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THE KANSAI-MARSHALL PROBE

The Lord Marshall of Goring*

1. Introduction — Principles of the KM probe

The use of the simple bobbin coil in a probe to detect defects in Steam Generators is a well established
technology which, on balance, produces a good compromise between “detectability power” and speed of
operation. But it suffers from the disadvantage that it cannot reliably detect circumferential defects which are the
most serious type of defects for the safety of the plant. There is therefore a need for a detection probe of a
different type which retains the speed of the conventional bobbin coil but which can also detect circumferential
defects.

This paper first describes the principles of such a device and gives a calculation of eddy-currents to
demonstrate its theoretical capability. Next, this paper describes how these principles can be interpreted in a
practical device which gives good experimental results. Lastly, an actual calculation of the signal from a
circumferential defect is given.

We first review the basic principles upon which all eddy-current probes depend. If a uniform electromagnetic
field of circular frequency “w” is present outside a metallic surface, then the field penetrates the metal to a certain
distance called the “skin-depth”, which depends upon both @ and 0. As we would expect, the penetration is
largest for low frequencies and low conductivity.

If “y” measures the distance into the metal, then the amplitude of the field falls-off according to the law,

exp{— y(drnoiw/c?)''?}

[TPRL]

where the formula has been expressed in the Gaussian units familiar to physicists, “c” is the velocity of light and
“i” is the square-root of “—1”. This formula, as written, is inappropriate for direct use in calculations and it is
therefore convenient to make two further definitions.

I
1

We first define the positive square-root of “i” as *j”, hence,
j=i=0+0/2"
We next define,
2*=4now/ .
and this permits us to rewrite the skin-depth formula as,
exp (= yj2),

This demonstrates that the field falls off with an exponential form with parameter X and also with a shift in phase
which, in practice, is not usually very important. If readers of this paper prefer to work in units other than

Gaussian units, they can use this last formula with X expressed in their own choice of unit. The conventional

* Member of Advisory Committee, Institute of Nuclear Safety System, Incorporated
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eddy-current probe uses the basic results outlined above; the electrical conductivity is known from the material of
the Steam Generator tubes and the frequency might typically be chosen so the field decays to one tenth of its
amplitude at the outside of the tube. This is adequate to provide sufficient field throughout the metal. But
alternating electromagnetic field in the metal implies the flow of electric currents in the metal; these currents are
impeded by defects and cracks and this change is detected as a change in the impedance of the bobbin coil. This
technology is therefore simple in principle, but more complicated in actual interpretation because it needs skill
and experience to interpret impedance changes into defect types and sizes. The only real problem is the inability
of this technology to detect circumferential defects which are thin. Therefore we now examine why this is so and
propose an improvement.

The designs of bobbin coils vary one to the other but all of them involve a simple coil supplemented with
ferrites placed to enhance the signal by creating some suitable concentration of field. All these devices retain
cylindrical symmetry and therefore in all of them the currents flow in the circular path of the coil windings. By
the fundamental law of action and reaction the currents induced in the material of the tube also flow in a circular
direction. Thus if we use the usual cylindrical co-ordinates, r, 8, z, then the currents flow in the 6 -direction both
in the coil and in the metal of the tube.

The bobbin coil is dominated by large currents in the 6 -direction and large magnetic fields in the z-direction.
Unfortunately a current in the 6-direction does not intercept a circumferential defect unless that defect has some
significant thickness. We conclude that the bobbin coil cannot detect an infinitely thin circumferential defect.

WE MUST BREAK THE CYLINDRICAL SYMMETRY

This is the crucial idea which will enable us to detect circumferential defects. Of course there is always one 6-symmetry

retained because any quantity evaluated at 6 + 27 must be the same at 6. Therefore we must produce a field
varying like cos n@ or sin n@ where “n” is an integer not zero.

These thoughts lead to the basic idea of this new probe; to use ferrites to bend the field of a bobbin coil into the
radial direction so that the end poles of the ferrites face outwards to the tube walls and are made to get as close to
those walls as practically possible; to do this at the top and bottom of the coil so that the coil retains axial
symmetry; and then alternate this arrangement with one omitting the radial poles as we go around the 0 circle a
distance of 27R/N where N is some integer. Looked at from above therefore the ferrite poles look like segments of
a circle with every alternative segment empty. The number of ferrite segments on the central core is a matter of
judgement; there could be 2, 3,4,5,6,7,8, ....

So far we have described how to break the cylindrical symmetry but the idea needs an additional development.
For simplicity let us suppose we have chosen the “8-pole” version of the probe; then the initiating magnetic field
will be a superposition of fields with n =0, n =8, n = 16, n = 24 ... in terms like cos nf@ and sin n6. We can
guess intuitively that only the first two of these will matter in practice. The term n = 0 will act exactly like a
bobbin coil, will produce no axial current and will not “see” circumferential defects ; nevertheless it should be
just as effective for other defects. The terms with n = 8§ will have an axial current, will detect circumferential
defects and will be “scattered” into terms like n = 7 or n = 6 because we assume the defect is only partially around
the circumference. But terms like n = 7 and n = 6 cannot contribute to the self impedance of the coil, so although
we have “detected” circumferential defects we have not “measured” them with only the present proposals.

We therefore add a further idea; we place central detector poles at the mid-point of the coil and wind detector
coils to these detector poles so as to measure any flux diverted into them. These detector poles should be made of
ferrite, should link back to the central core and should be made to get as close to the tube wall as practicable.

There are several other considerations which affect the detailed design of this probe, some are practical
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matters and some flow only from the difficult calculations. But we have now described the logic which leads to
the present proposals. Therefore we now set about a calculation of the currents in the tube walls in order to verify
the ideas described so far and calculate actual magnitudes of those currents and show they are large enough in

principle for our purpose.
2. Calculation of current for a tube without defect
2.1 Maxwell's equations and potential functions

We first observe that the tube wall has a thickness, “7”, which is small compared to the tube radius, “R”, and
that therefore we do not really need to use cylindrical co-ordinates. With negligible error we can use cartesian co-

ordinates with the transformations

F—y RO — —x Z >z

Notice the change of sign between “R6” and “x”. This is required to ensure that “x,y,z” form a right-handed set.
Note that the width of each pole piece is defined as 2zw/N, so the total width of all N poles is 2zw. We shall later
demonstrate that there is a practical advantage to choosing w equal to R/2 so that the circumference is equally

divided into “poles” and “non-poles”.

