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INTRODUCTION

The existing models for remote field testing are all based on the assumption that
there are two domains for eddy current testing[1-3]. The first is a direct coupling
domain. In this region, close to the driving coil, the fields obey the electromagnetic field
equations. Fields are induced in all materials and, if the material is conducting, an induced
eddy current distribution will exist. These eddy currents interact with any flaws that
may exist to produce an indication in the testing instrument via any of the standard eddy
current methods. A second domain is assumed to exist further away from the coil where
direct induction is negligible. This is the indirect coupling domain. A flaw in this domain is
detected by eddy currents that have presumably diffused to the outer surface of the test
material, propagated on its outer surface and then propagated or diffused back into the
material. While this model does explain the observed behavior in remote field testing it
cannot explain 'some very simple situations. One is the testing of very thick materials. If
a flaw is present near the inner surface of a tube with very thick walls (i.e. infinitely
thick), the outer surface is very far away or does not exist and the existing models
would predict no reading in the pickup coil. A second problem is the testing of
nonconducting ferromagnetic materials like ferrites. These models indicate that such a
material cannot be tested. Although, the remote field method is classified as an eddy
current method, the same effect can be observed in nonconducting materials (i.e. the flux
density in the remote field region is larger at larger distances from the axis of the coil).
In addition, the use of numerical models based on a simplified form of Maxwell's
equations, in which all propagating effects have been neglected, clearly shows the far
field characteristics[4], indicating that wave propagation or guiding of waves by the
metallic structure cannot be responsible for the effect.

The model presented here is based on an exact solution of the field equations in
axisymmetric geometries and it clearly shows that the so called remote field effect is
merely an extension to standard eddy current testing. The use of very low fields for
detection is possible due to the unique field distribution of a coil and has nothing to do
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with the test material. For this reason the method. can be applied to testing of
nonconducting materials where the distortion in the field is detected. The present model
also includes the effects of velocity of testing. The effect of velocity on the measured
voltage is quite significant due to the low field intensity used.

THE MATHEMATICAL MODEL

The problem considered here has the geometry shown in Fig.1. A coil is moving
with velocity v in the z direction inside a conducting tube of infinite length. The tube
properties are defined by conductivity o and permeability p (the permeability of air is
denoted by pg). The goal is to construct an analytic solution for the field induced by the

exciting current density J in the coil.

A coordinate system which is moving with the coil is first established. Under this
system,

Bi'B', E=E' + vXB ' (1)

where B', and E' are the fields in a stationary reference frame. Introducing a magnetic
vector potential A with Coulomb's gauge, namely, VxA=B,V-A=0, into Maxwell's

equation, the following governing equations are obtained:

V2A+u0J=0 in air, VZA-uG(v%‘g—%?—#O in tube (2)

For testing with the remote field effect Eq. (2) are written in cylindrical
coordinates

..a_(p_ +— - A= -uo] in air (3)
0 p

=LA=0 in tube (4)

where A denotes the ¢ component of the potential, and the operator £ has been introduced
to simplify expressions. The general problem in Eq. (3) and (4) can be modeled as
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Figure 1. A general geometry used to develop the model.
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LA= 'qu

LG= -pod(p-po) 8(z-zp)

A= f JG(p-po,2-2¢)dpodzg

(5)
with A bounded at p=a and p=es. To solve the problem above, the following Green function
problem is considered:

(6)

with G bounded at p=a and p=c. If J is uniformly distributed over an area Q (i.e. cross
section of a wire or coil) and G can be found, the solution to Eq. (5) can be written as

(7)

For the problem discussed, Q is restricted to be inside the tube. Also, the current

dependency of potentials is ei"’t and A=Kei‘”t. The governing equations are

19 (,9A) L A 4 A ) S(p-po) 8(z)  in air
pap( ap) 2 o Hod(p-po) 8(2)

1___8 (p———aA)+82—A-uova—A-imuGK-—1—;\=0 in tube
Pop odp 9z2 0z p2

The Fourier transform with respect to z, is now taken

_@_( a_A.) - (&2 +L) A= -uod(p-po)  inair
d p?

