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Abstract
The inspection of corrosion under insulation (CUI) has been identified as a significant challenge
in the petroleum and chemical process industries. As some of the most effective strategies,
pulsed eddy current (PEC) techniques have proved effective for the measurement of the CUI of
pipelines. In this paper, we propose a circular-arc array (CAA) to improve the measurement
efficiency for the PEC inspection of thermally insulated pipelines. Based on the PEC system
model for inspecting the CUI of pipelines, the magnetic field distribution of the CAA with
multiple excitors was investigated. It is shown that the coverage of induced magnetic field gets
much larger than that of the single excitor to realize high-efficiency measurements. Moreover, a
sparsely distributed receiver array is designed to further improve the signal-to-noise ratio by
eliminating the waviness effect due to multiple excitors. Finally, experiments were conducted,
and the results demonstrated the effectiveness of the proposed method for the inspection of
thermally insulated pipelines.

Keywords: corrosion under insulation, pulsed eddy current, inspection, circular-arc array,
thermally insulated pipeline

(Some figures may appear in colour only in the online journal)

1. Introduction

In the petroleum and chemical process industries, the detec-
tion of corrosion under insulation (CUI) of pipelines has been
extensively investigated with increasing safety concerns. This
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is because CUI can result in sudden and hazardous leaks, as
well as plant shutdowns with a significant decrease in produc-
tion volumes [1–4]. Several techniques have been developed
for detecting various defects in pipelines, such as the visual
method [5], radiography [6], ultrasonic guided waves [7, 8],
microwaves [9, 10], and eddy current testing [11–14]. Among
them, pulsed eddy current (PEC) testing [13, 14], a different
form of the eddy current-based technique, is well-known and
widely accepted for its noncontact characteristic and poten-
tially large lift-off distance.

Extensive studies on the application of the PEC technique
in the CUI inspection of pipelines have been conducted to
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improve the inspection performance for metal pipes [15–22].
Fundamental studies of the analytical and numerical solutions
of PEC testing of layered structures have been undertaken in
[15, 16]. A three-dimensional finite element model of pipeline
corrosion defects was established in [17, 18], and the distribu-
tions of the current and induced magnetic fields in the pipeline
under various defect volumes were simulated. The inner wall
flows in the pipe under insulation were detected using the
PEC testing method [19], in which a conventional coil probe
was used. To enhance the sensitivity of the PEC inspection, a
probe consisting of a circular excitation coil and a differential
detector was used to inspect the thinning of the pipes’ walls
through insulation and cladding. The differential detector
could avoid the storage of the reference signal before starting
the measurements [20]. Additionally, two different sensors, a
hall sensor and a search coil sensor, were employed as detect-
ors to confirm the thickness change due to wall thinning in
[21]. Another approach involves using a PEC probe consist-
ing of a circular excitation coil and an anisotropic magneto-
resistive sensor-embedded differential detector to measure the
time-varyingmagnetic field signals on the axisymmetric excit-
ation coil’s axis [22]. Based on the above methods, PEC tech-
niques have been demonstrated to be one of the most effective
strategies for the inspection of the CUI of pipelines. However,
the effective coverage area is limited in the circumferential
direction, and many duplicate measurements are needed for
the all-around inspection of the pipe, which may lead to a low
inspection efficiency for long-distance oil and gas pipelines.

Considering the requirement of a high inspection efficiency
of the CUI of pipelines, the most straightforward approach
is to increase the coverage area by using multiple excitors
and multiple receiver array. The advances in the eddy cur-
rent array coil design [23, 24] have improved the inspection
speed and promoted accurate depth sizing of cracks, offering
additional benefits, such as state-of-the-art imaging, improved
surface coverage, and ease of data archiving. For various
pipeline-inspection approaches, the use of multiple excita-
tions and receiving sensor arrays has been demonstrated to
be effective for improving both the inspection efficiency and
resolution [25–28]. For the inspection of thermally insulated
pipelines, the magnetic field distribution of the multiple excit-
ations will become complex or even un-homogeneous because
of the large lift-off distance of the insulation layer, which may
affect the inspection performance [29]. With a pipe-encircling
excitation [29], a giant magnetoresistance (GMR) sensor array
was employed to detect the CUI. However, pipe-encircling
excitation is difficult to implement in practical applications
because of the high excitation current.