[Tt

We also notice that any variation in the x-direction must be periodic because a change in “x” of 27R is a
change in “6” of 2 and therefore brings us back to where we started. It follows that all functions of “x” vary like

exp(ifx), where f = n/R , n being a positive or negative integer including zero. The primary coil is fed with a

[Pt

frequency “w”, so all quantities vary with this frequency which is in the radio-frequency range in the form
exp(imt).

Maxwell's four equations, in Gaussian units are,
VXE+12B=0 V-B=0
VxH-@p=4Ty;  v.p=4np.
The tube walls have no magnetic permeability or dielectric constant, hence,
B=H and D=E.

From the second equation we therefore deduce,

H=VxA,
where “A” is the vector potential. The first equation then yields,

E+24=-_V.9¢,
where “¢” is a scalar potential. We now choose a gauge so that
V-A+%¢ -0,

Hence from the third equation we obtain,

via=-41;
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In deriving this equation, we have ignored the term which originates with the displacement current. The

equivalent approximation in the gauge equation gives

V-A=0.
We can assume ¢ is zero, so
E=-124
The current is given by,
J = OFE,

S0,
V%:ﬂ%@Azmu.
If now take the curl of this equation we get
V’B =iX"B,

and for simple situations it is possible to work directly with B, but for more complex problems it is necessary to
work with A.

As the next step we Fourier analyse A in the x and z directions to give,
Alx,y.z] = fom dke™* A[y],
which leads to,
S AL )= (4 B+ )AL 3k
It follows that A[f,y,k] varies like,
A[f,y.k]=exp {y(f*+ k> +iZ*)""}.

We notice that the expression in the brackets is complex and we therefore need to define it carefully. Obviously
(2 + k% + iX2) is in the first quadrant of the complex plane so we define (2 + k2 + iX2)!/2 to be in the first quadrant
also. It follows that — (2 + k2 + i3%)!/2 is in the third quadrant of the complex plane. We also note that for the usual
frequencies X2 is much larger than (f2 + k2), so (/2 + k% + iX2) is just to the right of the positive imaginary axis and
(2 + k> + iX?)1/2 is therefore just below the +45 degree line in the complex plane. It follows that — (f% + k* + iX%)!/2

is just above the 225 degree line in the complex plane.
2.2 Magnetic field in the inner space of the tube

If we had chosen to work in terms of the magnetic field the last equation would be the exact analogue, namely,
B[f.y.k] =exp {£y(f*+ k*+iZ*"?}.

Between the poles and the tube inner surface X is zero, because ¢ = 0. Then the magnetic field must decay in

strength across the gap, G, and the incident field becomes

B(f.klexp {=(y+ GV},
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where B[f, k] is the Fourier transform of the field at y = — G, and we have used the shorthand
— (fZ + kZ)l/Z
Using this, we write the entire incident field as
y = E/f dkBL f,klexp{ifx + ikz— V(y + G)}.

We can deduce the other components of the field by substituting By into the Maxwell equations. In total therefore,

the initial wave is, for—- G <y <0
[B,,B, B,l= fo dk[=if/V, 1, —ik/V] BLf k] explifx + ikz — V(y + G)}.

When this incident field reaches the tube wall, it generates a reflected wave which has some amplitude, which
we shall name «f,k], and decays in the opposite direction and originates at the inner tube wall, i.e. at y = 0. It

therefore looks like exp(+Vy). Hence by analogy to the previous formula, the reflected wave is, for—- G <y <0
[B,.B, B,]=2, j dK[ifIV, 1, ikIV]eLf klexp (ifc + ikz + V).
Hence the total field, between the pole pieces and the tube wall is, for—-G <y <0

k)l ket 1, ).

[By, By, B,] =2 J‘dkelflﬂk‘{B[f kle V(y+G)[ lf 1, ik

V

2.3 Current inside the tube wall

Part of the incident wave enters the tube wall and then continues to decay according to the rules applicable to a
conducting medium. We have discussed these rules before and remember that the wave must behave like
exp{xy(f2 + k? + iX?)1/2} depending upon whether the wave decays with decreasing y or increasing y. The
amplitude of the decreasing wave we call B [f, k], and the amplitude of the increasing wave {which is reflected off

the outer wall of the tube} we call y[f, k]. The total wave belonging to this Fourier transform is therefore
B,[f.k1= B exp (= yU) + vexp (YU),
where we have used the shorthand
=(fP+k*+iZ%"

Once again we substitute this into Maxwell's equations to obtain in total, INSIDE THE TUBE WALL,
forO<y<T

(B By, B, = 2| dker (Blf K e 0 =K yip e 17 LK),

Finally, outside the tube where y is larger than 7, we have a decaying wave in free space with an amplitude we
name &[f,k]. Hence, OUTSIDE THE TUBE, for T<y

[B,.B, B,=Z, f ke el f ke~ VoD[=if IV, 1, ikIV].

We now have a series of expressions involving four unknowns {a,f,y and €} for each choice of f and k. We
determine these unknowns by matching each solution across the boundaries at y =0 and y = 7. Aty = 0 we get
BIf.klexp(-=VG) [- if IV ,1,— ik IV]— o f.k] [if IV,1,ik /V]
= BLF k] [—ifUIV21,—ikUIV?] + YLf. k] [ifU 1V2,1,ikU 1V
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This gives three equations,

- if vo W —U ifu

V B[fak]e + Va_ VZ ﬁ+ VZ%
B(f.kle "+ a=B+7,

— ik vo . ik, —ikUB _ikUy

V B[ka]e + Va_ Vz + V2 .

The third equation is redundant.

Eliminating o, we obtain

(V+U)B+(V-U)y=2VBe '°.

Similarly from the boundary conditions at y = T we obtain

(V-U)Be " +(V+U)ye =0.

