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Abstract

Metal pipelines, when subjected to prolonged service in complex working envi-
ronments, are highly susceptible to defects such as corrosion and cracks, which
pose significant threats to the safe operation of pipeline systems. Pulsed eddy
current testing (PECT), as an emerging non-destructive testing method, offers no-
table advantages including rapid detection speed, high sensitivity, strong reliabil-
ity, and non-contact inspection, demonstrating broad application prospects in the
field of metal pipeline defect detection. This paper, based on finite element simu-
lation analysis, establishes a PECT simulation model for metal pipeline defects. It
investigates the influence of key factors in excitation signal parameters and coil
structure parameters on the detection signals, elucidates the relationship between
these parameters and detection effectiveness, and provides theoretical founda-
tions and technical references for the optimal design of PECT system parameters
and practical engineering applications.

Keywords
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1. Introduction

Metal pipelines are widely utilized in industries such as petrochemicals, energy and
power, aerospace, and more. Due to their complex operating conditions, they are
highly prone to defects such as corrosion and cracks, which can lead to economic
losses and even environmental pollution. Currently, common non-destructive test-
ing (NDT) methods for detecting defects in metal pipelines include ultrasonic test-
ing(Ghavamian et al,, 2018; Nagy, Simonetti, & Instanes , 2014) (UT), radiographic
testing(Li, He, & Li. 2024; Li, Wang, & Zhang, 2019)(RT), magnetic particle test-
ing(Azzura et al.,,2019; Wang et al., 2023)(MT), and eddy current testing(Zhang et al.,
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2019)(ECT). Compared to other methods, eddy current testing offers advantages
such as low cost, harmlessness to humans, and the absence of radioactive sources.
As a derivative method of eddy current testing, pulsed eddy current (PEC) demon-
strates higher detection efficiency and faster inspection speed. By employing square
waves as excitation signals, PEC(Cheng, Xu, & Li, 2021; Fang, Shen & Xiong, 2024;
Mardaninejad, Safizadeh, 2019)provides richer time-frequency domain information,
enabling the detection of more defect details, and thus is widely applied in the in-
spection of metallic materials.

In pulsed eddy current testing, the excitation signal parameters and the perfor-
mance of the probe, as the core components of the detection device, directly influ-
ence the detection efficiency and accuracy. Therefore, a thorough investigation into
the impact of various parameters on the detection results is of significant im-
portance for applying pulsed eddy current to metal pipeline defect detection. Based
on this, this paper will utilize the COMSOL Multiphysics finite element analysis
software to establish a pulsed eddy current defect detection model for metal pipe-
lines. It will systematically explore the influence of multiple key parameters on de-
tection effectiveness, providing insights for the optimization design of parameters in

pulsed eddy current testing.

2. Theoretical basis of pulsed eddy current testing

Maxwell’s equations occupy a central position in the theoretical framework of elec-
tromagnetic fields, serving as the fundamental theoretical basis for all work in elec-
tromagnetism. Consequently, a thorough understanding of Maxwell’s equations is
essential for analyzing the detection mechanisms of pulsed eddy currents.

The differential form of Maxwell’s equations is mathematically expressed as follows:

—g. D
VxH =T+ (1-1)

-_98
VxE= & (1-2)
VD =p (1-3)
VB =0 (1-4)

In the equations, H represents the magnetic field intensity (A/m), ] denotes the cur-
rent density (A/m2), D is the displacement current vector within the conductor
(J/m2), E signifies the electric field intensity (V/m), B stands for the magnetic flux
density (T), and p represents the free charge density (C/m3). Specifically, Equation
(1-1) indicates that at any point in time and space, the circulation of the magnetic
field equals the sum of the current density and the time derivative of the displace-
ment current. Equation (1-2) states that the curl of the electric field is the time rate
of change of the magnetic flux density. Equation (1-3) demonstrates that the diver-
gence of the electric displacement field equals the charge density, reflecting that

electric charges are the source of the electric field. Equation (1-4) confirms that the
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magnetic field is source-free, affirming the closed nature of magnetic field lines.

