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Abstract 
Magnetic flux leakage (MFL) testing is the most commonly used and cost effective method of estimating the extent of 
damage caused by corrosion in gas and oil transmission pipelines. In this paper, based on the Maxwell Equations, three-
dimensional simulation on pitting corrosion inspection in 10 mm thick carbon steel plate using MFL has been carried 
out. A FEM-based COMSOL software in magnetostatic mode has been used for three-dimensional simulation. The 
MFL signals of defects, which have the same length, same width, and different depths, have been studied. The MFL 
signals have also been obtained experimentally using an experimental set-up at the laboratory facilities on a 10 mm 
thick carbon steel plate containing pitting corrosions.  Good agreements between FEM simulation and experimental 
results confirms the potential of the three-dimensional simulation for MFL inspection.  
 
Keywords: Magnetic flux leakage, Pitting corrosion, Three-dimensional simulation, Pipeline inspection, COMSOL 
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1- Introduction 
Pipelines are the most important equipment for transmission of gas and oil products. The pipelines exist in a corrosive 
environment. In such conditions, corrosion and errosion cause the thickness of the steel pipelines to decrease and fail 
and can even lead to leakage and rupture which cause fires, explosions and pollution of the environment.Therefore, 
periodic corrosion monitoring of the pipelines is one of the most important tasks for pipelines. Over the years, several 
non-destructive testing methods have been investigated for corrosion monitoring of pipelines. Pipelines are often made 
of carbon steel materials with good permeability, so that the use of magnetic flux leakage method is quite suitable for 
inspecting the corrosions of the pipelines and locating defects. Magnetic flux leakage is one type of electromagnetic 
methods which is widely used for non-destructive inspection of steel pipelines. The basic principle of this method is that 
a powerful permanent magnet such as neodymium magnets is used to magnetize to saturation the steel under inspection. 
At areas where there is corrosion or metal loss, magnetic flux leaks from the steel and this flux is detected by a set of 
magnetic sensors. Then, the sensors’ signals will be processed to identify damaged areas and to estimate width, length 
and depth of metal loss [1-5]. 
Finite element method (FEM) is a convenient tool to model process of corrosion detection by means of magnetic flux 
leakage method. Two-dimensional (2D) simulation has been used to study the MFL signals from different defect sizes, 
materials, magnetizing levels and so on and it has also shown to be an effective technique. However, in 2D simulations, 
defects are considered as 2D geometry instead of really 3D geometry. Also, the 2D simulation falls short off estimating 
accurately the required magnetic saturation level in the test piece. Some of the research works on MFL technique using 
finite element methods have been conducted worldwide [6-9]. 
In this study, COMSOL based 3D FEM model is used to simulate MFL signals from pitting corrosions of different 
depths in the 10 mm thick carbon steel plate. The designed magnetizer assembly render detectability of 10% wall loss 
of 20mm x 20mm area in a pipe of 10mm nominal thickness, which can meet the industry demand for in service 
inspection. Then, The designed magnetizer assembly and test piece are manufactured. Finally, MFL tests are carried out 
and the numerical simulation results are validated with the experimental results. 
 
2- Three-dimensional modeling  of MFL technique  
Maxwell’s equations are used to model the MFL technique with the magnetostatic assumption. These equations are 
presented below [10]. 
 

0H    (1) 

. 0B    (2) 

Where H [A/m] is the intensity of the magnetic field, B [T] is the magnetic flux density. In addition, the following 
equations have to be used. 
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Where 0  is the permeability of free space ( 74 10 /Tm A  ) and M is the magnetization of the ferromagnet and 

permanent magnet. Vector potential A can be defined according to the below equation. 
 
B A   (4) 
Then, the system equations follow as: 
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The equation (5) is applied to ferromagnetic materials and permanent magnet. The equation (6) is applied to free space. 
Boundary conditions i.e. the value of A (vector potential) is considered zero at infinity and continuous at interfaces. The 
equations (5) and (6) are solved subject to defined boundary conditions to obtain the magnetic flux density detected by 
magnetic sensors. 
Figure 1 shows the model geometry of the magnetizer assembly. The magnetizer assembly has two magnets, two 
couplings and one yoke. Yoke is meant to complete the magnetic circuit. The specimen length is 400mm, width is 
140mm, and thickness is 10mm. Two neodymium magnets of thickness 40mm are used to magnetize the specimen to 
saturation. In this study, Magnetization of the permanent magnets is considered equal to 10e6 A/m.  