In this paper, a circular-arc array (CAA) with multiple
excitors and sparsely distributed receivers for the high-
efficiency PEC inspection of thermally insulated pipelines
is presented. Based on the PEC model for inspection of
CUI, we proposed a CAA along the circumference direc-
tion of the pipeline to realize high-efficiency measurements
with a pipeline-inspection crawler and a data-acquisition cir-
cuit. Moreover, a sparsely distributed CAA structure was
designed to eliminate the effect of waviness distribution of
magnetic field due to multiple excitors. The effectiveness of

the proposed systemwas verified by applying it to experiments
to inspect metal pipes with different defects.

2. PEC inspection model for thermally insulated
pipelines

The structure of the PEC system for the inspection of pipelines
with thermal insulation is illustrated in figure 1(a), and the
ZOX cross-section is schematically described in figure 1(b).
The excitation coil is wound around the magnetic core and
positioned outside the pipe. We assumed that the diameter
of the pipe is significantly larger than that of the excitation
coil. Thus, the coaxial-layered test object can be regarded as a
parallel-layered structure, where the excitation coil is normal
to the surfaces of each layer with heights of h1 and h2 above
the first layer from the upper and lower bounds, respectively.
Therefore, as shown in figure 1(c), the PEC system model can
be simplified into four layers, including cladding, insulation
layer, pipeline, and air. Further, the excitation coil’s vertical
axis is set as the z-axis [22], and the z-axis coordinates of
each layer are represented as h3–h6. σi and µi (i = 1, 2, 3) are
conductivity and relative magnetic permeability of each layer,
respectively.

By supplying a pulsed current signal to the excitation coil,
as shown in figure 1(d), the eddy current field relating to
the electrical and geometry parameters of each layer can be
obtained after cutting off the excitation. The effect of thermal
insulation can be ignored in the CUI inspection process by
considering the large conductivity difference, although the
thickness of the thermal insulation layer should be considered
in relation to the large lift-off distance. When a corrosion
defect occurs in the pipeline, the secondary magnetic field
changes with the pipe thickness.

To further investigate the thermally insulated pipeline
inspection, we conducted simulations to calculate the mag-
netic field distribution of the pipelines. In the simulation, the
geometrical structure is the same as that in figure 1(c) with
metal pipe, thermal insulator and cladding from inner to outer,
and the electrical parameters of each layer used in simulation
are listed in table 1.

The insulation and the interior of the pipeline were assumed
to be nonconductive and nonmagnetic. The number of turns of
the excitation coil was set to 600. By supplying a ramp signal
with an excitation current of 1 A and a turn-off time of 30 µs,
the magnetic field distributions for a standard 6-inch pipe with
an insulation layer thickness of 60 mm at sampling times of
5 ms and 10 ms were obtained and are shown in figure 2.

As shown in figure 2, with an early sampling time (after
excitation turned-off) of 5ms, themagnetic field focused on all
the excitor, cladding and metal pipe, except the insulations. As
a comparison, with a late sampling time of 10ms, the eddy cur-
rent diffused and focused mainly on the metal pipe, while the
eddy-current field on the cladding is too weak to be observed.
Thus, the magnetic field induced by the excitor can reflect the
CUI of metal pipes at late sampling time more clearly, even
with such a large lift-off distance due to the thickness of the
insulation layer. Using this eddy-current property, the CUI
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Figure 1. PEC system for a thermally insulated pipeline.

Table 1. Parameters used in simulation.

Test
object Material Thickness

Electrical
parameter

Cladding Aluminum
alloy

0.5 mm σ1 = 38MSm−1,
µ1 = 1

Insulation / 60 mm σ2 = 0, µ2 = 1
Pipeline Carbon

steel
7 mm σ3 = 5 MS m−1,

µ3 = 100

inspection of pipelines can be realized effectively. However,
the effective coverage area of such a single excitor is limited
in the circumferential direction. Consequently, many duplicate
measurements in the circumferential direction are required for
the all-around inspection of the pipe, which may lead to a low
efficiency for long-distance oil and gas pipelines.

3. CAA for PEC inspection of thermally insulated
pipelines

3.1. PEC inspection system for thermally insulated pipelines

To improve the inspection efficiency for practical applications,
we investigated the principle of CAA for the PEC inspection of
thermally insulated pipelines. The corresponding PEC inspec-
tion system with a pipeline-inspection crawler for realizing
the motion measurement and a data-acquisition circuit for the
CAA is shown in figure 3.