To obtain the solutions of Maxwell’s equations, it is necessary to further supplement
the constitutive relations of the medium. For isotropic and linear media, the consti-
tutive relations are given by the following equations:

D=¢E (1-5)
B=uH (1-6)
J=cE (1-7)

In the equations, € represents the permittivity of the medium, p denotes the perme-
ability of the medium, and o signifies the conductivity of the medium.
By substituting Equations (1-5) through (1-7) into Equations (1-1) through (1-4),

the system of equations expressed in terms of field vectors can be further derived:

- %k
VxH=oE+s" (1-8)
—_,oH
VXE=-pu o (1-9)
vgE =2 (1-10)
VgH =0 (1-11)

Based on the aforementioned equations, it is theoretically feasible to calculate the
electromagnetic field distribution of any test specimen under various inspection
conditions. In pulsed eddy current testing, by specifying particular excitation signal
parameters and incorporating the intrinsic electromagnetic properties of the test
specimen, the overall magnetic field distribution within the inspected space can be
determined using the above equations. Consequently, the magnetic field distribution

can be further utilized to analyze the defect characteristics of the specimen.

3. Finite element simulation model

The COMSOL Multiphysics model for pulsed eddy current defect detection in metal
pipelines is established as illustrated in Fig.1 (the air domain and infinite element
domain have been hidden). Considering the symmetry of the pipeline, only half of
the pipe body was constructed during modeling to reduce computational load. The
complete model consists of a metal pipeline, an excitation coil, a sensing coil, and an
air domain. Specifically, a ferromagnetic pipeline was used to simulate the test pipe-
line, while a combination of the excitation coil and sensing coil was employed to
model the detection probe.

pipeline excitation coil

induction coil \ (
&
[ 1
(a) Model front view (b) Model top view
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Fig.1 Three-dimensional simulation model without defects

The key parameters of the solid models in the three-dimensional simulation are

summarized in Table 1.

Table 1 The key parameters of each solid model in the simulation model

model parameter

parameter declaration

model parameter

parameter declaration

Pipeline outer diam-
eter

178 mm

Pipeline inner diame-
ter

154 mm

Pipeline relative per-

Pipeline length 200 mm meability 150
Plpelme.ellectrlcal 4x10%6 S/m Out.er 41amet.er of 38 mm
conductivity excitation coil
Inner diameter of Thickness of excitation
o R 14 mm . 20 mm
excitation coil coil
Excitation coil turns 250 turns Wl.re dlar_neter of exci- 0.2 mm
tation coil
A1r relative permea- 1 Air domain diameter 400 mm
bility
Air electrical conduc- Outer diameter of
. 1S/m . . . 20 mm
tivity induction coil
Inner diameter of Thickness of induction
. . . 10 mm . 10 mm
induction coil coil
Induction coil turns 500 turns Wire diameter of in- 0.1 mm
duction coil
Coil vertical spacing 1 mm Probe lift-off distance 1 mm

In COMSOL Multiphysics, a unipolar square wave voltage is defined as the excitation
signal, with its amplitude, duty cycle, and frequency set to 10 V, 0.4, and 100 Hz, re-
spectively. The waveform of the generated excitation signal and the response wave-
form measured by the sensing coil under defect-free conditions are illustrated in
Fig2. For ease of analysis, the peak value of the positive induced voltage is adopted
for investigation in the subsequent sections.

T T T T T
10+ 4 3t 1
9+ 4
st 477 ]
7+ 1k B
6 1z
3 g
g st 1 2ot
S ar 12
3t {4 1
2+ 1 2 1
1+ 4
ot 4 3 1
. L L I | | 1 I . L
0.000 0.002 0.004 0.006 0.008 0.010 0.000 0.002 0.004 0.006 0.008 0.010
Time/s Time/s

(a) Excitation signal (b) Response signal

Fig.2 Excitation signal and response signal

4. Influence parameter analysis

To investigate the influence of various parameters on the detection effectiveness in
pulsed eddy current testing, multiple sets of simulation experiments were conduct-
ed under both defect-free and defective conditions based on the initial parameters
described earlier, utilizing the control variable method. For the defective experi-
ments, a rectangular groove with a width of 14 mm and a depth of 4 mm was con-
sistently set to represent the surface defect of the pipeline. During detection, the

probe was positioned vertically and directly aligned with the center of the defect, as
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illustrated in Fig.3.

Fig.3 Simulation model of pipeline with defects

4.1. Influence of excitation signal parameters

1) The influence of excitation signal amplitude on the detection results

The amplitude of the excitation signal was varied from 5 V to 30 V, and simulation
experiments were conducted under both defect-free and defective conditions. The
measured induced voltage signals and excitation currents are shown in Fig.4. Here,
“def” represents the detection results under defective conditions, while “nodef” de-
notes the detection results under defect-free conditions (the same applies hereaf-

ter).
10 T 10 T T
[ 5V.def
81— ovder [ .
20V def ' ef
of i 1 st
4l | 5Venoder .
| 10V.node! H
[ [~—20V.nodel L
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10 . . . . ol . . ! . .
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(a) Induced voltage (b) Change of induced voltage peak value
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—5V