 
Figure 1. 3D model of the magnetizer assembly  

The material of the specimen, couplings and yoke is steel X52. The defects are located at the center area of the 
specimen. Rectangular defects of 20mm x 20mm area and different depths ranging from 10%t to 80%t on specimens 
have been modeled. Figure 2 shows the B-H curve of X52 material. The simulation are made with the COMSOL finite 
element software.  

 
Figure 2. BH curve of X52 material 
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Figure 3 shows the 3D model discretized by tetrahedral elements. The elements near defects were refined to obtain 
precise results.  

 
Figure 3. Finite element mesh  

After defining geometry, materials, boundary conditions and mesh, the solution by the finite element method can be 
calculated. Figure 4 shows the saturation levels inside the specimen obtained from 3D model and how the field lines 
travel through each element of the magnetizer assembly.  

 
Figure 4. Magnetic flux behavior in the magnetizer assembly  

To obtain the magnetic flux leakage data in the area of the defects, a line at top of the specimen surface must be defined 
along which the magnetic flux is going to be calculated and then plotted. Lift-off is considered 3mm.   Figure 5 shows 
the position of the line along which the data for the graphs were obtained.  

 
Figure 5. The defined line for obtaining magnetic flux data 

Corrosion depth is the most important parameter for pipeline integrity. The simulation model of pitting corrosions had 
width 20mm, length 20mm, and depth from 1mm to 8mm. Figure 6 shows a graph of the magnetic flux density in the 
vicinity of the defects. Also, Figure 6 indicates that with increasing corrosion depth magnetic flux density amplitude 
increases.  
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Figure 6. Magnetic flux data along the defined line for different depths of pitting  

 
As shown from the Figure 6, The designed magnetizer assembly render detectability of 10% wall loss of 20mm x 20mm 
area in a specimen of 10mm nominal thickness, which can meet the industry demand for in service inspection in 
pipelines. The peak to peak magnetic flux amplitude resulting from the pitting corrosion of 10%t depth is 10mT 
(100gauss), which easily can be detected by magnetic sensors.  
 
3- Experimental tests and discussions  
Figure 7 shows the experimental setup of the MFL measurements. The measurement system contains a magnetizer 
assembly, three-axis scanner, a data acquisition system and other associated units. The axial component of the MFL 
signals was measured with a mg-3002 gaussmeter from Lutron. The distance between the specimen and the sensor was 
kept constant (3mm), as the sensor was moving by means of a scanner. 
 

 
Figure 7. Experimental setup of the MFL measurements  

 
In order to perform this experiment, two pitting corrosions of 20mm x 20mm area and different depths of 40%t (4mm) 
and 60%t (6mm) are made on the specimen whose thickness is 10mm. The step resolution of the scanner was set 4mm 
in axial direction and 5mm in circumferential direction. At every x-y position on the scanning area, MFL data were 
obtained. Figure 8 shows the plots of axial component of magnetic flux density of the scanning area.  

 
Figure 8. Surface plot of the amplitude of the axial component of magnetic flux density  
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Figure 9 shows the result of the experimental test as a c-scan image. The position of the defects are given by the black 
squares. Figure 9 shows that magnetic flux spreads in the circumferential direction beyond the defects and overestimate 
corrosion areas. This effect often called blooming.  

 
Figure 9. 2D c-scan image  

 
To validate the 3D simulation results, we compared it with the experimental results. Figure 10  shows the MFL signal 
plot of the experiment and FEM in the vicinity of the rectangular defects with depths of 4mm and 6mm. The FEM 
signal patterns are very similar to the experimental signals.The experiment, dashed line, MFL peak value in pitting 
corrosions of 4mm and 6mm depths is 44mT and 52mT. The FEM, real line, MFL peak value in pitting corrosions of 
4mm and 6mm depths is 49mT and 57mT. The mean error is 9%. The reason for this relative error is mainly due to the 
small inaccuracies in the magnetic properties of the material used in the FEM with respect to the magnetic properties of 
the real material used in the experiment.  

 
Figure 10. Comparison between the experimental and FEM MFL signal in the vicinity 

of pittings of 4mm and 6mm depth 
 
5- Conclusions 
This paper compared 3D numerical simulation results with experimental results of MFL method in carbon steel plates. 
Accurate problem description and experimental results were provided. The magnetic flux density was obtained for 
pitting corrosions by using 3D simulation. Pitting corrosions of 20mm x 20mm area and different depths were made and 
the MFL experiments were performed. The experimental results indicated that the 3D simulation results were in 
agreement with the experimental results. To decrease mismatches between the simulation results and the experimental 
results, the magnetic properties of the material should be obtained experimentally.The results showed that the 3D simulation is 
an effective analysis method for MFL in inspection of carbon steel pipelines.  
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