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Abstract. A quasi-analytical method for the solution of direct eddy current testing problems
for the case of cylindrical volumetric flaws is presented in the paper. The method is based on
a simple physical assumption that the electromagnetic field induced by a coil carrying alter-
nating current is exactly equal to zero at a sufficiently large radial distance from the coil. The
axis of the coil concides with the axis of a cylindrical flaw. The method of truncated eigenfunc-
tion expansions is used to compute the change in impedance of the coil. Complex eigenvalues
are computed numerically using the method which does not require initial approximation for
the eigenvalue. Computations are presented for different values of the parameters of the prob-
lem. Calculated change in impedance is compared with numerical results obtained by means of
Comsol Multiphysics software. Good agreement between quasi-analytical method and numeri-
cal solution is found.
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1 INTRODUCTION

Eddy currents are widely used in nondestrutive testing of electrically conducting materials.
Identification of flaws in conducting media is one of the goals of nondestructive testing. This is
a complicated inverse problem which can be solved if a solution of a direct problem is available.
In cases where a conducting medium is unbounded in one or two spatial dimensions solutions
of a direct problem can be found by the method of integral transforms [1], [2]. In practice,
however, finite size of a conducting medium has to be taken into account especially in cases
where the size of an excitation coil is comparable to the size of the medium. Method of truncated
eigenfunction expansions (known as the TREE method in the literature) is suggested in [3],
[4] in order to construct solutions of direct problems for media of finite size. The method is
based on a simple physical assumption that the electromagnetic field induced by a coil carrying
alternating current is exactly equal to zero at a sufficiently large radial distance from the coil.
This assumption allows one to extend the class of problems which can be solved by a quasi-
analytical method i.e., by the method of truncated eigenfunction expansions. Examples of the
application of the TREE method to the solution of direct eddy current testing problems with
cylindrical symmetry can be found in [3], [S], [6], [7]. The case of an asymmetric infinite
cylindrical flaw is considered in [8]. In the present paper we present the solution of eddy current
testing problem for the case of a cylindrical flaw in a two-layer plate. Such a model can be used
to assess the effect of corrosion in metal coatings.

2 MATHEMATICAL FORMULATION OF THE PROBLEM

Consider an air core coil located above an electrically conducting nonmagnetic two-layer
plate of finite size. A flaw in the form of a circular cylinder is located in the medium. It is
assumed that the axis of the flaw coincides with the axis of the coil. An example of the flaw at
the surface of a two-layer plate is shown in Fig. 1.

Figure 1: A coil carrying alternating current above a conducting two-layer plate with a flaw.

It is assumed that the electromagnetic field is equal to zero at a sufficiently large distance b
from the axis of the coil. Using the cylindrical symmetry of the problem we assume that the
vector potential has only one non-zero component in the azimuthal direction. As usual in such
type of problems, we consider a single-turn coil of radius 7, located at the distance h above the
top surface of the plate. The solution for the case of a coil with finite dimensions can be found
by the superposition principle. The system of the Maxwell’s equations in each of the regions
Ry—R, shown in Fig. 1 has the form:

PAy 104, A n %A

or? + r Or 72 022

= —pold(r —ro)d(z — h), (1)
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where oy and o, are the electrical conductivities of regions Ry and R, respectively, o = oy if
c<r<bando=0if0<r<e.
The boundary conditions at r = b are

Ail,_,=0, i=0,1,..,4 (6)
The boundary conditions at = ¢ have the form
QA"

air
0A§ = |
r=c’ ar r=c ar r=c’

AT = AP @)
where we use the notations A¢" and A$°™ in regions 0 < r < cand ¢ < r < b, respectively.

The conditions at the surfaces z = 0, 2 = —d;, 2 = —ds3 and z = —d5, where d3 = d; + do,
ds = ds + d4 are

air aAO 8Aair
Aol,—o = AT .o E’zzo = T;’z:(] 0<r<c, (8)
0A QA
Mg =47, 201220 erc g
] aAair aA
A?“ﬂlzzfdl - AZ‘zzfch’ a; |z:fd1 = 8722"2:7(11 0<r<ec (10)
0AP" 0A
Ao gy = Aol o ema = g, <7 <D, (11)
0A; 0As
AQ’ZZ*dg = A3’Z=7d3’ @L’:*dg = g‘zzfdg,’ (12)
0A3 0A,
Al gy = Al @\Z}ds = W'Z?%' (13)
In addition, the solution is bounded as z — +o0:
AOlZ—H-OO = 0’ A4|z—>—oo = 0. (14)

3 PROBLEM SOLUTION

Problem (1)-(14) is solved by the method of separation of variables. It is convenient to
represent the solution in region Ry in the form

Aoo(?", Z) = Z (Dh 67/\7”‘2&]1 ()\ﬂ’), (15)

s
Il
—

(Dgs e + Ds; BAiZ)Jl(AiT% (16)

I

Api(r,z) =

=1
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where \; = «;/b and «; are the roots of the equation
Ji(a) = 0. (17)

Here Agg and A, represent the solutions in subregions Rog = {0 < z < h}and Ry; = {z > h},
respectively. The vector potential is continuous at z = h:

A00|z:h = A01|z:h' (18)

Another condition at z = h can be obtained from equation (1). Integrating (1) with respect to z
from h — € to h + € and considering the limit as ¢ — +0 we obtain