(5 " +iwo ey + ) + SpA=0 inube

where & is the transformed z coordinate and

A=-L | Zeizt
A o f eizg 4
The general solutions to Eq. (10) and (11) are

A =aly (&p) + bK (Ep) in air, A =cly((p) + dK{(Cp) in tube

where a,b,c and d are constants to be evaluated and {2=£2+ipc(Ev+w)

For the Green function solution the potential inside the tube is

Ai=aqlq(Ep) for po2p,  Ag=Cqly(Ep)+agKy(Ep) for Ri2p>po

The continuity and jump conditions at p=pg are

in the coil is assumed to be sinusoidal with frequency w. This implies that the time

(12)

(13)

(14)
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Ar=Ay ==-5-="H (15)
p .-
These conditions enable the evaluation of a4, and ap as

a;= HopoK1(§po)+c1, a= popol1(§po) (16)
The solutions in and outside the tube are
Ky=col; ((p)+csK1((p) for Ra2p>R1, Ag=caKi(§p) for p>Ra (17)

The following interface conditions between air and material exist

Ar=As, e (pAz) 1—+pA3> at p=R; (18)
~ o~ a ~
Ay=Rs, 1 A4>=l—( A3) at p=R; (19)
hoop © eI P
A system of equations is established:
- | oK 1
1R, -CltR, -CK1R, 0 Hopolt pat1R
G Ril1p0K
pERlor, - HoLRClor, HotR1CKoR, 0 Gl HuopoER1T1pKoR: (20
0 C|1gq G‘(ﬂqz 'K1Rq g3 0
0 wolFeClor  HolReCKor,  WEReKom | o

where Inz=In(¢z), Kn,=Ka(§2), Cl;=Cl,({z) and CK,=CK({z). (20) leads to the
solution of Eq. (10) and (11)):

K1=popolK1(5p0)+ 31 GPoIT1 &) po2p 21)

Kz=uopoh<§po)[%—h(ép)+K1<&p>1 Ry2p>po (22)

K3=L10P011(§P0)[E-2-11(CP)+B;K1(CP)] R2p>R; (23)

As= uoPo Il(épo)Kl(ép) p>R; (24)
where

Py= (—}ICKIRZKORz'%Kle(:KOR;)(ECIlRIKORH"z’KIR,CIORx)

(25)
'(ECI1R1KOR2'*£KlRZCIORz)(rlCKlRlKORf'C‘K1R1CK0R1)
& §

Py= ——-(}.LCK1R2K0R2'£K1RZCKOR2) (26)
ER; g

P3=———(HC11R2K0R24£K1RzCIORz) (27)
&Ry §

Py=—s (28)
£°RiRy
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Q=(ECK1R,KORz-%szCKOR;)(ECI1Rl10Rr%I1R1C10R1)

(29)
'(HCIIRzKORz'*"z’KIRzCIORz)(ECKIRJOR{"%IIRICKORJ
andﬁ=iu— is the relative permeability of the material.
0
The Green function for the problem defined in Eq. (6), therefore, is
it "
G=REr f [FLy ((p)+HK; (1p)]ex2)dE (30)
where
P
K1(§Po)+'éll(§Po) 0 Po2p
Py
—1(&po) L (Epo) Ri2p>po
e 19 e 1&po 12p>p (a1)
6111(5';[30) %II@pO) Ry2p>R;
0 Sy p>R;
Ro2p>R
and 5= f g 22p>Ry (32)
’ \ £ otherwise
From Eq. (7) and (30), the solution to Eq. (5) may written as
7] 268 Ld
A=Jeiot f dpof dzo{;j HopolFI1(xp)+HK (xp)]eis2)dg (33)
1 2a -0
Now B can be caiculated from B=VXA
_0A _ 0
Bi=3, + Be p3s(A) (34)

where By, B, are the radial and axial components of the flux density.