The two equations give 8 and yseparately as,

_ (V+U)e'
= 2VBe ,
P aVBe e — (v = Uye
) —(V=U)e T
= 2VBe .
e VR U e T — (v — Uy e

Consequently, aty =0,
e V+U)e"—(V-U)e "

B,=2VBe ) A
(V+U)e"—(V-U)e"

andaty=T,
B,=2VBe ¥ __2U —
(V+U)e = (V= U)e

Similarly, at y = 0,
) _iU (V+U)el = (V = U)e VT
B,.0,B,] = 2VBe Y[ £,0,k]=iU :
B.0.B,] O Ve s (v o uye

andaty =T,
B ,,0,B,]=2VBe~"[,0,k| Y 2U .
180,81 M e - v —oye o

Substituting the above derived results in Maxwell's equations gives
; + -vGy-1) — vo-1) .
J=290pe-veV + U)e 20 (V= U)et i 0 if),
cV (V+U)e" —(V-U)e "

soaty=0,
_hi00p v V+U)e" = (V-U)e " . .
Jinside_ 2 CV Be VG(V + U)2€UT— (V _ U)zerT[lk’O’_ lf]v
andaty=T,
_ni0OWp - 2U . .
Jnmxide_ 2 CV Be VG(V + U)ZeUT_ (V _ U)267UT [lk,oa_ Uc]



255

2.4 Pattern of the pole pieces

We notice that the z-current is proportional to f so it vanishes if we have cylindrical symmetry. Of course the
current is also proportional to ¢ and increases with the frequency.

This calculation cannot be taken any further until we have derived an expression for B, which is shorthand for
B[f,k]; so we now turn to that task.

B[f.k] is the Fourier transform of the By field emerging from the pole pieces. Hence,

B[f.,k] = 1 j dxe"'ﬁ‘j dze™*B ,{Pattern of Pole Pieces}

41°R
In the x-direction the Pattern stretches
from (R-w)n/N to (R+w)n/N
from (R—w)n/N + 2nR/N  to (R +w)n/N + 2nR/N
from (R-w)n/N + 4nR/N  to (R + w)n/N + 4nR/N

from (R-w)a/N+2(N-1)nR/N to (R+w)n/N+ 2(N-1)nR/N
We now remember the observation made at the beginning that f was restricted to values which obeyed the rule f= n/R

where 7 is an integer. The x-integral then becomes

(R+w)n/N
f dxe—tfx(l + e"‘fZ"R/N+ e—Lf4ﬂ:R/N+ ...... + e—tf(N—l)Zﬂ:R/N)
(R-w)n/N

o 2Rsin(nwnt/ RN) | — g2
- ¢ n [ — g-2miN"

But, since n is an integer the last term in the numerator is always zero and the integral vanishes unless the
denominator is also zero. This occurs when 7 is an integer times N and then the fraction in the last expression

becomes N. The special values of f which satisfy this condition we call “F” so
F=Nm/R and n=Nm

and the integral becomes

»2R sin (mwTt /R)
i .

=1

When F'is zero, m = 0, and this is 27w.
When F is £N/R, m = 1, and this is —2Rsin(nw/R).
When F is £2N/R, m = £2, and this is Rsin(2zw/R).

We want to concentrate the maximum effect into the first non-zero result i.e. into F = =N/R, i.e. m = =1, and
avoid overlap with the +2N/R, i.e. m = +2 effects. This last objective is best achieved by choosing w so that the

second mode has zero amplitude, i.e.

2nw/R=m ie. w=R/2.

With this choice;
The zero mode has amplitude R7.
The first modes have amplitude —2R.

The second modes have amplitude zero.
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Notice that each pole piece has width 2wn/N, and the N poles therefore have a total width of 2zw. With our
choice of w, this becomes Rz which is half of the total circumference. This seems intuitively correct .... to

maximise the “breaking symmetry” by splitting the circumference half into poles and half into “non-poles”.
We now turn to the z-integral;

b
j dze = | dze (- 1)+ f dze (+ 1) = %{cos (ka) —cos (kb)}
-b a

Collecting these results together,

BIF k] = m%mB o(= D)"sin (mwn /R)%{cos (ka) — cos (kb))

Finally we get the following formulae.

By s = ZFﬁB o(— D)"sin(mwmn /R)e™ X f dke”“%{cos(ka) — cos(kb)}

v V+U)e" —(V-U)e "
(V+U)e" = (V-U)e

By usice = ZFﬁB o(— D)"sin(mwmn /R)e™ X f dke'k 2 {cos(ka) — cos(kb)}

xX2Ve~

X 2Ve V¢ 5 2U R
(V+U)el = (V- U)e

By insiae = ZFﬁB o(— D)"sin(mwm /R)e™ x j dke"’“%{ cos(ka) — cos(kb)}

ur _ _ -ur
x 2Ve-voF, 0,k =Y _V+ Ue” = (V.= U)e ™
VI (V+U)e” —(V-U)e

By 7 ousice = 2 2 B ,(— 1)"sin(mwm /R)e™ X jdke”‘ 2 {cos(ka) — cos(kb)}

2U

X 2Ve~V[F.0 k ,
el ]V2 (V+U) el —(V-U)e "
1

m: iFx ikz 2
T g msite = EFWB o(—= 1)"sin(mwtt /R)e’™ x f dke™o-{cos(ka) — cos(kb) }
. ur _ _ -ur
i002 o V+U)e" = (V=-U)e ™ g gy
CVY (V4 U —(V-U)le
T romsiae= 2 T 2 B (= 1)"sin(mwT /R)e™ x f dke‘k‘ 2 {COS(kd) — cos(kb)}

« [0W ; —vG 2U
Ve (V+UYe - (V-U)e

X

[ik,0,— iF].

In all these formulae,

V=(F’+k)"and U= (F*+k’+iZH)"

2.5 Evaluation of Fourier transform

These formulae can be evaluated only by going to the complex k-plane and it is therefore necessary to consider
the general form of the expressions and identify singularities as a function of k. First we note that the first line of
each formula is only concerned with the parameter “F”. We can therefore set that aside for the moment.
Furthermore we note that, if we choose w = R/2, the first line simplifies to

(B, /4m)exp(iFx) whenm =0
(— B, 2n*exp(iFx) whenm=x%1
0 when m =+ 2
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and is unimportant for other values of m.

Next we note that the second line always contains the expression,
f dke™ 2 {cos(ka)~ cos(kb)} = f k= Mo e sl g il — g1},

We note that the expression in brackets goes to zero like k2 at the origin and therefore we have no singularities at

k = 0. For shorthand Z can be used in succession to represent
[z+b],[z+al,[z—a]and [z - b].

Finally we look at the complicated expressions in the second line. Because these involve V and U which are
square-roots, we expect that it is necessary to introduce branch points and cuts in the complex plane which are

connected to the zeros of these expressions. The zeros of V occur when,
V=(k’+F»)"=0 ie. when k=x%iF.
and the zeros of U occur when,
U=k>+F*+i2%)""=0 ie. when k==*i(F*+iX»)".

