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Use lastest developments in COMSOLMultiphysics® to solve eddycurrent non-destructive testing problems
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AbstractAs part of its research, the Group of Electrical Engineering-Paris (GeePs) uses COMSOL Multiphysics® softwarefor applications such as multiphysiscal material modeling in electromagnetic compatibility and Eddy current (EC)non-destructive testing (NDT). EC NDT is an easy-to-use and low-cost technique with a wide range ofapplications, including defect detection, material thickness or electrical conductivity measurement and mechanicalstress analysis.This paper is the continuation of a previous paper published in 2010 [1] carried out under version 3.5 of COMSOLMultiphysics®. Since then, several other papers have been published in connection with the use of COMSOLMultiphysics® in EC NDT, such as [2]. The aim of this contribution is to highlight the new advances in thesoftware in its version 6.2, which allow more efficient and faster resolution of this kind of low-frequencyelectromagnetic problem.To solve this kind of problem AC/DC module is used in 3D. The EC NDT problems often involve areas of smallthickness (skin depth, thin cracks, small lift-off between probe and specimen to be tested, coating). Generating amesh in these areas can be tricky. Indeed the quality of the mesh will determine the reliability of the solution andthe computation time. Several solutions will be proposed to deal with this kind of zone such as the use of boundarylayers, specific boundary conditions, prismatic extruded mesh...Each case with its proposed solution will be evaluated on benchmark cases or compared to an analytical solution.New solutions to reduce computation time such as distributed computed will be presented.
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IntroductionA typical geometry EC NDT problem is constitutedof an electrically conductive specimen that maycontain a defect, a probe (one or several coils drivenby an excitation current density which may includea magnetic core) and the surrounding air (Figure 1),.The forward modeling typically consists in thedetermination of the probe impedance variationvarying probe position or probe excitation. The realand imaginary parts of the probe impedance aredetermined by using numerical computation of themagnetic energy and the power losses, respectively.Both are deduced from the finite element method(FEM) results obtained using the AC/DC Comsolmodule. Figure 1. Typical geometry and mesh of an EC NDTproblem.
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Computing machine configurationThe workstation used for this study is a Dellworkstation. (AMD Ryzen Threadripper PRO5965WX 24-Cores).
Resolution of some typical EC NDTproblems
To validate our modeling approach we refer to twobenchmark problems containing experimentalresults.
Benchmark problem Team workshop 15 (TW15)
In this classical EC NDT benchmark problem [3][4]a cylindrical air-cored coil is moved along thelength of a rectangular slot made in a conductiveplate (Figure 1).Both frequency and coil lift-off (distance betweenthe coil and the specimen to be tested) are fixed. Theobjective is to compute the change of the impedanceof the coil during its displacement. This value isevaluated by subtracting the values obtained for thespecimen (plate) without defect from the valuesobtained for the plate with defect.The parameters of the problem are shown in theTable 1.

Table 1. Parameters for team Workshop problem 15 [2].
For TW15 the skin depth is equal to 3.04 mm forthe first problem (TW15-1) and to 1 mm for thesecond one (TW15-2).Both magnetic fields (mf) or magnetic-electric fields(mef) formulations can be used.Figure 2 gives a mean to obtain resistance andreactance with the software.

Figure 2. Volume integration for the impedancecomputation (deduced from magnetic energy and powerlosses).
The problem was solved using frequency domainresolution with the mf formulation and a tetrahedralmesh (mesh size condition imposed with elementedge length < 1mm in the specimen, air-core andcoil).
Figure 2 and 3 show a good agreement betweenexperimental and numerical results for both testexperiments (TW15-1 and TW15-2). The defect iscentered at x = 0 mm. The scan (26 points, 52 FEMresolutions, 6 millions Dofs) is obtained with a veryreasonable computing time (about 6h).

Figure 3. Experimental and numerical resistance andreactance variation for the TW15-1 case.

Figure 4. Experimental and numerical resistance andreactance variation for the TW15-2 case.