25 lov
—20V
—— 30V

I
o
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0.5
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(c) Excitation current
Fig.4 Simulation results under different excitation signal amplitudes
As illustrated in Fig.4(a) and Fig.4(b), the peak value of the induced voltage increas-
es linearly with the amplitude of the excitation voltage under both defect-free and
defective conditions. Therefore, enhancing the amplitude of the excitation signal can
improve detection sensitivity. However, as analyzed in Fig.4(c), increasing the am-
plitude of the excitation signal simultaneously leads to a rise in the current within
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the excitation coil, thereby generating greater heat. Consequently, to ensure detec-
tion effectiveness and prevent coil burnout, it is essential to judiciously select the
amplitude of the excitation voltage.

2) The influence of excitation signal frequency on detection results

While keeping other parameters unchanged, the frequency of the excitation signal
was varied from 10 Hz to 100 Hz, and simulation experiments were conducted un-
der both defect-free and defective conditions. The measured induced voltage signals
and excitation currents are shown in Fig.5.

3r 1 3.05
—— 10Hz
2rF —— 50Hz
[~ 100Hz|
1k 1 3.00 - —=— def
> > [—*— nodef
T 3
go g
2 205t
gk
2+
290 F ——
S L L L L 1 1 1 1 L
0.00 0.02 0.04 0.06 0.08 0.10 0 20 40 60 80 100
Time/s Frequency of exciting signal/Hz
(a) Induced voltage (b) Change of induced voltage peak value
1.0 -
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|—— 50Hz
0.8 | —— 10Hz
<
206
2
5
o
04}
02
0.0 - : :
0.00 0.02 0.04 0.06 0.08 0.10

Time/s
(c) Excitation current

Fig.5 Simulation results under different excitation signal frequencies
As shown in Fig.5(a) and Fig.5(b), under defect-free conditions, the induced voltage
is almost unaffected by the frequency of the excitation signal. However, under defec-
tive conditions, the peak value of the induced voltage exhibits a slight decreasing
trend as the excitation signal frequency increases, indicating that higher-frequency
excitation signals exhibit greater sensitivity to surface defects. From Fig.5(c), it is
evident that while the amplitude of the excitation current is not significantly influ-
enced by the excitation signal frequency, the duration of the excitation current is
noticeably altered.
3) The influence of excitation signal duty cycle on detection results
While keeping other parameters unchanged, the duty cycle of the excitation signal
was varied from 20% to 60%, and simulation experiments were conducted under
both defect-free and defective conditions. The measured induced voltage signals and
excitation currents are shown in Fig.6.
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Fig.6 Simulation results under different excitation signal duty cycles

As illustrated in Fig.6(a) and Fig.6(b), under both defective and defect-free condi-
tions, variations in the duty cycle of the excitation signal have minimal impact on the
peak value of the induced voltage. However, under defective conditions, the peak
value of the induced voltage is generally lower than that under defect-free condi-
tions. From Fig.6(c), it is evident that the duty cycle of the excitation signal directly
influences the duration of the excitation current.

4.2. The influence of excitation coil parameters

1) The influence of excitation coil inner diameter on detection results

While keeping other parameters unchanged, the inner diameter of the excitation coil
was varied from 10 mm to 24 mm, and simulation experiments were conducted un-
der both defect-free and defective conditions. The measured induced voltage signals
and excitation currents are shown in Fig.7.
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Fig.7 Simulation results under different excitation coil inner diameters
As shown in Fig.7(a) and Fig.7(b), the inner diameter of the excitation coil also sig-
nificantly affects the peak value of the induced voltage. Under both defective and
defect-free conditions, the peak value of the induced voltage decreases linearly as
the inner diameter of the excitation coil increases. This indicates that excitation coils
with smaller inner diameters exhibit higher sensitivity, while those with larger in-
ner diameters may be less effective for distinguishing subtle defects. Analysis of
Fig.7(c) reveals that, within a certain range, the excitation current increases as the
inner diameter of the excitation coil decreases. Therefore, excitation coils with
smaller inner diameters offer greater detection sensitivity but also result in higher
currents, leading to increased heat generation.
2) The influence of excitation coil thickness on detection results
While keeping other parameters unchanged, the thickness of the excitation coil was
varied from 16 mm to 22 mm, and simulation experiments were conducted under
both defect-free and defective conditions. The measured induced voltage signals and
excitation currents are shown in Fig.8.
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Fig.8 Simulation results under different excitation coil thicknesses

As shown in Fig.8(a) and Fig.8(b), under both defective and defect-free conditions,
the peak value of the induced voltage gradually decreases as the thickness of the ex-
citation coil increases. Analysis of Fig.8(c) reveals that excitation coils of different
thicknesses exhibit similar behavior in terms of excitation current, with nearly iden-
tical current peaks. This indicates that the thickness of the excitation coil has a rela-
tively minor influence on the excitation current.