But we note that, although it is not apparent at first glance, all the expressions are even in U and therefore depend
only on U? and therefore there is actually no singularity associated with U. This is a tremendous simplification.
We are led to the conclusion that the expressions are analytic except for two branch points at k = +iF and it is
natural to make cuts along the imaginary k-axis from +iF to +iee and from —iF to —ieco.

Using these general formulae for By gives, for z >0

- ur _ (V _ _ur
By insiaze = (f - f )dkeikzzv‘e oo (V+ Uze (V U)f .
A ik (V+U) e’ —(V-U)e

Along both contours, let k£ = it. Then,
V=(t+F)"=xi(>-F»)".
At first sight the lower limit of the contour is simply iF, but we must remember that F can be both positive and
negative. Therefore we define,
s = sign of F,
and then the lower limit is sF and must be positive. Furthermore,
Ul=k>+F*+iX’=— 1+ F*+i2”,

and therefore as ¢ varies from sF to oo, U? varies from iX2 to iX? — co. Hence U varies from jX to +(€& + ico), or
alternatively from — jX to —(€ + ie) where € is small and positive. We shall choose the first choice for the
variation of U. But then U always has a positive real part. So exp(UT) is much larger than exp(-— UT) over the

important values of . The formula then becomes,

ikz_<«¥V € 2V€
BYm:tde - (\[ j )dke k(V T U)
_ f“" id[e_tzzi(ﬂ - F)"exp{— iG(t* - F*) ")}
- tH{U +i(t* - F»)'"}
_f*m l,dte_tz—zi(;2 - F*)"exp{— iG(t* - F*)'"}
sk - t{U -i(t>*-F»")}
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We are really only interested in this result for ' = 0 because this is the dominating term. We now assume that Z
is bigger than the skin depth, 1/X, and note that the term exp(— 7Z) then cuts-off the integral for all large values of
t. The denominators then become simply U = jX and we get

_Z

BmedeF 0= Z‘f dt(e—t(z iG) + e—t(Z+zG)) = JT ZZ n G2

We now repeat the calculation for Z < 0. Then

2Ve V6 (V+U)e"" —(V—-U)e
B Jinside = —_ dk ikz T .
it (f fu) Tk (VU e —(V-U)e T

As before, the final fraction reduces to 1/(jX). Let k = — it, then

_ 17 —idt - itG s~ itGY 47
B,insie,=—. —2[ —2t - .
Viinide. =0 szo e 2ite ne) = 2+ 6
Therefore, for both Z> 0 and for Z< 0
47
B ,insi e, r = :7-
PN T N2+ G

We now remember that Z stands for z + b, z + a, z — a and z — b; and we should also remember the first line of our

formulae so the full answer is,

2{ > +2b 2 + g +za 2 s _2a 2 = _2b 2}
TRj z+a)+G* (z+a)+G* (z-a)+G*> (Z-b)’+G

This expression is large opposite the pole pieces, is zero at z = 0, and falls away for z large in either direction. Of

By.inside F=0=

course this is exactly what we expect.
In a similar way we can calculate the other components of B, both at the inside and outside the tube, but having
illustrated one calculation there is no necessity to repeat similar exercises. But we do want to compare Jy y - o and

JZm =+1 50 we now examine them.

LB (- 1)"sin(mwn / R)e™ j dke’”‘z%{cos(ka)— cos(kb))

JX,Z,ouIside = ZFZ 2

10'(02 2U . .
k’o’_ F’
VU - (v = Uyte k0 iF]

Teossser-o= 3o 192 [ ket Z-{cosha)- cos(kb))

;efvc 2Ulk
2 _
14 (V+U) e —(V-U)e "

2BOWIO'CO _jzr aze” V¢
T mRjY € ! Jdke

X

X

The final integral becomes,
_ aze” "
( )dke v for Z >0,
A B
_ aze V'
( Ydke % for Z<0.
E D

In the first integral, let k = it. It then becomes,

itG

1= fm idte*’%% - €= == In(Z +iG)~ In(Z - iG) =~ In(Z" + G,
0

where “In” is the natural logarithm. It can be proved that the same formula is valid for Z < 0. Hence,

J ) :ZBOW lGa) -iZT|p [{(Z_b) +G}{(Z+b) +G}]
X,outside,F =0 TCR_]Z Cc {(z—a) +G }{(Z+a) +G }




As a rough order of magnitude we note,

2Bw jow

JX,OM[.H'de,F:O = TERJE C eijZT X 4ln(g)

259

The most difficult calculation is for By and B, so we outline it here. For variety we let y be arbitrary. The start is,

[B.0.B,1= ST TFOKIBLf ke~ Af Kle™)
By(— I)'sin("g™) o,
= 0m e’”f dk%{cos(ka)— cos(kb)}
Ut - Uy _ - UT + Uy
x 2Ve-voF 0,k=il YV + U)e” "2+ (V.= U)e” 7"
|4 (V+U)e" —(V-=U)’e "
Hence,
B Jdk az=2U ,-ve(V + U)eV" U+ (V—-U)e VT
Z,y,F:O 27'ER V (V + U)z ur _ (V _ U)287UT .
As before, we can demonstrate that U can be replaced by jX, to give,
Byr-0= fRoMée ’”J dke™e=Vo(e*T =) 4 o= iFT =)
- ljt‘}gv e*f’”f dkeikZ%e— VO(@iFT=y) _ o= iZT =y

The integrals are evaluated as before: for Z> 0

Il=fdke""ze‘VG=722G o
Z°+G

-VG i —itG itG
I,= f dke' " = f idte” (%= - £ =~ In(Z” + G7).
0

So finally,
Bw _. 2G STy STy
B, o=— TchEe JET 7 Gz(eJZ(T Y 4 @ IET )
+ B;to;éve ,ZTln(Z +G )(e,Z(T V4 o= ST~ )))

Only the second of these terms matter, so we get,

Bw _. . )
Biyroo= 7R e FTIn(Z* + G?)(e* T~ + e T -0),

VV (& remember that,
J 4TE ’

50,
¢ 9B, s Bowe

Ix=am oy = I anR

e TIn(Z? + G*) (e T~9) + ¢~ /5T ),

and at y = T this is,

2i00B w

R ) >

e *n(Z2 + GY).
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which is the same result we derived previously.