Benchmark problem JSAEM n° 2-5The characteristics of this problem are given inTable 2. [5][7] In this case, the skin depth of theelectromagnetic field (1.6 mm) is greater than thethickness of the plate (1.25 mm). It is therefore
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necessary to add a layer of air underneath the plate.The results obtained using the mf formulation witha tetrahedral meshing are shown in Figure 5.A good agreement is still obtained between thenumerical results and the experimental ones.

Table 2. Parameters for JSAEM problem 2.5.

Figure 5. Experimental and numerical resistance andreactance variation for the JSAEM benchmark
Thin domain treatmentOne difficulty with EC NDT problem could be thepresence of thin domains to mesh (thin lift-off, skindepth, thin flaw, flat coil,..).
Mesh solution for small skin depth
As a first example, we will consider a problem witha small skin depth. When the frequency of theexcitation current or the magnetic permeability ofthe material increases, the zone in which EC develop(skin depth, noted d) decrease according to:

𝛿 = 1
𝜋𝜇𝜎𝑓

With µ the magnetic permeability, σ the electricconductivity and f the coil excitation frequency.
In order to illustrate the consequences of thisdecrease and to have an analytical solution tovalidate our numerical results, we will vary d on a

defect-free plate by increasing the excitationfrequency and then compare our results with theanalytical model proposed by Dodd and Deed [6].We use the geometry of the TW15-1 test case.Remember that COMSOL Multiphysics® usessecond-order elements by default.The use of tetrahedral elements can prove costlywhen the quality of elements required for goodconvergence has to be maintained. Indeed, adecrease of d due to frequency increase imply toreduce the size of the elements, leading to anincrease of the number of degrees of freedom (DOF),of the memory size and of the computation time, ascan be seen in Table 3.
Elementedge size(mm)

Numberof DOF(memorysize)

Computationtime R (𝜴)

1 9 682 525(38 Gb) 2 mins 24 s 3875
0.5 68 968 410(247 Gb) 17 mins 37 s 3464
0.4 133 331917(470 Gb)

36 mins 13 s 3407

Table 3. FEM resistance versus plate tetrahedral meshsize
If the element size of the mesh (Figure 6) is fixedand not adapted to the skin depth decrease when thefrequency increases (d decreases shown in Figure7)), we observe in figure 8 that the FEM solutionobtained with the tetrahedral meshing starts todiverge at about 150 kHz.If the number of tetrahedrons is adapted to thedecreasing value of d by adjusting the element size,above 100 kHz (skin depth d = 0.4 mm), thecalculation becomes impossible due to insufficientmemory resources.

Figure 6. Tetrahedral mesh of the TW15-1 problem.
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Figure 7. Skin depth evolution versus frequency.

Figure 8. FEM resistance computation with uniformtetrahedral mesh (maximum edge size of 1 mm) and withprismatic mesh.

A solution to avoid this problem is to use prismaticelements to mesh the plate where the skin effectoccurs. This kind of elements is more tolerant to ahigh dimension ratio between the thickness of theprism and its two other dimensions. Prismatic meshis obtained by performing a swept meshing from atriangle mesh surface under the coil (figure 9). Themesh size can be controlled using an exponential ora linear progression using the sub-menu “size”.Figure 8 shows the good values of the resistanceobtained using this mesh strategy versus increase ofthe frequency. Table 4 gives the computational timefor an excitation frequency equal to 200 kHz (skindepth = 0.2 mm). The analytic reference resistancevalue is 3377 Ω.

Figure 9. Mesh of the TW15-1 problem with prismaticelements in the plate.