DA Do
Dz '#=h 0z

Using (15), (16), (18) and (19) we obtain

|z = —Hold(r — o). (19)

[ee) . . /\i(h—z)
(Das e~ 7y (Agr) + 0170 3 Ji(Airo) Ji(Nir) e

hE

AOO (Tu Z) = ) (20)
i=1 b? i=1 Aijg()‘ib)
R iz polrg S Ji(Air) Ji(Air) €GN
A01 (7’, Z) = ; (DQZ e J1<)\17”) -+ b2 ; /\zjg(/\,b) (21)
The solution in region Ry can be written in the form
AT (r,2) = Z (Dy; J1(pir) € + Ds; Jy(pir) e P%, (22)
i=1
APM(r,z) = Y [(Deii(qir) + DriYi(gir)) eb?
i=1
+(Dg; J1(qir) + Do Y1 (qir)) e 7], (23)
where p; = \/¢? + jwopg. Using (22), (23) and the first condition in (7) we obtain
AC{”(T, Z) = Z Jp (piT)Tl(QiC) [DGZ‘ el + D&‘ €7piz]> (24)
i=1
Aion(ra Z) = Z Ji (piC)Tl(QiT)[Eﬁi el + [7&‘ €_piz]a (25)
i=1

where
T(qir) = Ji(qr)Yi(qb) — Ji(q:ib)Y1(qr)

and D&, Dgi are arbitrary constants. Using the second condition in (7) the following equation
is obtained

a:T1(qir)J1(pic) = piJi (pic)T1(gic)- (26)
Equation (26) is used to calculate complex eigenvalues p; and the corresponding values g;.
The solution in region R, is
Ay(r,z) = Z (D1oi €% + Dy e P1H%) Iy (Nir), (27)

=1
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where p1; = \/A\? + jwo .
Similarly, the solution in region R3 can be written in the form

Z) = Z (DlQi €p2iz + Dlgi 6_p2iz)z]1 ()\ﬂ"), (28)
i=1

where py; = \/A\? + jwoaig.
Finally, the bounded solution in region Ry is

Ay(r,2) = Dig; " Ji(Air). (29)
i=1
Unknown constants in (20)—(25), (27)—(29) can be found from the boundary conditions (8)—
(13). It can be shown that the corresponding system of equations can be reduced to system of
two linear algebraic equations with respect to the unknowns DgZ and DgZ It is neccesary to
truncate the infinite series to a finite number of terms, m. Computational details for the solution
of similar problems can be found elsewhere (see, for example, [3] and [5]).
Assuming that the coefficients Dyg; and Dyg; are calculated (this can be done using any linear
solver) we obtain the induced vector potential of the single-turn coil in the form

AL r, z,m0,h) =Y Doy e 7 Ty (Agr). (30)
k=1

Induced vector potential for the coil of finite dimensions can be computed as follows

coil

A () / / Aind(r, 2 1o, h)dr,dh. 31

The induced change in impedance of the coil is given by the formula (see [3]):

2mjwN
Lind = mjw / / rAmd r,z)drdz, (32)

l
](7“2—7”1 22—21 cot

where N is the number of turns in the coil.
Using (30)—(32) we obtain

27Tj(,(}N2,LLO n G*Aizl _ 67)\7;,22 it
d (7"2 - 7“1)2(22 — 21)2) ; /\? - Yy 1(1/) Y
n e_)‘kzl _ e—)\kZQ >\k7’2
x 2 Yie A3 /A §J1(8) de. (33)
k=1 k ET1

The coefficients Yj; in (33) are bulky and are not shown here for brevity.

4 NUMERICAL RESULTS

Calculations of the change in impedance of the coil are performed with Mathematica. Inte-
grals in (33) are evalauted in closed form using Bessel and Struve functions (see [9]). Complex
eigenvlaues (the roots of equation (26)) are computed using the method described in [10] and
[11]. Numerical results are presented for the following values of the parameters of the problem:
z1 = 0.3 mm, z = 2.6 mm, 0; = 3 Ms/m, 05 = 7 Ms/m, di = 0.4 mm, dy = 0.5 mm,
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ds = 0.8 mm, ¢ = 2.2 mm. The real amd imaginary parts of the change in impedance for the
seven frequencies of the excitation current (from 1 kHz to 7 kHz with a step size of 1 kHz) are
shown in Figs. 2 and 3. The inner and outer radii of the coil in Fig. 2 are r; = 1.5 mm and
r9 = 2.5 mm, respectively. The same problem is also solved numerically using Comsol Multi-
physics software. The details of the finite element modeling of similar problems with Comsol
Multiphysics can be found in [12].
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Figure 2: The change in impedance of the coil with r; = 1.5 mm, ry = 2.5 mm.

The change in impedance of the coil is also shown in Fig. 3 for the case r; = 2.5 mm,
r9 = 4.5 mm (the other parameters are the same as in Fig. 2).
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Figure 3: The change in impedance of the coil with r; = 2.5 mm, r, = 4.5 mm.

As can be seen from the graphs good agreement is found between the results obtained by the
TREE method and finite element modeling with Comsol Multiphysics.
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S CONCLUSION

The model described in the paper represents the continuation of the authors’ work related
to the solution of direct eddy current testing problems for the case of cylindrical flaws. Good
agreement is found between quasi-analytical solution and finite element modeling for all cases
considered. The results obtained in the paper can be generalized for the case of magnetic mate-
rials (assuming that the magnetic permeability of a medium is constant).
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