We now calculate the z-current on the outside of the tube. We earlier derived,

J s sounie= ZrgteB (= D)"sin(mwn / Rye’™

x f dke"’“%{cos(ka)— cos(kb)} 02

2 ,-v6 2U . .
X & k,0,— iF],
Ve W Uy — (v — oy O]

so, for m = =1,

sinwn/ R) niow_4 P (VA

]Z,outside,m=il = lFBO 27[2 & C ljz

where the integral is,
1Z] =| di e,
12)= [ dr e
For Z > 0, we can neglect G to give
— 9l 1 _
I[Z] = - 2l£F dtme 1z
This is not easy to evaluate exactly but is roughly of the form ae .

Let r = sF1, then,
1[Z]= 72iH[Z], H[Z]= fwd”[ e~ "7z ’
F i (72— 1)"

_ [ dt _ [ sinh® _ [~ 2 _
HI0] _fl (12— 1)" _fo decosh 0 sinh 60 J. d/ll(l +1/4) _Jl dA

Finally let A = tang, so dA = d@/cos?¢

n/2
H[0] =j de2 = %
/4

Similarly,

- - drt 1
dZH[Z] = —_— =
J(; 2] fl SFTY(t* - 1)"* sF

Restoring the factor we set aside,

oo =2i

_ —iTn _
5= , PB=mnsF/2.

F

SIS

Finally
I1[Z]~—- %e"””’z.

We now repeat the calculation for Z < 0.

_ L ikZ - VG
1[Z] = f dkkve

T f dkki( k21 Fz)l/zeikzexp{— iG(— k> = FH")
—isF —_ _

+ dk

isF —ki(—klz_Fz)l/zeikZ{+ iG(— kz_Fz)l/z}'

2

AP+ 1
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Let k = — it so dk = — idt. Again we can neglect G to give,

_aaq 1 ‘
I[Z] =+ 21_[1; dtme

z

We notice this has the opposite sign to the previous result, for Z > 0, so the combined result is,
I[Z] = - i%e””” for Z>0
I1[Z] =+ i%e”‘ﬂ for Z<0

And finally,

J . — iFB Sin(Wn/R)einiGa) 4 e /2T
Z,outside,m=* 1 0 27.:2 C UE

X{=1Ilz+bl+ 1z +al+ I[z—al-1[z-b]},
which we compare to,

0
o R 4Inl.

‘]Z,oum'de,F =0,z=0 = 2B

These are of the same magnitude and therefore a priori we can hope to detect circumferential defects. The next

section considers this in detail.
3. Circumferential defect
3.1 Waves scattered by a circumferential defect

We have previously derived the result for a tube with no defect. It is

(A A A H G H, H)y =2 | dee™ -0, (—ik; 0; + iF; + iFU; F* + k*; — ikU}
Y z X Y

N zFf dke ™10y, [~ ik O + iF; + iFU; F* + K% + ikU ),
o is the electrical conductivity in these units, and
2VB(V + U)e ¢"+™
(V-=U)’e ™ —(V+U)e™
2VB(V —U)e ¢~
(V=U)e™—(V+U)e™

(F*+k)Br=-

(F*+ k") Yn=

where

w sin(twp / R){cos(kz ,)— cos(kz )} B,
R(mwp /R)(— ikm) )

Here p is an integer which defines the values of F by F' = 8p/R, and By, is the magnetic field at the pole piece.

B=(-1)"

Each of these factors can be easily understood; (-1) ? is a phase factor, w/R is the ratio of the total width of the
pole pieces to the total circumference, and the final factor, depending on k is the Fourier transform of the pole
pieces in the z-direction. The factor sin(zwp/R) / (zwp/R) is the Fourier transform of eight pole pieces in the x-
direction.

Now insert a circumferential defect into the tube. We assume it to be infinitely thin and in the plane z = Z. We
also define it to have a shape stretching from 7 — Dy to 7. We shall discuss possible shapes for the crack later in

this calculation but we notice immediately that the shape Dy must be periodic in x, and therefore Dy and Dy,
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where n is any integer, must be identical. Therefore Dy can be expressed as a Fourier sum, i.e.
Dy=2D[f]e".

Where the coefficients, D[f], are to be determined. This crack does not disturb the current flow in the x-direction
but it stops the flow in the z-direction over the area of the crack. Therefore it introduces an additional result
which we call the scattered field. At first we can only write this down in the plane of the crack, and only for A,.

We therefore write it as,
A5 Z1= 5y [ dke* 4% CR(T = Dy <y < T} X (= iF)(Brie™ + T ™),

and the crack function CR is, as indicated, unity for y between 7' — Dy and T and zero elsewhere. Notice we have
introduced the factor iF with a minus sign so that this scattered field exactly cancels the original current flowing
across the crack. We now suppose that the material of the tube is extended to infinity and this last equation
describes the current flow from the half-plane below the plane z = Z to the half-plane above. Then A is defined

everywhere in this plane as a function of x and y and can be Fourier analysed as;

AlxyZ]=2, f dge™ A [f.q.7],

where

2nR + o0
Adf 2=l [Tt ageva gy

and the arguments of each integral have been changed to “d{” and to “d&” appropriately and we have chosen
these Greek variables as the Greek equivalents of x and y.

Assembling these results, and performing the integrals over £, we now write down the final answer for A as,

(ig+ T =D} _ e~ lig+ )T

AZ[X,)’,Z]ZZFJ dkpB s, F e+ik22f€gfxf dé’ei(F—f)é'Xjdqe+iqy7W‘z—Z‘e—

47°R q—iU
F oiwzy i i(F =L +igy-W|z-Z]| e~ 4= UNT-DO)) _ o~ (ig- T
+2Ff dk}/pk4n2Re e dee x | dge 7+ iU ,

where,
W= (f2+ g2+ iz
As the next step we must deduce the other components of the scattered field. We note that A, behaves like,
exp(+ ifx + iqy — W|z -Z |)

We therefore recognise that all the field functions behave like that, including H,. But then V-H has a
discontinuity unless Hy is zero at z = Z. It follows that H, is zero at z = Z and therefore everywhere. We also
remember that, under all conditions V- A = 0. This gives two equations,

ifA,+igA, =t WA,

—igA,+ifA,=H,=0.
Here we use the plus sign for z > Z, and the minus sign for z < Z.