Number ofDOF Computationtime R (𝜴)
5303554(24 Gb) 1 mins 45 s 3377

Table 4. FEM resistance obtained using prismatic meshin the plate (200 kHz).
It can be noted that ‘Boundary layers’ can be a alsoa good alternative solution to mesh thin area suchas skin depth, lift-off or multiple thin layers.
Zero thickness approachWhen the thickness of the defect is very smallcompared to its other dimensions, the defect can beconsidered as an electrically insulating surface [7].Comsol Magnetic and Electric Fields (mef) physicsis used for this purpose. It offers the possibility ofimposing an electrical insulation on the surfacedefining the defect (figure 10). This approach wasapplied to the TW15-1 test case with the solemodification that the defect is now consideredinfinitely thin. Figure 11 shows the distribution ofthe current density in the plate around the thin defectwhen the insulating condition is applied to thissurface. A good agreement is obtained between thenumerical results and the experimental ones (Figure12), the difference lying in the effect of the thicknessof the real volumetric defect. It follows that thismethod can be useful by avoiding mesh problems ofvery thin defects (cracks) which otherwise leads toan increase in the number of elements orconvergence problems due to poor mesh quality.Note : A word of caution when using thiscondition : the interior Electric Insulation conditionis not applied to the edges of the surface. With thisin mind, a correct surface representation of the thindefect is obtained by extending the surface of theelectrical insulation to a small distance in air abovethe conductive plate.

Figure 10. Imposition of the electrical insulation on thedefect considered as a surface.
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Figure 11. Eddy current density distribution around thedefect.

Figure 12. Numerical results for the TW15-1 test casewith zero thickness defect.
Evaluation of different parallelizationstrategies on a cluster for parametric sweepin EC NDT
In EC NDT problems, the same resolution is oftenreproduced with one or more changes to the physicalor geometrical parameters (e.g. variation of theposition of the probe or of the defect, of theexcitation frequency of the coil or of the electricalconductivity of the specimen). To speedup thesolving, it could be interesting to use a cluster toparallelize the computations with a parametric sweptresolution.The application to illustrate this part concerns theidentification of 2D mechanical stresses inferromagnetic materials using EC NDT method [6].The inversion problem consists in identifying therelevant impedance results on maps obtained bynumerical simulations. COMSOL Multiphysics®enables us to generate these impedance maps as afunction of the stress state along x and y and theorientation of the sensor in this plane. It has beenestablished that for ferromagnetic materials, themagnetic permeability of the magnetic specimen

depends on the stress state [8]. To take into accountof this magneto-elastic behavior, a multi-scalemodel is used. For each state of mechanical stress inxy plane. This model returns a permeability tensorfor the material, which is then entered into theCOMSOL Multiphysics® software. A 3Dmagnetodynamic frequency domain model isimplemented (AC/DC Module - mf model). Togenerate impedance maps, parameter swept processis used. That means that the same model is runningfor different samples of permeability tensors. Tospeedup the computation, the Ruche Cluster ofMesocentre of Paris-Saclay is used. The scheduleruses by this Cluster is SLURM. First, the scalabilityof the solution is evaluated with the geometry of theTW15-1 case with no defect.Two possible ways are possible to improve thescalability of the resolution for a parametric sweptstudy. The first one is to use an Open-MP processand several cores to solve a FEM resolution for onesample of parameters. The parameters used are Cpu-per task for the SLURM directive and np in theCOMSOL batch command line.The second one is to use MPI process to run severalsamples of parameters simultaneously. Theparameters are ntasks-per-node for the SLURMdirective and nn for the COMSOL batch commandline.To well understand the speedup, the same sample ofparameters is uses for 20 FEM resolutions. Inabsolute terms, the speedup should be proportionalto the number of cores used.To observe the influence of the problem size twodifferent meshes are considered. A normal mesh :about 190 000 degrees of freedom (1 parameter :54 s for the resolution) and a fine mesh with about1 million degrees of freedom.The results of Figure 13 confirms a well-knownComsol guideline, namely that there is an optimalnumber of cores for a finite element resolution(between 4 and 8 cores).

Figure 13. Numerical results for the TW15-1 case.
Figure 14 shows that the gain is important at thebeginning and next a threshold is observed. Thisthe consequence of the fork process treatment
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depending directly of the problem size. The speedupis more important when the mesh size is important.

Figure 14. Numerical results for the TW15-1 case.
ConclusionsBeyond the usual capabilities of a conventionalFEM software, COMSOL Multiphysics® exhibitsseveral key specifities allowing to considerablysimplify the analysis of EC NDT problems.These interesting features can be also useful to solvelow-frequency EMC problems, such as the study ofelectromagnetic shielding.
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