The PEC system for the CUI inspection of thermally
insulated pipelines is composed of an automatic pipeline-
inspection crawler and a circular-arc PEC array, as shown in
figure 3(a). The automatic pipeline-inspection crawler com-
prises a motor, a gear, a fixed block, a connecting plate, an
adjusting rod, and a centralizer wheel, as shown in figure 3(b).
The measurement direction was controlled by a motor, and the
inspection range of the crawler could be changed by adjust-
ing the rod to meet the inspection requirements of pipelines
with different sizes. Figures 3(c) and (d) show the CAA struc-
ture (taking five excitors and fifteen receivers as an example)
and the corresponding PEC circuits for the CUI inspection of

Figure 2. Magnetic field distribution of a single excitor at sampling
times of 5 ms and 10 ms.

Figure 3. Mechanical structure of the PEC inspection system.

pipelines, respectively, which are designed to realize the excit-
ation, acquisition, and processing of the received CAA signals.
In this paper, we use a miniature GMR sensor (AAH002-02)
array from the NVE corporation [30] as the receiver. At the
excitation end, to avoid mutual electromagnetic interference
in the case of individual excitation of each PEC array, the
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Figure 4. Expansion structure diagram of the circular-arc PEC
array with multiple excitors and multiple receivers.

Figure 5. Magnetic field distribution of a circular-arc PEC array at
a sampling time of 10 ms.

excitors were excited simultaneously. Note that the inspection
of thermally insulated pipelines with different sizes and lift-
off distances could be realized by adjusting the spacing of the
circular-arc PEC array, as shown in figure 3(c).

3.2. CAA with multiple excitors and multiple receivers

To further investigate the CAAwithmultiple excitors andmul-
tiple receivers, we created a diagram of the CAA structure,
which is shown in figure 4.

The circular-arc PEC array comprises M excitors with an
azimuth interval of ∆φ, and N GMR sensors in the cover-
age area of the M excitors, which forms a CAA in the cir-
cumferential range of the pipe. The number of excitors can
be increased or decreased to cover different circumferential
ranges of the thermally insulated pipeline. We considered five
excitors (termed as T1, T2, T3, T4, and T5) with the ele-
ment space (∆φ) of 20◦ as examples. They were uniformly
distributed on a circular-arc around the pipe. The azimuths of
the excitors were −40◦, −20◦, 0◦, 20◦, and 40◦, respectively.
Figure 5 shows the magnetic field distribution of the circular-
arc PEC array for a standard 6-inch pipe with an insulation
layer thickness of 60 mm with a sampling time of 10 ms.

Figure 5 shows that the effective coverage area of the mag-
netic field induced by the circular-arc PEC array increases with
the number of excitors. Notably, the coverage ofmagnetic field
is considerably larger than that of the single excitor shown in

figure 2(b), even with an insulation layer thickness of 60 mm
(the lift-off distances). Using this property, duplicate meas-
urement times in the circumferential direction can be signific-
antly reduced for the all-around inspection of the pipe, and the
inspection efficiency can be substantially improved compared
to that of the single excitor.

4. Design of sparse CAA

As shown in section 3, the CAA-based PEC system can
improve the CUI inspection efficiency of thermally insulated
pipelines. However, the distribution of magnetic field may
be more inhomogeneous due to the use of multiple excitors.
In this Section, we will further optimize the CAA structure
to improve the inspection performance. We assumed that the
excitation currents for all the excitors are identical. Taking a
6-inch pipe with an insulation layer thickness of 60 mm as
an example, the magnetic field in the layer of GMR sensors
at sampling time of 10 ms for the three cases, including the
single excitor and the CAA with excitor intervals of 20◦ and
40◦, are compared in figure 6.

Figure 6 shows that the coverage area of magnetic field
of the excitor array in the circumferential direction of the
pipelines is larger than that of the single excitor. Additionally,
five peaks correspond to the five excitors, even though the
interval of 20◦ is sufficiently small for neighboring excitors to
interact with each other. This is because the observation posi-
tions are all outside the insulator with a large lift-off distance.
These positions are far from the metal pipes, where the eddy
current field appears to be wavy. On the one hand, this wavi-
ness effect of the multiple excitors will aggravate the nonuni-
formity distribution of the magnetic field. On the other hand,
the data collected in the sunken area will introduce great errors
as well as low SNR because of the too-small value.