3) The influence of excitation coil turns on detection results

While keeping other parameters unchanged, the number of turns of the excitation
coil was varied from 250 turns to 1500 turns, and simulation experiments were
conducted under both defect-free and defective conditions. The measured induced

voltage signals and excitation currents are shown in Fig.9.
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Fig.9 Simulation results under different excitation coil turns
As shown in Fig.9(a) and Fig.9(b), the number of turns of the excitation coil has a
significant impact on the peak value of the induced voltage. The peak value of the
induced voltage decreases markedly as the number of turns of the excitation coil in-
creases, indicating that, within a certain range, excitation coils with fewer turns ex-
hibit higher sensitivity to defect detection. Fig.9(c) demonstrates that, within a cer-
tain range, excitation coils with fewer turns generate larger excitation currents.
Therefore, while excitation coils with fewer turns may be more sensitive to defect
detection, they also produce more heat. Conversely, excitation coils with a higher
number of turns generate smaller excitation currents, but the excitation current de-
cays more slowly after the excitation signal is turned off, exhibiting a more pro-

nounced inductive effect. Consequently, excitation coils with a higher number of
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turns may be less suitable for rapid-response defect detection.

4.3. The influence of sensing coil parameters

Since the simulation model employs a coaxial top-bottom coil probe configuration,
and to avoid affecting the distance between the excitation coil and the pipeline sur-
face, this study focuses solely on analyzing the inner diameter and number of turns
of the sensing coil, while other sensing coil parameters are not discussed. Addition-
ally, as the sensing coil is primarily used to convert changes in the magnetic field in-
to voltage, the current in the sensing coil is not a primary focus of this research and
is therefore not analyzed.

1) The influence of sensing coil inner diameter on detection results

While keeping other parameters unchanged, the inner diameter of the sensing coil
was varied from 6 mm to 12 mm, and simulation experiments were conducted un-
der both defect-free and defective conditions. The measured induced voltage signals
are shown in Fig.10.
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(a) Induced voltage (b) Change of induced voltage peak value

Fig.10 Simulation results under different sensing coil inner diameters

As shown in Fig.10(a) and Fig.10(b), the inner diameter of the sensing coil has a sig-
nificant impact on the peak value of the induced voltage. The peak value of the in-
duced voltage increases linearly with the inner diameter of the sensing coil, indicat-
ing that appropriately increasing the inner diameter of the sensing coil can signifi-
cantly enhance the peak value of the positive induced voltage, thereby improving
signal strength and detection effectiveness.

2) The influence of sensing coil turns on detection results

While keeping other parameters unchanged, the number of turns of the sensing coil
was varied from 500 turns to 2000 turns, and simulation experiments were con-
ducted under both defect-free and defective conditions. The measured induced
voltage signals are shown in Fig.11.
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Fig.11 Simulation results under different sensing coil turns

As shown in Fig.11(a) and Fig.11(b), the peak value of the induced voltage exhibits
an almost linear growth relationship with the number of turns of the sensing coil.
This indicates that appropriately increasing the number of turns of the sensing coil
can effectively enhance the strength of the induced signal, making the detection re-
sults clearer and more robust. Therefore, appropriately increasing the number of
turns of the sensing coil is beneficial for more accurately identifying and distin-
guishing defects in the material.

5. Conclusion

This study establishes a finite element simulation model for pulsed eddy current
defect detection in metal pipelines based on COMSOL Multiphysics finite element
analysis software, and conducts an in-depth investigation into the influence of mul-
tiple key parameters. The results indicate that: (1) From the perspective of the exci-
tation signal, increasing the amplitude of the excitation voltage can effectively en-
hance the peak value of the induced voltage, but the current-carrying capacity of the
enameled wire and the resulting thermal effects must be considered; (2)
High-frequency signals are more sensitive to surface defects, while the duty cycle
primarily affects the duration of the excitation current. (3) From the perspective of
coil parameters, appropriately reducing the inner diameter, thickness, and number
of turns of the excitation coil can improve sensitivity but also increase coil heating;
(4) Conversely, appropriately increasing the inner diameter and number of turns of
the sensing coil can enhance the strength of the induced signal and improve defect
identification capability.
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