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Abstract. This communication presents a semi-analytical model based on BEM formalism for computing MFL flaw 
responses. MFL 2D configurations have been already simulated in the linear case taking into account the complex shape 
of the magnetizing circuit surrounding the pipe to be inspected. In this paper, the 3D problem is considered, but, in a first 
step, in order to be able to solve the non-linear problem, we assume that each ferromagnetic part can be divided in a finite 
number of polyhedral cells of complex shapes, assuming that the relative magnetic permeability is constant inside each 
cell. The nonlinear magnetosattic problem may be tackled as a finite number of successive 3D linear problems: the 
unknowns of the problem being the values of the surface magnetic charge density, in this case, the scalar potential of 
single layer charge on all the facets of each cell.  By assuming that the unknowns are piecewise constant on all the facets 
of each cell, the kernels derived from integral equations can be analytically evaluated. The implemented semi-analytical 
model reveals itself to be very effective. Some simulated data are presented for some specific configurations before 
solving truly NDT MFL configurations.  

Keywords: Eddy current testing, Nondestructive testing, modeling.
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INTRODUCTION 

In the quality control loop of pipe production, Nondestructive Testing (NDT) devices are crucial. Among the 
different existing techniques (Ultrasonic Testing (UT), Eddy Current Testing (ECT), Radiography Testing (RT), 
etc.), Magnetic Flux Leakage (MFL) testing is known to be efficient to ensure the detection of volume defects in 
ferromagnetic pipes with a low wall thickness. 

Magnetic flux leakage testing is based on the flowing of a magnetic field through the wall of the pipe. Since the 
pipe is ferromagnetic, the pipe channels the magnetic field. In case of defect, the magnetic field leaks from the pipe 
[1]. On the outer side of the pipe, the magnetic field is modified. This modification of the magnetic field can be 
measured through inductive coils or Hall effect sensors. The principle of the MFL testing is comparable to Magnetic 
Particle Inspection (MPI) classically resorted to detect defects on the outer side of the object under test. MPI is also 
based on the magnetization of the piece but leaks are revealed through magnetic particles which agglomerate around 
the defect.  

The improvement of MFL testing can be performed through new sensors or new processing of the raw signals. 
To help in the development of sensors and processing, VRA has invested in a lab bench illustrated Figure 1. 

This kind of bench is very useful and efficient to improve knowledge and enhance sensors and processing. 
However, before time consuming and costly trials on a real bench, it is easier to perform modeling. To our 
knowledge there is no software dedicated to MFL testing modeling like CIVA for UT, ET and RT. The only way to 
simulate MFL testing is to resort to finite element models with software able to handle electromagnetic equations. 
However, finite elements are known to be efficient to simulate problems with complex geometries. Nevertheless, 
even with commercial software the models must be designed and the computation may be very time-consuming. To 
overcome this problem, a model is proposed to quickly simulate magnetic field in the case of MFL testing on pipes. 
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Where  stands for the value of the surface charge density for the ith facets of the eth cell. 
Moreover: 

 (4) 

FIGURE 2.  the relative magnetic permeability of two close cells. 

If the relative magnetic permeability does not change between two close cell, the value of is null and the 
value of  is also null. Otherwise, a new line of an algebraic matrix equation is introduced in order to evaluate 
of the values of the surface magnetic density for all cells. The advantage of this approach lies in the possibility to 
restrict the computation to the unknowns corresponding to the facets where there is a significant variation of the 
relative magnetic permeability between the two close cells. 

In the linear case, one considers only the facets of the cells which are in contact with air, the difference of 
permeability between the cell and air being: 

. 
In the linear case, only magnetic densities on facets of the object under test in the air must be computed. In the 

nonlinear case, only facets presenting a difference of magnetic permeability must be assessed. 
 Finally, two ways are possible to discretize the integral equations through point matching method or Galerkin 

method. These two discretizing schemes have been implemented.  
The followed algorithm is used to solve the non-linear problem with several steps: 
1) Evaluate the initial permeability iμ ; 
2) Consider the facets of cells in contact with air; 
3) Compute 0≠kλ  and solve the 3D linear case by computing the surface magnetic charge density on each 
facet of the cells; 
4) Evaluate kH  and the relative magnetic permeability ( )kHμ  for each cell; 
5) Update the relative magnetic permeability using a relaxation scheme; 
6) Return to step 3 until convergence.  

In order to validate the crucial step, i.e. solving the 3D linear case, the proposed model is firstly tested on three 
different configurations assuming that the relative permeability of the material is fixed to 100: 

- 2 closed slabs; 
- Tube with cylindrical coil; 
- MFL bench with a simplified configuration. 

RESULTS 

Even if the approach is able to handle nonlinear media, a first step for any numerical validation of the approach 
has been carried out considering only linear medium.  Three different cases are illustrated in Figure 2. 
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(a) Two closed slabs (b) Tube in cylindrical 
coils (c) MFL bench 

FIGURE 2.  Three tested cases. 

The results of the model are compared with results obtained with a finite element model.  
The first case is composed of two closed slabs with a gap of 0.826 mm. Results for the first case are displayed 

Figure 3. On the left the results of the finite element models and on the right the results of the proposed model are 
displayed. A mapping z-component of the magnetic field on the plate and the modulus are displayed. 

FIGURE 3.  Results for the first case: comparison between the model and finite element. 

Results of the two models are very close together. It shows the efficiency of the proposed approach in this paper. 
The two discretization methods (point matching and Galerkin methods) are compared together resorting to finite 
element results as reference on a line on the plate including the gap. The comparisons are displayed Figure 4. 
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(a) Components of the magnetic field in a 
Cartesian coordinate system.   

(b) Components of the magnetic field in a 
cylindrical coordinate system.   

FIGURE 6.  Results for the third case: comparison between the model and finite element. 

CONCLUSION 

The proposed approach shows a good matching with finite element methods in terms of simulated magnetic field 
in the case of linear medium. Further comparisons must be performed to validate the efficiency of the model for 
nonlinear medium. 

The semi-analytical approach and the finite element approach have been compared and show close results. 
Nevertheless, the efficiency of these approaches with real measurements has not been assessed. To ensure the 
efficiency of the models, this comparison is important. It determines the reliability of the model. 

To model the VRA bench, a large number of cells is necessary. It leads to large scale problems which are very 
difficult to solve. A possibility is to resort to Adaptive Cross Approximation (ACA) [8,9]. 

Nevertheless, the accuracy of the numerical model requires to be improved in order to be able to handle NDT 
geometries with flaws. To overcome this problem and to speed-up the model for the VRA lab bench and decrease 
the number of unknowns, it is possible to divide the problem into two steps:  

- The first one with 3D modeling without any defect, the 3D global configuration is solved with a coarse 
mesh. 

- The second one with a finite 3D modeling box surrounding the defect to model all possible geometries 
of defects. In this way, it is possible to have a finer mesh since we consider just a small box around the 
defect.  
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