Considering the wavy shape of the eddy current field, it
would be detrimental to set the GMR sensors at the sunken
position of the magnetic field. Moreover, the waviness effect
will make the gain of each element of the GMR sensors array
quite different, thus complicating the CUI inspection process.
As a solution, we chose to set the GMR sensors right under
each excitor with respect to the several peaks. This forms a
sparsely distributed GMR sensors array that ensures only the
magnetic field peaks can be collected and the sunken area is
avoided. Taking a CAA with five excitors as an example, the
densely, sparsely and uniformly distributed receiving GMR
sensors array structures are shown in figure 7.

As shown in figure 7, there exist three kinds of CAA,
including the densely, sparsely, and uniformly distributed
GMR sensors array. The dense CAA consists of 29 GMR
sensors with receiver interval of ∆α that are densely distrib-
uted under the layer of excitors, where the definitions of the
excitor interval are the same as those in figure 4. As a compar-
ison, the sparsely distributed GMR array consists of 15 GMR
sensors of the total 29 GMR sensors, with index of {2,3,4;
8,9,10; 14,15,16; 20,21,22; 26,27,28}, which can be divided
into five groups with respect to five excitors. The receiver
interval within each group is still the same as ∆α, and the
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Figure 6. Comparison of the magnetic field distribution produced
by different types of excitors.

Figure 7. Comparison of the densely, sparsely and uniformly
distributed GMR sensors array structures.

space between the last GMR element of the front group and the
first GMR element of the latter group is ∆θ, then the follow-
ing relationship should exist: ∆θ≫ ∆α. Note that the common
15 GMR sensors of the sparsely and densely distributed CAA
array are located right under the five peaks with respect to the
5 excitors; while the other 14 GMR sensors in the densely dis-
tributed array appear at the sunken area of the magnetic field.
In practice, although the use of 14 GMR sensors located in
the sunken area may offer higher resolution, it is not cost-
effective to cover the sunken area by considering the complex-
ity of mechanical and electronic structures. For example, the
installations of the 6th, 12th, 18th, 24th GMR sensor are quite
inconvenient since they are located in the blank position of
the detector mechanical structure. Moreover, without loss of
generality, we should use the same number of receivers to fur-
ther analyze the difference between the sparse and other kinds
of arrays. Specifically, we compared the sparse CAA with a
uniformly distributed structure, where the uniform CAA array
consists of 15 GMR sensors with index of {1; 3; 5; 7; 9; 11; 13;
15; 17; 19; 21; 23; 25; 27; 29} as shown in figure 7. It is obvi-
ous that the uniform array elements with interval of ∆β are
located in both peak and sunken areas, and the signal strength
of GMR sensors in sunken area will be too small to obtain
enough SNR for corrosion inspection.

Table 2. Parameters of the simulation and experiment.

Parameter Value

Width of each excitor 25 mm
Length of each excitor 30 mm
Height of each excitor 25 mm
Number of the excitors 5
Interelement angle of excitors 20◦

Number of turns for each excitor 600
Number of the GMR sensors 15
Interelement angle ∆β of the GMR sensors
in the uniform CAA

6.2◦

Angle ∆α of the GMR sensors in the sparse
CAA

3.1◦

Angle ∆θ of the GMR sensors in the sparse
CAA

12.4◦

Outer diameter of the pipelines 152.4 mm
Thickness of the insulation layer 60 mm

Figure 8. Assembled sparse CAA-based PEC inspection system.
(a) Automatic pipeline-inspection system. (b) Probe structure.

5. Experimental results

The validity of the proposed CAA-based PEC inspection sys-
tem for thermally insulated pipelines was confirmed by exper-
iments, and the parameters of which are the same as those
employed for the simulations in the previous sections, as listed
in table 2.

Figure 8 shows the assembled CAA-based PEC system
for the CUI inspection of the pipelines, corresponding to
the information in figure 3. The system comprises an auto-
matic pipeline-inspection crawler and a detector. As shown in
figure 8(a), a standard 6-inch pipeline was inspected, which
was wrapped with a 60-mm insulation layer (rock wool), and
a layer of thin aluminum plate (0.5 mm) was wrapped out-
side the insulation layer. Figure 8(b) shows one of the five
probes described in our simulation and experiments, compris-
ing one excitor and three GMR sensors with dimensions of
30 mm × 25 mm × 25 mm and 6.2 mm × 5 mm × 1.3 mm,
respectively. Note that each of the five excitors in figure 8(a)
was excited at a current of 1 A.

