Miles

2015

Year

2016 2017

eee==== Trend Line

2018

2019

2020





media/file2.png
Classification of the smart pigs

Basis of
problem
category

Basis of type of

material flow

Basis of
application

- Dents

- Cracks

- Corrosion
- Route
surveying
- Loss of
coating

- Ol

- Gas

- Water and
wastewater
- Chemicals

Basis of speed el
technology

- Less than 3 - MFL

MPH - EMAT

-3to 5 MPH - Internal

- Above 5 MPH navigation or

global
positioning
system

- Onshore
- Offshore






media/file5.jpg
ut
Probe

Internal
Anomaly






media/file3.jpg
Third party
33%

Others
1% T35

Natural
4%

Operational /
7%





media/file1.jpg
Classification of the smart pigs

Basis of
Basis of type of Basis of Basis of
problem Basis of speed
Sy material flow technology. application
~Dents oil Less than 3 ML Onshore.
Cracks Gas MPH -EMAT Offshore:
~Corrosion Water and 3t05 MPH Internal
Route wastewater - Above 5 MPH navigation or
surveying Chemicals global
~Loss of positioning.
coating. system






media/file7.jpg
EMAT
ol Circuit






media/file10.png
pemmmm—a,

- -

..

Coil’s Magnetic

Field

.-rn..-n‘:-o‘.\\
-.:-----..‘.---u.--‘-\
:a..-a:---l‘-n.:----. e

Eddy Current's

Magnetic Field

Eddy
Currents






media/file12.png
Leakage
Flux

Magnetic
Flux






media/file9.jpg
Coil's Magnetic
Field

Eddy Current’s
Magnetic Field

YR

Eddy
Currents






media/file0.png





media/file14.png
Encoder

Mechanical
Arm

Spring
System

Convex
Anomaly






media/file8.png
EMAT
Coil Circuit

Eddy

Ultrasonic

\ Currents Wa ve \
\ Magnetic / \
\ Field | \ /
\ / \ :
\ / ¥
\ 1’ i
\ (\f\)
\ [’
\ /
\ /
\\ | Internal
\ II Anomaly
\
\ ,’
\
Vi
\






media/file11.jpg
Magnetic
Flux






media/file6.png
UT
Probe

/

\ I

Anomaly
\ /
\y






media/file15.jpg
‘Barrels Spilled per billion Barrel-Miles

o
00 on o w05 0w 205 206 o0 o 01 200
Year

88— Barrels Spilled per billion Barrel-Miles.






