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ABSTRACT: Magnetic flux leakage technique is a widely used and effective approach for detecting
and sizing of the corrosion defects in ferromagnetic pipelines. In general, corrosion defects occur in
dense clusters and affect each other. However due to the interaction between the magnetic flux leakage
signals, these defects can-not be accurately characterized using the traditional magnetic flux leakage
method. In order to discriminate the individual defects and improve sizing performance, tri-axial
magnetic flux leakage technique is used. The study is performed using the extensive finite element

modeling focusing on the spatial distribution of tri-axial magnetic flux leakage components produced by
the nearby corrosion defects. This type of defect geometry comprises two pits that are sufficiently close
to influence flux distributions in the area between them. Various degrees of closeness are considered
by varying the spacing of the two pits. Following the simulations, experimental magnetic flux leakage
tests are performed on the steel plates containing nearby pits. The experimental and finite element
modeling results indicate that combining the axial, radial and tangential magnetic flux leakage data can
discriminate and characterize the nearby pits. Finally, the experimental and finite element modeling
results are compared and validated.
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1- Introduction

Magnetic Flux Leakage (MFL) technique is a widely
used and effective approach for detecting and sizing of the
corrosion defects in ferromagnetic pipelines [1, 2]. In this
method, powerful permanent magnets are used to magnetize
to saturation the steel pipeline under inspection. If corrosion
defects are present, the magnetic flux is distorted outside
the wall of the pipeline. The quantity of this leakage flux is
measured using the magnetic sensors such as the Hall Effect
sensors and used to locate and estimate the size of the defects
[3,4].

Corrosion defects usually occur in colonies. The corrosion
growth rates of a colony of nearby corrosion defects are bigger
than the corrosion growth rates of single defects. The increase
in the corrosion growth rate is due to the interaction between
the nearby defects. Unfortunately, these types of defects cannot
be accurately characterized using the traditional MFL method
[5, 6]. The literature review indicates that the simultaneous
implementation of tri-axial magnetic flux leakage signals can
improve the sizing accuracy of the defects [7].

The major contributions of this paper are to: (a) obtain
the tri-axial MFL C-scans for nearby pits using the Finite
Element Modeling (FEM) and experimental tests, (b) study
the influence of the spacing between the nearby pits on the
interaction of MFL signals, (c) study the capability of the tri-
axial MFL method in discrimination and size estimation of
the nearby pits, and finally (d) improve the size estimation
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of the nearby pits using the combination of tri-axial MFL
signals. For this purpose, 3D FEM model is used to simulate
MFL signals from the nearby pits of different spacing. Then,
experimental MFL tests are carried out. Finally, FEM results
are validated with the experimental results.

2- 3D Modeling of MFL Technique

FEM is a powerful tool to model the process of corrosion
detection of MFL method. In this paper, COMSOL software
was used for 3D FEM modeling of MFL method. Also, the
magnetic flux leakage signals are obtained and studied for the
nearby defects.

Fig.1 shows the model geometry of the magnetizer
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Fig. 1. Three-dimensional geometry of the magnetic flux
leakage method
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assembly and the specimen under inspection. The magnetizer
assembly has two permanent magnets, two couplings, and
one yoke. The permanent magnets are used to produce the
magnetic flux. Couplings are used to direct the magnetic
flux to the specimen under inspection. Yoke is meant to
complete the magnetic circuit. The material of the specimen,
couplings, and yoke is steel X52. The nearby pits are located
at the central area of the specimen. Nearby pits of different
spacing ranging from 5 mm to 30 mm on specimens have
been modeled. The diameters of the pits were 10 mm and
the depths of the pits were 8 mm and 3 mm. After defining
geometry and materials, the boundary conditions and mesh
elements are defined. Then, the solution by the finite element
method is calculated and the results are evaluated.

The results of the FEM modeling of the magnetic flux
leakage method can be represented as the C-scan images.
Fig.2 shows the tri-axial MFL C-scans for the nearby pits
with the spacing of 20 mm. As it can be seen from Fig. 2, the
magnetic flux leakage signals have interaction with each other.
However, the combination of tri-axial MFL signals (axial,
tangential and radial signals) can be used to discriminate the
nearby pits and determine the length and width of the pits.