To calculate the induced voltage V in an identical coil at z=zp, the induced voltage
in a loop of radius d inside the tube is first calculated
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d 2n d
Vs=—gt-jB-ds=-iwI pdpf Bzd9=-i2nmf B,pdp (85)
-] 0 0 0

Performing integration over the coil cross sectional area, V is obtained as

2 204 r
V=-121mcof drj dz f B.pdp (36)
n 204 o

where n is the turn density. This expression allows the calculation of the induced voltage
in the pickup coil.

The expressions for the magnetic vector potential in Eq. (33) and subsequently
those for B and V in Eq. (34) and (36) are quite complex and require considerable
attention in evaluation, especially in conjunction with the far field effect. This is due to
the need to evaluate the integrals at locations where the fields are very low. In addition,
the integral in Eq. (33) can only be evaluated numerically, further complicating the
calculation. However, with careful numerical evaluation, accurate results are obtained.

RESULTS AND DISCUSSION

The expressions above were used to model a number of geometries. The first of
these is shown in Fig. 2. A single turn loop moves inside a bore in a conductor at a
velocity v. The conductor is assumed to fill the whole space. Under these conditions,
previous models cannot explain the detection of a defect either below the surface of the
conductor or a surface breaking defect. The reason for this is that, if the idea of eddy
currents difussing to the outer surface and then back is valid, then in this case, the field
at the defect will be zero. However, for a given defect size and location, the field is
almost independent of the thickness of the tube, clearly indicating a direct coupling rather
than an indirect coupling as the existing modeis would predict. Fig. 3 shows the radial flux
density at two locations below the surface of the bore. The deeper location has a larger
. field. This in turn indicates a higher sensitivity to a discontinuity at that location. In
addition, the larger the distance between the two lines (L1 and L2), the larger the
difference between the fields up to a point. Increasing the distance further, decreases the
difference. This is true for the field of any finite length coil. The peak in the field occurs

le_.v

Figure 2. A loop moving in a bore. The rest of space is conducting.
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x109 Comparison of Br on L1 and L2 (uaS50u0,v=0) x10% Comparison of Br on L1 and L2 (u=30u0,ve0)
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Figure 3. Radial component of flux density on line L1 and L2. a. comparison of fields,
b. detail of flux densities in the remote field region.

at a larger radial distance away from the axis as the axial distance is increased. The
domain where this occurs is the remote field domain.

A second geometry is a loop in air. The geometry is as in Fig. 2 but the
permeability is set to pg and the conductivity to zero. The remote field models currently
in existance do not take this geometry into account. Yet, from Fig. 4, it is clear that the
field at a larger distance is larger than the field at a smaller distance. If one were to
locate any material at these two locations, the material at the larger distance will have a
larger influence on the field. In effect, this indicates that the so called remote field effect
exists in nonconducting materials, including free space. Since there are no eddy currents,
the existing models fail. In fact, based on the existing models, testing of ferrites would
not be possible because of their negligible conductivity. However, the fact that the same
characteristics are observed with nonconducting materials suggests that the far field
method should be applicable to nonconducting materials. In this case, the flaw indication is
based on the distortion in the field due to the discontinuity in material properties.

x10% Comparisoa of Br on L1 and L2 (usu0,5=0,ve0) 24 x10¢ Comparison of Br on L1 and L2 (usu0,5=0,v=0)
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Figure 4. Radial component of flux density on line L1 and L2 for a loop in free space.
a. comparison of fields, b. detail of flux densities in the remote field region.
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Figure 5. Radial component of flux density on line L1 and L2 for a coil in tube.

a. comparison of fields, b. detail of flux densities in the remote field region.
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Figure 6. Effect of velocity on the axial component of flux density for a coil in tube.

a. stationary coil, b. v=10m/sec.

Fig. 5 shows the results for a thick ferromagnetic tube as in Fig. 1. This is the

more common testing geometry, on which existing models are based.

Because the remote field testing method is based on low fields, the measured

fields are quite sensitive to the velocity of testing. Fig. 6 shows comparison of the flux
density at two velocities for a coil in a tube. In-this case the axial compenent of the flux
density is shown.
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