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1. Introduction:

The objective of the third eddy current benchmark problem proposed by the World
federation of NDE centers 1s to determine optimal operating frequency and size of the
pancake coil designated for Inconel tubes testing (Fig. 1). The optimal design of the sensor
should provide the highest possible sensitivity (the maximum change in inductance as it
moves past the defect). A resolution of the sensor (ability to discriminate two parallel flaws
located very closely) should also be determined.

The tube has an inside diameter 1); =19.69 mm and an outside diameter Dy =22.23 mm.
The tube contains an outside flaw whose depth 4 is 20% of the tube wall thickness. The
dimensions of the pancake coil are defined in Figure 2. Semi angle, coil height and coil
width (Fig. 2) were assumed as an unknown parameters.
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Fig.2 Coil parameters used for optimization



2. Finite element Analysis

A three-dimensional harmonic magnetic vector potential formulation with 4 noded
tetrahedral elements was used for the analysis. The formulation involves solving the eddy
current governing equation using energy functional minimization approach

The governing equation describing the eddy current phenomena is given as,

(1/w) V 2(A) =-Jg + G%A M

Where A is the magnetic vector potential (Weber/m), 1 and ¢ are the permeability
(Weber/A-m) and conductivity of the specimen respectively and J; is the source current
density (A/m?).

For the sinusoidal steady state with angular frequency, @, equation (1) reduces to,
(/W) V2A) =-Js + jocA 2)

The finite element approximating equations describing the interactions between the
electromagnetic fields and defects at discrete points in the problem region are obtained by
minimizing the energy functional given by,
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Where R is the region enclosing the magnetic system being modeled and the energies
associated with the magnetic field, the source and eddy currents are represented by the
first, second and third terms under the integrand. The region R was discretized using 4
noded tetrahedral elements and the energy balance within the entire region R was achieved
by minimizing the energy functional, F, at every node in the region. This is obtained by
setting the first partial derivative of F with respect to each node to zero, i.e,
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where N is total number of nodes in the region.

For each tetrahedral element, the minimization yields 12 equations with 12 unknowns. The
equation coefficients are stored in an element matrix. After assembly of the element
matrices, the final global matrix equation is obtained as [K][A]= [Q] where [K] is the
complex stiffness matrix and [Q] is the source matrix. Once this equation is solved, the coil
inductance can be calculated using the energy approach, i.e., if ‘P’ is the calculated stored
energy and ‘I’ is the current given to the coil, then the inductance(L) can be calculated
from the relation,

P=0.5L (3)



3. Validation

In order to validate the 3D finite element model developed in Ansys (v5.4) Multiphysics,
the self-inductance of a coil in an axisymmetric geometry (Fig.3) is compared with a
validated 2D axisymmetric model developed at CNDE, IIT-Madras.

Fig.3 Axisymmetric geometry used for validation

The mesh used for the axisymmetric model (Fig. 4) has 3784 elements and 1984 nodes.
The 3D mesh (fig. 5) constituted 61361 elements and 10168 nodes. The dimensions of the
coil used in analysis are coil height (h) = 0.8 mm, Outer radius = 1.5 mm and inner radius
= 0.5 mm, turns = 400.

The analysis results are shown below,

L (3D model) =2.08796 x 10-4 H

L (Axi-symmetric model) = 2.09670 x 10-4 H
Error =0.42 %
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Fig.4&5 Axisymmetric mesh (left) and the 3D meshed model(right)



4. Benchmark problem

Fig. 6 shows the mesh for the benchmark problem —3. In order to optimize the coil, the
change measured in the inductance of the coil directly over the defect and in a region of the
pipe without defect is compared.

Mesh in the defect region

Fig. 6. Mesh for the benchmark problem -3

Fig. 7-a shows the distribution of x-component of the magnetic field when the coil is at the
center of the defect. Due to the lessening of material thickness in and around the defect, the
magnetic field intensity is higher near the defect. Fig. 7-b shows the magnetic field (By)
distribution due to the current that passes through the circular loops of the coil.

Around the Defect Coil

Fig. 7(a,b). Distribution of x-component of the magnetic field

Since the problem involves multi parameter optimization, it becomes essential to take into
account the interaction effects of the various parameters involved. The local maxima
obtained for a single parameter that is varied, with the other parameters held fixed, may not



be the global optimum value. Also, maxima having a steep gradient may normally get
missed in between the calculated values when values are noted at discrete intervals. Hence,
parameters were varied over a range of values and when a maximum is obtained, values
are varied close to the local maxima in order to latch on to the maximum. (Bisection
technique). The following list gives the range of values used for the unknown parameters.

Semi-angle range: 10 to 30 degrees
Coil Width Range: 0.3 to 3 mm
Coil Thickness: 0.5 to 5 mm
Frequency range: 50 to 1000 kHz

Fig. 8 shows the variation of percentage change in inductance with the semi angle. The
maximum change of 7% was obtained at an angle of 16 degrees. For this analysis, the coil
width, depth and frequency were kept fixed at 0.6 mm, 2 mm and 100 kHz respectively.
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Fig.8. Variation of percentage change in inductance with the semi angle
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Fig.9. Variation of percentage change in inductance with the frequency of excitation

The variation of the inductance change with frequency is shown in Fig. 9 at a semi angle,
the coil width, depth of 15 deg, 0.6 mm, and 2 mm respectively. There is no significant



change in the sensitivity of the coil at this configuration at a frequency range of 50 — 1000
kHz. The maximum change occurs at around 400 kHz.
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Fig.10. Variation of percentage change in inductance with coil width
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Fig.11. Variation of percentage change in inductance with thickness

Fig. 10 shows the variation of percentage change in inductance with the Coil width. The
maximum change of 9.12% was obtained at a coil width of 0.4 mm at a semi-angle of 15
degrees. For this analysis, the coil depth and frequency were kept fixed at 2 mm and 400
kHz respectively. Fig. 11 shows the variation of inductance change with coil height using
the same coil geometry but with a coil width of 0.4 mm. The inductance change reaches a
maximum of 9.12% at a coil height of 2 mm.



5. Results:

The coil geometry at which a maximum inductance change of the coil is achieved in the
presence of a defect was studied as a part of the WFNDEC benchmark problem -3. A
change of 9.12% in the inductance of the coil was obtained at the coil parameters listed
below,

Outer Radius = 2.548 mm
Inner Radius = 2.148 mm
Coil thickness =2 mm
Frequency = 400 kHz
Coil Turns =400

Further the resolution of the sensor was calculated. In order to evaluate the resolution, an
ability to discriminate two parallel flaws located very closely (distance between flaws is of
1 mm) was studied.
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Fig.12. Change in Inductance as the coil passes through two closely located flaws

Fig. 12 shows the results obtained using the optimized sensor parameters. The defects are
identical (20% defect) and a gap of 1 mm exists between them. The variation in the
inductance of the sensor coil as it is moved along the tube diameter is plotted in Fig. 11.
The presence of two close defects produces a ‘double hump’ characteristic, the maximum
change in amplitude of which is 5 uH and the distance between the peaks is the radius of
the sensor coil. The inductance variation of the coil as it passes through a single isolated
crack is also indicated as a dotted line.
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