3- Experimental Tests and Discussions

Following the FEM modeling, magnetizer assembly was
manufactured and used for MFL inspection of the specimens.
Fig. 3 shows the experimental setup of the MFL measurements.
The measurement system contains the magnetizer assembly,
the specimen containing the nearby pits, the three-axis
scanner, Hall Effect sensor and other associated units.
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Fig. 2. MFL C-scans for the nearby pits with the spacing of 20
mm: (a) axial signal, (b) tangential signal, and (c) radial signal
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Fig. 3. Experimental system of the magnetic flux leakage
method
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Fig. 4. MFL C-scans for the nearby pits with the spacing of 30
mm: (a) axial signal, (b) tangential signal, and (c) radial signal

The specimens under test were steel X52 plates with
thickness of 10 mm. Five specimens were used for
experimental tests. In order to perform this experimental study,
a scanning area was defined on the surface of the specimens.
The step resolution of the scanner was set to 2 mm in both
axial and tangential directions. At every x-y position on the
scanning area, tri-axial MFL data were accurately obtained
and saved on a computer for further processing. During the
scanning, the distance of the sensor from the surface of the
specimen (lift-off distance) was constant. Fig.4 shows tri-
axial MFL C-scans for the nearby pits with spacing of 30 mm.
The positions of the pits are given by solid circles. As it can
be seen from Fig.4, there is a weak interaction between the
tri-axial MFL signals when the spacing between the pits is
equal to 30 mm.

The experimental results indicate that the spacing between
the nearby pits affects the amplitude and distribution of the
magnetic flux leakage data. When the spacing between the
pits is smaller than 20 mm, magnetic flux leakage signals
have strong interaction with each other and discriminating
the nearby pits is difficult especially using the axial and
radial MFL signals. In comparison to the axial and radial
MFL signals, tangential MFL signal is best suited for the
discrimination and width estimation of the nearby pits. The
width estimation error for the nearby pits is between 2 mm
and 6 mm using the tangential MFL signal. The literature
review indicates that defect width has great influence on the
amplitude of the magnetic flux leakage signal. So, incorrect
estimation of the defect width can lead to incorrect estimation
of the defect depth [8-10]. Also in comparison to the axial
and tangential MFL signals, radial MFL signal is best suited
for length estimation of the nearby pits. The comparison
between the FEM and test results indicates that there is a
good correlation between the results. The mean error is below
6 percent

4- Conclusions

This paper has studied the performance of the tri-axial
MFL in detection and sizing of the nearby pits. In conducting
this research work, different types of nearby pits were studied
according to the spacing between the pits. First, 3D FEM
was used to study the interaction of the tri-axial MFL signals
produced by the nearby pits. Then, experimental tri-axial
MEFL test were conducted and the obtained MFL signals were
used for sizing of the nearby pits. When the spacing between
the pits was decreased, the interaction between the radial and
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axial MFL signals was high. In this case, discrimination of the
nearby pits was difficult. However, the results indicated that the
tangential MFL signal was best suited for discrimination and
sizing of the pits. Finally, the FEM results and experimental
test results were compared. The comparison results showed
that there was a good correlation between the FEM results
and experimental results. These results showed that tri-axial
MFL has a good potential for sizing of the nearby pits.
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Fig. 1. Three-dimensional geometry of the magnetic flux leakage method
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Fig. 7. MFL C-scans for the nearby pits with the spacing of 20mm: (a) axial signal, (b) tangential signal, and (c) radial signal
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Fig. 9.MFL C-scans for the nearby pits with the spacing of 30mm: (a) axial signal, (b) tangential signal, and (c) radial signal
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Fig. 10. MFL C-scans for the nearby pits with the spacing of 20mm: (a) axial signal, (b) tangential signal, and (c) radial signal
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Fig. 11. MFL C-scans for the nearby pits with the spacing of 15Smm: (a) axial signal, (b) tangential signal, and (c) radial signal
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Fig. 13. MFL C-scans for the nearby pits with the spacing of Smm: (a) axial signal, (b) tangential signal, and (c) radial signal
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Fig. 15. Width sizing of the nearby pits using the tri-axial MFL signals: (a) axial signal, (b) tangential signal, and (c)
radial signal
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PEinbojl gl 5 6 lwand gl gous dmslio b Jogua