The conclusion that H; is zero everywhere in the scattered wave is so important that it deserves some

discussion. First imagine the flow of current “ through” the crack from one half plane to the other {this is the
scattered wave which exactly compensates for the original flow in the position of the crack}. Then we can

immediately determine the signs of Ay, Ay, and A, everywhere by looking at the obvious nature of the current
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flow — towards the crack in one half-plane and away from it in the other half plane —. But if we start from
knowledge of A, at the crack and choose a vector distance from the crack then we have knowledge of H only
through the vector project “V x A” and this gives no knowledge about H in the z-direction. It follows that H; must
be zero. An alternative argument borrows a nomenclature from nuclear physics; A at the crack is a vector but H,
is a pseudo-vector, therefore A, can determine Hy and Hy but not H,. Therefore the latter must be zero.

The solution of these equations is,

A, = t if2WAZ _= i;vaAZ
-ff-q f+q
_tigWA, -—isqWA,
— f2 -q° f2 +q? :
Here we have introduced “s” to represent the “+” sign. We now easily write down the components of H as;

S2W2 )A _ qZZAZ

Ay

H,=igA,+sWA,=iq(1-

e R SR
; : w? —szAZ
H,o=—sWA —ifA, =+i - /=47
X x—ifA, f(f2+q2 VA, f2+q2

Notice that V- A and V- H are zero as they should be. After somewhat lengthy effort of formula manipulation,

we can derive the final answer

A,H[x,y’z]zzFf dk(ﬁer—UT_ yer+UT)4nL2ReikZEfeifo dé’e+i(F—f)CD[§]
) -1 ] —gX* — fx*?
% [l dqe—xq(yfT)fws(sz){ 2leVVZ; +2lsqVV2; 1’ 2q 2; 2f 2; }
uper f7+q® fT+q f7+q® f+q
— D 0~ D-UT-is2c-D 5 f fr X — jjsX; 0; X% —itX% 0]

To understand this, look at the exponentials. On the upper cut ¢ has a positive imaginary part, so —ig has a
positive real part, and —ig(y — 7) has a negative real part which gets more and more negative as y moves away
from 7. This describes a wave decaying from the defect at T towards the inner tube surface at y = 0. Similarly the
pole term like exp{#f(y —T)} describes a wave decaying in the same direction. { When we look at waves beyond
T - D we shall discover waves decaying in the opposite sense.} Notice that this wave decays rapidly each side of
the z=Z plane and it does so through the rapid oscillation and decay exp{+igys(z — Z)}; furthermore y is near
zero over the tip of the cut; therefore the decay either side of the z = Z plane is sharp but not quite as sharp as the
primary signal penetrating the tube in the first place.

The pole term is unexpected; it describes a wave strictly confined near the z = Z plane but decaying very
slowly towards the inner wall. Obviously this gives an excellent chance of detecting the defect unless some other

unexpected phenomena turns up. But first we complete our calculation.
3.2 Signal magnification due to multiple scattering

Previously we evaluated the scattered wave for y < T — D. Strictly we should next look at the intermediate
range, T — D <y < T. But we want to evaluate these scattered waves at y = T which is the boundary with the next
region, y > T. Because the solution must be continuous we shall therefore look at this last region.

After similar procedure of calculation on the complex plane, it has been shown that the complete answer for y
at or beyond T is the same as that derived above.

We have now obtained the formulae describing the scattered wave decaying towards the inner surface and that
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decaying towards the outer surface; but we have not yet taken account of those surfaces. We do that by noting
that these formulae already give the general form of the waves and we therefore can immediately write down the
waves reflected from the surfaces.

We have derived the important result that the crack gives a signal to the inside surface of the tube which is
simply a concentrated burst of magnetic field centred on the plane of the crack. This concentrated burst is the sum
of two terms; one is very concentrated indeed and is strong because it suffers little attenuation as it comes

1T

through the tube; this is the term like ¢ 72 with an attenuation like ¢™/”. Furthermore this term is strongly

amplified by the reflected beams from the inside and outside surfaces of the tube; in the formula this shows up in

the term (1 - ¢ /"™ which is very large because ¢™*/"

is only a little bit smaller than 1.

This magnification is so striking that it deserves a little explanation. The original signal from the crack arrives
at the inner surface with amplitude proportional to ¢™/7; this stimulates a return wave which starts with amplitude
¢ and arrives at the outer surface with amplitude ¢ >/7; this in turn bounces inwards to give an amplitude at
the inner surface of ¢/7; this in turn is bounced back and for to give another wave of amplitude eUT . This

process is continued indefinitely to give the total sum

AT o p=3T 4 p=SUT 4 o=TT 4 =T 4 . . . . .. -
e M+e +e +e M+ e + =T

To continue this calculation in principle we should now take Fourier transforms with respect to z, match to the
field inside the tube and calculate how much of the emitted signal is gathered up by the detector. But our case is
simpler because the emitted signal is so compressed in the z-direction that we can assume it is all captured if Z is
opposite the detector and nothing is captured otherwise. With this assumption the captured signal is zero, and we

obtain finally the result,
SIGNAL = pr 2dk(B e U+ Ye* UT)L26”‘Z

8 Jth e

) ewxf de+-1ip[L)— >< STEP{—-A<Z<+ A},

where the step function indicates that the signal only exists When the crack is opposite the detector. We have

previously derived an expression for D[C]; it is,
DIg1 = 5 {1+ Zpp 208 (£ = X)em#21),

where the crack is centred on the value “X”, is assumed to have a Gaussian shape and “w” is a measure of its
length.

This formula prompts us to look at the integral,

J‘dk(ﬁeriUT*_ »)/er+UT)e+ikZ

= f dke™(— 4VUB)e (F*+ k){(V = U)’e ™V = (V + U)’e*}.

