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Abstract. The non destructive testing objective is to check the integrity of a structure
or a material without deteriorating them. Among the techniques most used in
aeronautics, the eddy current method presents a remarkable interest.

The eddy current is not directly accessible by measurement, it can be observed
only via the measurements on other physical parameters on which it acts.

In this context, simulation of the process of the non destructive testing by eddy
current enables to study the interactions between the probe and the tested part and
play an important role to include and understand the systems of control and to
demonstrate their performances.

Recently, the interest is directed towards a new class of simulation techniques
called meshless method.

The principal objective of this work is the development of a simulation of eddy
current testing based on the meshless technique so- called EFGM.

The validation of results is carried out by a comparison with numerical results
obtained by suitable codes and experimental results.

This study reveals factors and specimen parameters, such as geometrical form,
used frequency, etc, that act on impedance variation of probe. It also shows some
specific results, which are consistent with the use of the selected meshless
technique.

1. Introduction

The eddy current method (EC) has been used as one of the most effective techniques for the
detection and characterization of defects in conductive domains [1]. Numerical modeling,
concerning non destructive testing by eddy current (NDT-EC), is a good way to understand
and evaluate impedance responses due to various flaws, such as cracks and near surface
voids or inclusions [2]. Over the past few years significant progress has been made in the
computation of electromagnetic fields, including eddy currents.

The important challenge in this kind of numerical modeling is that sensitive
impedance variations due to flaw and inspection process must be captured in an adaptive
model. It is therefore important to use accurate and adequate numerical methods [3, 4].

Although finite element method (FEM) is widely employed and known as the most
powerful numerical method in solving electromagnetic field problems such as eddy
currents problems. Modeling and simulations of (NDT-EC) problem using the numerical
models of the finite element method in order to establish codes able to solve Maxwell’s
equations have been developed in different papers, see for example [5, 6].
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Contrary to all advantages presented by FEM method. A difficulty joined to the
application of this method proceeds from the need of carrying out a regular mesh of the
studied domain. This follows the significant deformations undergone by the matter of the
studied domain. Another disadvantage of domain re-meshing is the need to project domain
information, which was known at the different points of integration of the old mesh,
towards the points of integration of the new mesh. So, a flexible method to add or remove
meshes or nodes irrespective of the connectivity of existing meshes or nodes is well
suitable. To surmount this obstacle, we can call upon the approaches known as meshless
methods [7].

The meshless method has, in general, the same ingredients as the FEM method
(approximation, integration, resolution of the linear equations system) but it is freed from
the definition of the mesh; the discretization is based then on a cloud of nodes only.

At the beginning of the Nineties, various approaches of meshless approximations
were developed to increase the numerical effectiveness of the modeling based on the
meshless method, they are adapted to the numerical resolution of electromagnetic problems
and many works have found this method very promising for the study of electromagnetics
[8-10].

This paper exploits the discretization procedures and the associated discrete
formulations of a meshless method so-called element-free Galerkin method (EFGM) based
on the moving least square (MLS) approximant that are required when using meshless
methods to study electromagnetic problems and the principal contributions of this paper is
to validate EFGM method via comparison with an open source code based on FEM method
formulation and in second fold is formulation and application of this technique to eddy
current problems..

The EFGM method was successfully used and to validate the code, a set of thorough
numerical values are presented and compared with those obtained from an experimental
data and those given by the FEMM code.

2. Mathematical treatments

In this paper, the related direct problem consisting of modeling the impedance coil response
over a specimen used in eddy current testing is treated.

For a homogeneous extended conductor placed in a time-varying external magnetic
field, with a frequency that is low enough that displacement currents and finite propagation
velocity effects can be neglected. The mathematical model based on the resolution of the
Maxwell's equations is used and these equations are as follows:

V x E = - 0B/ ot (Faraday's law) Q)

V. B =0 (law of conservation of magnetic flux) (2

V x B =pu(J+ 0D/ ot) (Ampere-Maxwell theorem) 3
V. E = p /¢ (Gauss theorem) 4

where B is the magnetic induction, E is the electric field intensity, D is the electric
displacement, J is the current density, H is the magnetic field intensity, u and ¢ are
respectively the permeability and the permittivity of the medium, p is the electric charges
density.

The constitutive relations are given in the following forms:

B=uH (5)
D=¢E (6)
J=ocE. (7

where H is the magnetic field and o is the conductivity of the medium,



Using the formulation in potentials based on the introducing of two potentials, the
magnetic vector potential A and the electric scalar potential V, and including the implicit
gauge condition, Maxwell equations for time-varying harmonic fields written in potential
form are:

V.(VA)+u(c (VV+0oA/ot)=pnlJ (8)
V.(-VV-0A/dt)=ple 9

The eddy current problem can be described mathematically by the following
equation in terms of the magnetic vector potential:

72 A +K? A =— p Jsource (10)

where K’=-jop(c+oe), o is the angular frequency of the excitation current. And the
gradient of V is implicit in Jsource.