In our experiments, six corrosion defects with respect to
three types (holes, rings, and cracks) in the standard six-
inch pipeline were inspected to verify the performance of the
proposed CAA-based PEC inspection system for thermally
insulated pipelines. Figure 9 shows six corrosion defects,
termed Hole-1, Hole-2, Ring-1, Ring-2, Crack-H, and Crack-
V, respectively, where the centers of the defects are all in the
middle of each pipeline.
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Figure 9. Diagram of the measured pipelines with corrosion defects
from −90◦ to 90◦.

Considering the Hole-1, Hole-2 defects and the position
without defect as examples, figure 10 shows the experimental
results of a single excitor and multiple excitors (uniform and
sparse CAAs) for all sampling times. In figure 10, the middle
of the hole defects in circumferential direction are assumed
to be aligned with the 8th GMR sensor that is in the middle
of the CAA, which is considered as the ideal case. For the
single excitor case in figure 10(a), only the middle (the third
of the CAA) excitor was excited with a current of 1 A, and the
responses of the 8th GMR sensor for the single and multiple
excitor cases are compared.

As shown in figure 10(a), the response curves with single
excitor and multiple excitors are similar for two type of
hole defects, which demonstrated the effectiveness of multiple
excitors for the inspection of CUI. Additionally, figures 10(b)–
(d) compare the responses of all 15 GMR sensors of the sparse
CAA for each case. As shown in figure 10(b), all 15 curves are
much similar, which indicates no defects exist in the pipe, and
the little differences between each GMR sensor are caused by
the waviness effect due to the multiple excitors. As compar-
isons, the 15 curves in figures 10(c) and (d) appear great dif-
ference corresponding to the several GMR sensors nearby the
8th one of the sparse CAA, while the others stay almost the
same as the figure 10(b). Obviously, the differences between
different GMR sensors in figures 10(c) and (d) is mainly
caused by the hole defects, which facilitate the inspection of
the defects, because the outputs of the GMR sensors near the
holes in figures 10(c) and (d) changedmore noticeably as com-
pared with the case of the pipeline without defects shown in
figure 10(b). As a result, it can be indicated that the hole defect
exists around the 8th (middle) GMR sensor, and figure 10(c)
has a larger defect than figure 10(d). Using this property, the
CUI inspection can be realized more efficiently by using the
CAA structure with larger coverage area of magnetic field.
Notably, by choosing proper sampling times, it is possible to
improve the performance of the CAA-based PEC inspection
system for thermally insulated pipelines. The optimization of
the sampling times will be addressed in our future work. As
a comparison shown in figures 10(e) and (f), the 15 curves of
15 GMR sensors of the uniform CAA corresponding to Hole-1
andHole-2 are much different from the sparse CAA, where the
waviness effect plays more important role to have influence on
the GMR sensor outputs. Specifically, the GMR sensors (1st,
3rd, 4th, 6th, 7th, 9th, 10th, 12th, 13th, 15th of the uniform
array) located at the sunken area show lower output values
than the GMR sensors with the same index in the sparse array

Figure 10. Experimental results of the sparse and uniform CAAs.
(a) The 8th GMR sensor output for the single and multiple excitor
cases for different pipeline defects. (b) The output of the sparse
CAA for the pipeline without defects. (c) The output of the sparse
CAA for Hole-1. (d) The output of the sparse CAA for Hole-2.
(e) The output of the uniform CAA for Hole-1. (f) The output of the
uniform CAA for Hole-2.

as shown in figures 10(c) and (d), which will make the inspec-
tion of the defects more complicated.

To further investigate the inspection performance of the
sparse CAA, we took the data with sampling time of 10 ms
as examples, and figures 11 and 12 compare the imaging res-
ults of the original outputs of the PEC inspection system using
uniform and sparse CAAs described in section 4 for the exper-
imental pipeline structure, respectively.