But this is exactly proportional to the total value of A, on the outside of the tube, which is the same as the current
on the outside of the tube before the crack disturbed it. This tells us that the signal arises directly opposite to the
crack and is proportional to the original current at the cracks position. But we earlier proved that the current was
exactly zero at the centre of the probe so the detector at that position is useless. We deduce we want the detector
to be as high as possible almost touching the source pole pieces. This is also the geometry we want to protect the
detector coils. We finally examine the dependence on f to determine the variation of the signal around the

circumference. Because this needs precise examination to get the symmetry conditions correct we proceed very
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carefully by identifying the contributions from positive and negative values of “F” and “f” separately, to give

4jwDFX .
SIGNAL=%,., f Zdk(Bre™ + Ve ) e
—|flr
xE,->0¢x STEP{—A<Z<+A)

1 —e /I
X [e‘(f"”zwz"‘{cos(fx) cos{(f — F)X} + sin(fx) sin{(f — F)X }}
— e~ UMM 2L eog( fix) cos{(f + F)X} + sin(fx) sin{(f + F)X}}].

which agrees with the previous definition.

In these expressions the terms involving exp{—(f + F)?w?/4} are always weak and the terms involving
exp{—(f — F)?w?/4} are largest for f close to F. But the factor e_'f'T/(l - e'Z'f'T) is largest when f'is small. We may
expect the exponential term to have the biggest effect for long cracks and the latter function to dominate for short cracks.

We now notice that the terms with F equal to zero give zero signal, and we shall suppose that the width of the
pole pieces, in total takes up half the circumference of the tube; then w is R/2 and the complicated function B
listed at the beginning of this part and derived in the first part contains the factor sin(zmwp/R). For this value of w,
this is sin(7p/2), which is unity for p = 1 but zero for p equal to 2 and —1 for p = 3. But we remember that F = 8p/R
so for p = 3, F has the very large value of 24/R. At this large value the terms in the formula can be ignored. We
conclude we need give attention only to the term F = 8/R.

Next we remember that we do not observe the signal in the form of this Fourier transform; we actually measure
eight signals which are the total integrated fields entering each segment of the detector poles. We shall label the

“ ”

signals to each of these segments SIG.[f,n] where runs from O to 7. Furthermore we can use a small computer
to combine these signals in various ways. There are eight independent linear combinations of these signals which

we define as

SIG.[f,X,m] =X e* "™ "SIG.[f,n],

where “m” can have values, 0, 1,2, 3,4, 5,6, 7.
It is worth writing these coefficients down to give an insight to what each combination emphasises. We
therefore make a table with “n” running horizontally and “m” running vertically.
m\n 0 1 2 3 4 5 6 7

o 1t 1 1 1 1 1 1
1 1 j i —j* _1 j i -
2 1 i -1 —i 1 i _1 i
3 1 —j* =i j -1 j* ; —
4 1 -1 1 -1 1 1 1 .
5 1 —j i j* 1 j PR
6 1 - -l i 1 i -1 i
7 1 J* —i —j 1 —j* i j
We have now set up the definitions we require and return to the evaluation of the signal. The final result is,
SIG.1f X, fR] = fdk{ﬂer vy, ewr}w o
X _efef_ﬂ sm(f?R/f%)@{_A <Z<+4)

x (e—(F—/)2w2/4eiX(F—f) + e—(F+f)2w2/4eiX(F+f))6(m - fR).
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The terms involving exp{—(F + f)>w?/4} are small and can be ignored in a first approximation. Remember that
F = 8/R and therefore, for a long crack, the terms that matter are f=7/R and f= 6/R. For a short crack the terms
which matter are f = 1/R and f = 2/R because these have the weakest attenuation in the tube and are therefore
magnified by the term (I — ¢77) in the denominator. Notice also that by measuring the phases of the various

signals we can deduce the position of the crack around the circumference.
4. Detection of the scattered field

In the previous section, we did not give a precise calculation of how the magnetic field escapes the tube wall to
reach the detector. This section sets out to correct this weakness and we begin by recalling some important results

from our earlier work. We have derived the fundamental result that both A and H obeyed the law,
(V' =iZH{A, H})=0.

We already have some examples of this, which we recall as follows. The initial wave, inside the tube itself,

behaves like
exp(iFx + ikz + Vy) or exp(iFx + ikz — Vy),

SO
-F’-k*+V’=0,
V=(F+k)"
which is a result we obtained earlier.

Similarly, in the tube wall we have waves like

exp(iFx + ikz+ Uy) or exp(iFx + ikz — Uy),

SO,
—F’—k*+U*-i2*=0,
U=(F’+k*+iX)".

The scattered waves looked like
exp{ifx +igy+ W(z—-2)} or explifx+igy— W(z—-2)},

and the bounced waves from the inside and outside surfaces of the tube wall looked exactly the same but with a
suitable superposition of +¢ and —g waves. We have also noted that these bounced waves are of two types; one
type is a superposition of waves over a range of g-values; the second type is the special choice of ¢ = +if, which
forces W to the special value of +jX.

But if we want to examine how these waves get out of the tube wall, we need to Fourier analyse them into
plane waves in the x — z plane. This is a trivial step in the x-plane because the task is already done, each wave
behaves like exp(ifx). But in the z-plane we must re-express exp{=W(z — Z)} as a Fourier superposition. This
gives us so many variables that the calculation can be confusing.

We derived previously the scattered terms in the neighbourhood of y = 0 and in the neighbourhood of y = T.
These waves must now be matched to the boundary conditions at y = 0 and y = 7. The most important boundary
conditions are that A, is zero on both surfaces;because this is an internal condition,internal to the tube wall, it

must be obtained from bounced waves of the same form we have just written down. The other conditions are that
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H is continuous across both surfaces.The calculation is therefore done in two steps. In the first step we
superimpose terms similar to those above but with arbitrary coefficients, iy, U, vy, V5.

It may be shown that the integral term is small; of the order of f/X times the pole term; and we can therefore
ignore it. Hence the final results of this section are,
{A,H}[y=0]=2, f dk(Bre™ " + Yne') e X e f de ™ P<D[{]
—jsZ(z~ ; -0 00O Y2, v
X e/ ( Z){JSIZ, 0, O, 0, - ltz 5 O}W,

and

{A,H}[y=T]= ZFJ dk(B e + Vel F eikzzfeifxf d8e'™-D[{]

4n’R
_ 2T
X e D st 5505 0; 0; — i 2% 0) e

We notice, because of the presence of, s, that the current in the x-direction is opposite below and above the

crack. Otherwise we need only notice the value of Hy at y = 0 and y = T. These we put in the form,

Hy,,= ZFJ dk(Bre V" + 7erUT)ML2R€ikZEf-eif”f de™-ND[{]

. . oT
X e~ M (— itY 2)‘14i PR

and

Hyr = Eff dk(Bre " + Yne") L e"”ffe’-’“f dle' "~ 1¢D[{]