Table 5 .The numeric comparison of the FEM and experimental results

s | o yle | S ke | S e | Sy oo Goe 7 i ESAPE

s:tg;ﬂ ‘sjiiw ST TR (tagheo) | (o) | mabli
£/ - - £t fy. A Ve &S5 ddlbo
b/0 - - Yg. Yf- ¥ Ve & 97 4il5e
% 2 Y - - A | e adlge
/A vf vY - - ¥ | shae adlie

magnetic flux leakage data obtained from seamless
gas pipeline, Ndt & E International, 35(7) (2002) 449-
457
[31J.W. Smith, B.R. Hay, Magnetic flux leakage inspection
tool for pipelines, in, Google Patents, 2000
[4] M.B. Ignagni, Apparatus and method for accurate
pipeline surveying, in, Google Patents, 2003
[5]Y. Gunaltun, D. Supriyatman, J. Achmad, Top-ofline
corrosion in gas lines confirmed by condensation
analysis, Oil & gas journal, 97(28) (1999) 64-64
[6] C. Argent, Macaw’s pipeline defects. sl: Yellow Pencil
Marketing, 2003, ISBN 0-9544295-0-8
[7] D.V. Pugh, S.L. Asher, J. Cai, W.J. Sisak, J.L.. Pacheco,
F.C. Ibrahim, E.J. Wright, A. Dhokte, S. Venaik, D.
Robson, Top-of-line corrosion mechanism for sour
wet gas pipelines, in: CORROSION 2009, NACE
International, 2009

vy

oS A lads 4y yoxie (pl g 50,8 o oIS e b cad 4
adlge a5 ol ylid zll ol (bScy o) o) was ojlull
8] e sl il 5 i bl 25 o
0SS Slp (295 @S (riaren S o8 sle SlaSity e
bl L s elat sl 3] oolital L Stz b
VY LR
2 Eileil @l b san dw Sgume i) Jao mlis dlys
PEilesl s b o3 il g5leand ol aiad awlhs
S i syl a8 ol plas egh opl mlbs wels las

cge ol sl g Lais lp w9 Jewily oesblie
318 o glone

&zl
[1]Y. Bai, Pipelines and risers, Elsevier, 2001
[2] M. Afzal, S. Udpa, Advanced signal processing of



FYF 151 o YA Lo X o)l Y 0,93 « S yual Slo owigen 4 s

M. Baarkavi, Theoretical Analysis of the Rectangular

Defect Orientation using Magnetic Flux Leakage,

Measurement Science Review, 18(1) (2018) 28-34

[19] Hwang, W. Lord, Finite element modeling of
magnetic field/ defect interactions, Journal of Testing
and Evaluation, 3(1) (1975) 21 -25

[20] V. Shcherbinin, N. Zatsepin, Calculation of the
magneto static field of surface defects. 1. Field
topography of defect models, Defectoscopy, 5 (1966)
385-393

[21] J. Jackson, Classical Electrodynamics (Wiley, New
York) (1998), Google Scholar, 78

[22] Z. Wang, Y. Gu, Y. Wang, A review of three magnetic
NDT technologies, Journal of Magnetism and
Magnetic Materials, 324(4) (2012) 382-388

[23] H. Jansen, P. van de Camp, M. Geerdink,
Magnetization as a Key Parameter of Magnetic-
Flux Leakage Pigs for Pipeline Inspection, NDT & E
International, 1(30) (1997) 35

[24] G.S. Park, E.S. Park, Improvement of the sensor
system in magnetic flux leakage-type nondestructive
testing (NDT), IEEE Transactions on Magnetics,
38(2) (2002) 1277-1280

[25] T. Bubenik, J. Nestlroth, R. Eiber, B. Saffell,

Magnetic flux leakage (MFL) technology for natural

gas pipeline inspection, NDT and E International,

1(30) (1997) 36

[26] L. Clapham, D.L. Atherton, Stress effects on MFL

signals, in: CORROSION 2002, NACE International,

2002

[27] A. Belanger, Managing HIC-Affected Pipelines

Using Multiple-Technology Hard-Spot Tools, in:

Conference Proceedings Pipeline Pigging, Integrity

assessment & Repair, 2004

[28] K. Reber, Reliability of flaw size calculation based
on

magnetic flux leakage inspection of pipelines, (2006)

[29]J. Qi, S. Qingmei, L. Nan, Z. Paschalis, W. Jihong,

Detection and estimation of oil-gas pipeline corrosion

defects, in: Proceedings of the 18th international

[8] M. Singer, D. Hinkson, Z. Zhang, H. Wang, S. Nesi¢,

CO2 top-of-the-line corrosion in presence of acetic

acid: a parametric study, Corrosion, 69(7) (2013) 719-

735

[9] A. Benjamin, J. Freire, R. Vieira, Part 6: Analysis

of pipeline containing interacting corrosion defects,

Experimental Techniques, 31(3) (2007) 74-82

[10]1Y. Gunaltun, R. Piccardino, D. Vinazza, Interpretation

of MFL and UT inspection results in case of top of line

corrosion, CORROSION/2006, paper, (6170) (2006)

[11] N.A. Jemari, J. Palmer, T. Beuker, J. Baker, B.

Wimolsukpirakul, J. Onderdonk, A. van Roodselaar,

L. Huyse, Improvements in the accurate estimation of

top of the line internal corrosion of subsea pipelines

on the basis of in-line inspection data, in: 2010 8th

International Pipeline Conference, American Society

of Mechanical Engineers, 2010, pp. 75-82

[12] M.A. Siebert, J.E. Sutherland, Application of the

circumferential component of magnetic flux leakage

measurement for in-line inspection of pipelines, BJ

Pipeline Inspection Services, Calgary, Alberta (CA), 1999

[13] Y. Li, J. Wilson, G. Y. Tian, Experiment and
simulation study of 3D magnetic field sensing for
magnetic flux leakage defect characterization, NDT
and E International, 40(2) (2007) 179-184

[14] S.M. Dutta, F.H. Ghorbel, R.K. Stanley, Dipole
modeling of magnetic flux leakage, IEEE Transactions
on Magnetics, 45(4) (2009) 1959-1965

[15] G. Kopp, H. Willems, Sizing limits of metal loss
anomalies using tri-axial MFL measurements: A
model study, NDT & E International, 55 (2013) 75-81

[16]J. Chen, S. Huang W. Zhao, Three-dimensional defect
inversion from magnetic flux leakage signals using
iterative neural network, IET Science Measurement &
Technology, 9(4) (2015) 418426

[17] M. Layouni, M.S. Hamdi, S. Tahar, Detection and
sizing of metal-loss defects in oil and gas pipelines
using pattern-adapted wavelets and machine learning,
Applied Soft Computing, 52 (2017) 247-261

[18] J.S. Alaric, V. Suresh, A. Abudhahir, M.C. Sobia,

vy



estimation in natural gas pipelines using MFL
signals, in: Control Conference (ASCC), 2013 9th
Asian, IEEE, 2013, pp. 1-6
[32] J.-W. Kim, S. Park, Magnetic Flux Leakage
Sensing and Artificial Neural Network Pattern
Recognition-Based Automated Damage Detection
and Quantification for Wire Rope Non-Destructive

Evaluation, Sensors, 18(1) (2018) 109.

ary

conference on systems engineering (ICSE 20006),
2006, pp. 173-177
[30] A. Joshi, L. Udpa, S. Udpa, A. Tamburrino, Adaptive
wavelets for characterizing magnetic flux leakage
signals from pipeline inspection, IEEE transactions on
magnetics, 42(10) (2006) 3168-3170
[31] M.R. Kandroodi, F. Shirani, B.N. Araabi, M.N.
Ahmadabadi, M.M. Bassiri, Defect detection and width



FYF 151 o YA Lo X o)l Y 0,93 « S yual Slo owigen 4 s

e



	_GoBack
	Blank Page EN.pdf
	_Hlk471544953