Following the approach developed in [2, 4-6] for planar multilayer medium with
constant electrical and magnetic properties, the numerical formulation of FEM is well
established and the two main steps for establishing the model are determining the vector
potential A and then calculating the coil impedance Z.

In the introduction part, authors mention that FEM method leads to some distinct
disadvantages such as difficulties in the treatment of discontinuities when an underlying
mesh is used and/or a domain re-meshing is required. For such problems, developing a
numerical method that does not rely on mesh is advantageous.

The principal contributions of this paper is to validate the element free Galerkin
method (EFGM) via comparison with an open source code FEMM based on FEM method
formulation and in second fold is formulation and application of this technique to eddy
current problems.

However, to implement the EFGM procedure, it is necessary to compute the
integrals over the solution domain.

Consider a function u(x) that is to be approximated. In MLS approximation, the
interpolation u"(x) is given by:

ut(x)=3 p,(xla;(x)=p" (x)a(x)

J=0 (11)

where m is the number of terms in the basis, P;(x) are monomial basis functions, and
aj(x) are coefficients that depend on the position Xx.

After some mathematical treatments, the MLS approximation can be written as:

ut(x) =3 @, (x)u,

J=l (12)

where shape function ®; are given by

J

D .(x)=2 p.(xHA(x)B(x)); =p"A'B,
g=

(13)
where:
A=P"W(x)P, B=P"W (x) and
w(x -x,) 0 ]
Wx) = w(x-x,)
0 wix=-x,)]

The solution domain is covered by domain of influence of each node; while the
choice of shape of this domain is arbitrary.



NDT-EC problems generally involve multiply connected regions where interfaces
lie between different materials. So, the derivatives of the shape function or the shape
function itself should be discontinuous at the interface.

3. Application and results

In this section we present the validation of EFGM method and compare their
solutions to those obtained from an experimental data and those given by the FEMM code
using traditional FEM.

The procedure of NDT-EC was applied to some plated samples (copper, aluminum).
In the case of this study, a sample with external cracks of various depths was used.

The problem geometry and dimensions are described in (Figure.1). The eddy current
test procedure was made using an EC instrument (LCR-GMBH System) attached to a
personal computer with a good possibility of execution for data acquisition, storage and
analysis (Figure.1). A representation in two dimensions crack was used.
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Figure 1. Typical model of eddy current problem and testing. (a) Studied configuration, (b)
Experimental materials: sample and probe connected to EC instrument

The parameters for this test are listed in Table 1.

Table 1: Parameters of Studied case

The coil
Inner radius (Ri) 3.65mm
Outer radius (Ro) 4.50 mm
Length (L) 9.80 mm
Number of turns (N) 170
Lift-off (1) 0.1. mm
Conductivity 5.8 MS/m
Permeability 1
The test plate

Thickness 2.00mm
Length 100 mm
Width 50 mm
Conductivity 3.5 MS/m
Permeability 1

Crack is in the first lower plate
Length (c) 10. mm
Depth (d) 1. mm
Width (w) 0.2. mm

Other parameters

Frequency 20000 Hz




No-uniform mesh of 250 nodes is used with 4x4 Gaussian quadratic in each cell.
EFGM with linear bases are used in the study, results are compared with those obtained
from an experimental data and those given by the FEMM code based on linear FEM
formulation with 4483 nodes and 8623 triangular elements.

Figure (2) presents comparison between experimental data, code values and FEMM
values for the studied configuration. It displays variation of impedance according to the
displacement trough the line of chosen scan.
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Figure 2. Comparison between the experimental, the code values and FEMM values

It can be observed that the convergence rate of EFGM depends on the scaling factor.
The convergence rate of EFGM method is higher than that of linear FEM formulation used
by the FEMM code, whose convergence rate to experimental data is 0.042. The
convergence rate of EFGM is 0.019.

Through these applications, results confirm that EFGM method can be successfully
applied to the NDT-EC problems and can obtain the same accuracy with a reduction of the
execution time and the memory space reserving to data storage.

The impedance value can be affected by the defect depth, the defect length, and the
lift-off of tested part.

4. Conclusion

A meshless method, the element free Galerkin method (EFGM), for studying crack
detection of eddy current problems is proposed. The developed method enables users to
have the flexibility to add nodes in some specific regions without the need to consider their
connectivity in the numerical implementation.

The accuracy and feasibility of the chosen approach are validated by comparing the
numerical results with those obtained from an experimental data and those given by the
FEMM code. The convergence rate of FEMM code to experimental data is 0.042. The
convergence rate of EFGM is 0.019. This makes the chosen EFGM method ideally
appropriate for pieces control in non destructive testing by eddy current.
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