Similar to figure 10, in figures 11 and 12, the middle of the
hole and crack defects in circumferential direction are aligned
with the 8th GMR sensor that is in the middle of the CAA.
We can observe that there exist six types of ‘nulls’ that cor-
respond to the six corrosion defects in figure 9. And the main
differences between uniform and sparse CAAs in the imaging
results for all types of corrosion defects are the SNR of the
image in part of the GMR sensor channels that correspond to
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Figure 11. Inspection results of the uniform CAA for different
corrosion defects. (a) Inspection result for Hole-1. (b) Inspection
result for Hole-2. (c) Inspection result for Ring-1. (d) Inspection
result for Ring-2. (e) Inspection result for Crack-H. (f) Inspection
result for Crack-V.

the sunken area. Specifically, the imaging shapes of the sparse
CAA for asymmetry corrosion defects are more regular and
easier to be identified than those of the uniform CAA. This is
mainly because of the increase of the signal strength. Notably,
although the sparse CAA can effectively identify the pipeline
defects under the insulation layer, the inspected shapes in
figure 12 are greater than the actual shapes because of the
existence of a large lift-off distance from the thermal insula-
tion layer.

Without loss of generality, since the GMR sensor may not
always be the ideal case that align with the middle of the corro-
sion defects in practice, by still considering the two hole-type
defects as examples, we compared the inspection results of
uniform and sparse CAAs for the worst-case scenario, where
the defect center is located in the middle of the two GMR

Figure 12. Inspection results of the sparse CAA for different
corrosion defects. (a) Inspection result for Hole-1. (b) Inspection
result for Hole-2. (c) Inspection result for Ring-1. (d) Inspection
result for Ring-2. (e) Inspection result for Crack-H. (f) Inspection
result for Crack-V.

sensors (taking the hole defects at the middle of GMRs 6 and
7 as examples). The imaging results of the uniform and sparse
CAAs are compared in figure 13.

Compared with figures 11 and 12, the positions of the
hole defects in the imaging results of figure 13 derivate from
the center to left due to the displacement of the hole center.
Although the imaging results suffer a significant performance
decrease and appear to be changed in the defect shapes, the
outputs of the sparse CAA in figures 13(c) and (d) are more
clear to identify the corrosion defects than that of the uniform
CAA in figures 13(a) and (b) due to the improvement of SNR
in part of the GMR sensor channels that correspond to the
sunken area. Specifically, the SNR can be improved because
of the increased signal strength benefitted by the sparsely dis-
tributed structure, so that the influence of the waviness effects
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Figure 13. Inspection results for the hole defects in the worst-case
scenario. (a) Inspection result of the uniform CAA for Hole-1.
(b) Inspection results of the uniform CAA for Hole-2. (c) Inspection
result of the sparse CAA for Hole-1. (d) Inspection results of the
sparse CAA for Hole-2.

on the shape distortion due to the multiple excitors can still
be well reduced. Notably, since the thickness of insulation
layer (60 mm) is much larger than the inter-element distance
of the GMR sensors array (about 7 mm), the differences of dis-
tances between the defect center to the neighbor GMR sensors
become very small. As a result, the relative position of GMR
sensors and excitors with respect to the peaks and sunkens
will play a much more important role than that of the GMR
sensors and defects. Furthermore, even though more GMR
sensors may offer more information, it is not cost-effective to
cover the sunken area due to the complexity of mechanical and
electronic structures. For example, the installation of the 6th,
12th, 18th, 24th GMR sensor is quite inconvenient since they
are located in the blank position of the detector mechanical
structure. In the case of the same number of receivers are used
for the CAA-basedmultiple excitors structure, the sparse CAA
can offer higher SNR, and the resolution will not be signific-
antly affected as compared to the uniform CAA structure.

6. Conclusion

In this study, a sparse CAA-based PEC inspection system
for thermally insulated pipeline to improve the measurement
efficiency was designed. Based on the PEC model, multiple
excitors were employed to synthesize magnetic fields in a
large range around the pipelines, and an automatic pipeline-
inspection crawler, as well as the corresponding circuits, were

also developed. Moreover, we designed a sparsely distributed
receiver CAA structure to eliminate the waviness distribution
of the eddy current fields due to the multiple excitors, where
the SNR of the CAA-based PEC inspection system can be sig-
nificantly improved. Simulations and experiments on stand-
ardized oil-well casings with several defects demonstrated the
effectiveness of the proposed system.
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