4m°R
X M~ 3= D(— itZz)%.
The next step is to Fourier analyse me7**¢~%) as,
e 15G-2) = - dKe®:=70,,
where,
O,=(11 Zn)f dze KGC-Dpeis*c-2) = #2122

Our results become,

Hy = fo dk(Bre "+ VerUT)MLzRe‘*ZEfe"ﬁf dle'"-"D[{]

+
iK(z— . 46’”
X[ dK ekt Z)HK(— ltzz)m’
and

Hy = ZFf dk(Bre " + VF/(@UT)M#RGMZ./BWJ d&e'"-P¢D[{]

. 2T
X | dKe®-26 (- ifzz)z—(%eezﬂ)'

We now notice that both these expressions are of the form,
Eff dK e+ iKe=2)

and we recognise that this form will extend beyond the tube surfaces and be reflected inside the tube itself, each
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part having the appropriate dependence on y. On the inside of the tube (y < 0) the wave looks like exp(+yN) where
N = (2 + K»2, On the outside (y > T) the wave looks like exp{—(y — T)N}. Inside the tube wall (0 <y < T) we get

exp(+yM) and exp(—yM) where M = (2 + K% + iX2)1/2,
In the previous calculation we eliminated Ay at the boundaries so we assume that any additional terms have Ay

zero everywhere. We therefore assume Ay and Ay are non-zero. Then it follows that,
H, = 0A,/dy—0A,/0dz
= NA,={ifN/(f+k)}H,[y] for y<O
= =NA,={=iN/(f*+Kk)}H,[y] for y>T
= MA,={ifM/(f*+k>)}H,[y] for 0<y<T,growing
= —-MA,={—ifM/(f’+k>}H,[y] for 0<y<T,decaying

H, = 0A,/dx—-0A,/dy
= —NA,={iKN/(f*+k>}H,[y] for y<O0
= NA,={-iKN/(f*+k»)}H,[y] for y>T
= —MA,={iKM/(f*+k*}H,[y] for 0<y<T, growing
= MA,={-iKM/(f*+k*)}H,[y] for 0<y<T,decaying

Hence, inside the tube (y < 0),

Hyl={ifN/(f*+K?»; 1;iKN/(f* +K»} xaxe",

and, outside the tube (y > 7),

Hyl={—ifN/(f*+K»;1;—-iKN/ (f* +K»)} xdxe"oD,
and, in the tube wall itself (0 <y < T),

Hiyl={ifM/(f+K*; 1;iKM/(f’+ K"} xbxe™
+{=ifM/(f+K>;1; —=KM [ (f*+K?} xcx e Mo-D+ SOURCE TERMS.

Matching the x-components across boundaries gives,
ifN ifM
2f ;Xa= 2f 2
f+K f+K
—ifN ifM
2 / 7 Xd= 2f 2
f"+K f"+K

(b —ce™),

(beM — ¢).

Hence

a=({b-ce®M /N d=—(be™ —-c)M/ N.

Matching z-components gives redundant equations. The y-components give,

_ MT 4"
a=b+ce +—1+62’/T’
1+ e
d=be" +c+2———,
— 1+ e

where we have missed out common factors. Therefore,
H{M(M - N)- e™MM(M + N)} + H,2MNe""
(M = N)*— e (M + N)* '

a=({b-ce™M/N =
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Notice that in a normal case we expect M to be much bigger than N and then, a = Hy. We now see if this is true in

our case. Our total answer is,

a= EFf dk(Bue " + Yre UT)MLzReiszfe ifo‘ d&e'"~P*D[{]

x | dKe®:=20 ( itZ?)

— oo

H,{M(M —N)—e*M(M + N)} + H,2MNe""
X
(M - N)" —e*™(M+ N)’

’

where,
H,=4e™ /] (— 1+ &%) H,=2(1+¢*) [ (= 1+ ¢*7)
M=(f2+K2+i22)]/2 N:(f2+K2)1/2
Oc=j2/(K*+iX?.
This integral over K is too difficult to perform but we notice that the K complex plane has two poles at K = +ij%;
and four branch points at K = +if and K = i(f2 + iX2)1/2. Therefore we are obliged to make two cuts, one in the

upper and one in the lower half plane. One cut is described by,
K=+i(f*+i{Z*»" where 0<{<1.
The other cut is
K=—i(f*+iZ*»" where 0<{<1.

The contour must be closed in either the U.H.P. or the L.H.P. depending on the sign of (z — Z) and can then be
transformed into the sum of two parts, the pole at +ijX and the difficult integral around the cut.

We first note that this result is symmetrical in z — Z. Next we note that at the pole N has the value
(> + K2)1/2 = (f2 — i32)1/2. This describes a signal decaying rapidly as we move away from the tube wall.

Along the cut,
N = (f2+ Kz)m: (fz _fz_ iC22)1/2= ijZC”Z,

so the integral over part of the cut (where { is small) produces a slowly decaying signal but the bulk of the
integral has N of the order of X and therefore rapidly decays away from the tube wall.

We conclude that the final signal is difficult to observe unless the detector is close to the tube surface.We
stress again the extreme rapidity of the signal decay; in free space, where there are no eddy currents, the decay
takes place over a length comparable to the penetration depth in the tube wall itself. Therefore there may be merit
to performing the entire examination using a LOWER-FREQUENCY, which automatically has a longer skin
depth. Because X varies like @!/?, lowering the frequency by a factor of ten would extend the skin depth by a
factor of 3.3. Instinctively this seems desirable.

We also ask what other information can be deduced? Let us estimate the total signal at a fixed distance from

the tube wall. This is,

TOTAL:fdza.

Now,

f dze™== = 2n8[K],
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f dKf dze®*=2DF[K]=2rF][0].
We note
0[01=1/(j¥) N[O]=f M[O]=(f"+iZH".

Because M[0] is so much larger than N[0], we need retain only the terms proportional to M? in the fraction to give
the simple result
TOTAL =X, f Ak(B eV + Ve L etX o J dle ™ D[E] x (- jiZ)—2e"
41°R —1+e¥"
This proves that the total signal is constant if measured over a large range of z, but that is difficult in most
circumstances and impossible where the tube reaches a bend. This justifies the simple assumption made in the
previous section. The final conclusion is that if the signal is hard to see, get closer to the tube wall or use a lower

frequency.



