4

X/
*

Scientifi
o2 Resoarch
94% Publishing

@,

Journal of Electromagnetic Analysis and Applications, 2024, 16, 25-41
https://www.scirp.org/journal/jemaa

ISSN Online: 1942-0749

ISSN Print: 1942-0730

Absolute Wall Thickness Measurement of
Conducting Plates Using Pulsed Eddy Currents

Victor-0. de Haan, Riccardo Scottini

BonPhysics Research and Investigations BV, Puttershoek, Netherlands

Email: victor@bonphysics.nl

How to cite this paper: de Haan, V.-O.
and Scottini, R. (2024) Absolute Wall
Thickness Measurement of Conducting
Plates Using Pulsed Eddy Currents. Journal
of Electromagnetic Analysis and Applica-
tions, 16, 25-41.
https://doi.org/10.4236/jemaa.2024.163003

Received: February 20, 2024
Accepted: March 28, 2024
Published: March 31, 2024

Copyright © 2024 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

[ONom

Abstract

The method using pulsed eddy currents to determine the thickness of a con-
duction plate is extended to enable the simultaneous measurement of the
plate thickness and material properties. For optimal performance, a probe
must be designed depending on the thickness range that should be accessible.
The need for a calibration of the material properties of a conducting plate to
enable the measurement of its thickness has been removed. All that is needed
is a probe with known dimensions and suitable hardware to create a current
pulse and measure a transient magnetic induction.

Keywords

Pulsed Eddy Currents, Wall Thickness, Absolute and Relative Measurements

1. Introduction

Pulsed Eddy Current is a non-intrusive electromagnetic technique that allows
detection, measurement and monitoring of corrosion in low alloyed carbon steel
pipes and vessels through their insulations, coatings, paints, concrete fireproof-
ing or marine growth. The technology does not require direct contact, cleaning
or special and specific preparation of the surface of the object to be examined,
therefore no costly and unnecessary insulation removal is required to perform
the PEC examination with a considerable cost saving for the client. PEC is the
efficient and cost effective solution for the examination of insulated and cor-
roded components and parts in the on- and offshore industry and in the energy
sector. Corrosion Under Insulation (CUI), Corrosion Under Fireproofing (CUF)
and Flow Accelerated Corrosion (FAC) as well as Well Integrity are typical PEC
successful applications, solutions and benefits. PEC performance is effective also

for semi-contact measurements carried out with dirty, rough, cold and high
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temperature objects.

The technique is based on the measurement of the decay time of the pulsed
eddy current induced in an object under examination. This pulsed eddy current
is induced in the material by means of a DC current circulating through the
sending coil circuitry of the probes. This DC current generates a magnetic field
that takes a while before getting uniform and stable. The magnetic field lines
generated are closed lines and move through the insulation and the ferromag-
netic object under examination. At the moment the current is cut off, the send-
ing coil stops generating the magnetic field. During this transient, pulsed eddy
current is induced in the ferromagnetic object under examination. This eddy
current migrates and decays through the object wall and rapidly extinguishes
when it reaches the opposite object side. Eddy current is a circulating current and
it generates during its decay a variable magnetic field. Its field lines move through
the sensor. The resulting decay of the magnetic field versus time is measured and
is a function of the object’s thickness and of its material electromagnetic properties.

Pulsed eddy currents used for the determination of thicknesses of conducting
plates are well known and theoretical and practical methods have been devel-
oped during the last decades [1]-[7]. From the measured decay signal a time
constant is determined that depends on the conductivity and magnetic permea-
bility of the plate material and its thickness. The amplitude of the decay signal is
related to the conductivity and magnetic permeability of the plate material, its
thickness and the distance between the probe and the plate denoted by /iff of.

However, as there are three unknowns (conductivity and magnetic permeabil-
ity of the plate material and its thickness) it is not possible to determine the
thickness of the plate unambiguously. One always needs a reference measure-
ment to determine the extra unknown. Normally this is done by measuring the
decay signal on a plate of the same material and known thickness. The thickness
can be measured by means of a ruler or for instance by means of ultrasonic in-
spection. From the decay signal the time constant is determined and hence the
product of conductivity and magnetic permeability for the material at hand is
established. Then measuring the decay on a plate of the same material yields a
time constant that can be directly converted into the thickness of the plate.

The problem with the above method is that in most cases it is not possible to
make a plate of known thickness of the same material as the object under inves-
tigation and it can be very difficult (if not impossible) to do ultrasonic thickness
measurements. Hence, there is a need for an absolute thickness measurement
without the need for a reference measurement. This can be accomplished by a
more elaborate probe design and more accurate measurements of the decay sig-

nal. This is outlined in the next section.

2. Theory
2.1. Definition

First the transient magnetic induction B(r) produced by a step current trough
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a delta-function coil (radius, r,) above the plate (distance /) is determined. The
geometry of the problem is shown in Figure 1. The stationary current, /in the

coil is switch on at 7 =0. This can be described as a current

i(t)=1u(t) (1)
where u(t) is the Heavyside step function. According to [1], the azimuthal
component of the vector potential A, for each region, & obeys the differential
equation (expressed in cylinder coordinates)

0’ A, 1aA 82A A
or? r 6r o

w0, aaifwki(t)a(r—ro)a(z—z) ~0

where ris the radius, zthe direction perpendicular to the plate, x, is the mag-
netic permeability of region kand o, its conductivity. The other components
of the vector potential are 0 or constant due to the cylindrical symmetry.
Further, the solutions of these differential equations must comply with the
boundary conditions (valid at each boundary only)
A4, =4

k+1
and
A, A
L i(0)o(r-r)(z-1) =T
Uy 0z My 02
From these equations the solution for regions 1 and 2 can be found by apply-
ing a Laplace transform to the above differential equation, yielding

0’4, 104, 0’4, 4
arzk +;a_:+ Oz 2 I" — H Oy (SA ( k)t:())+ﬂk1(5‘)5(r—7‘0)5(2_1):0

where I(s) is the Laplace transform of i(¢). The solution can be split into

(region 1)

z=1

I (region 2)

@  (region 3)

Z = —C

‘ (region 4)

Figure 1. Sketch of the geometry and the development of eddy currents in a plate (yellow
cross section) with relative permeability x and conductivity o Red circle: delta coil
transmitter with radius r, and at height above surface . Blue circle: induced eddy currents
starting at surface (z=0) and diffusing through the material as function of time, ¢ until
the back plane at z=—c isreached.
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two contributions [4]
A(s,r,z) =4 (s,r,z) +4" (s,r,z)

where the intrinsic contribution is given by

YL (s,r,z)zl(s)%fwe“lﬁ(aru)]l (ar)da

0

where J,(x) is the first order Bessel function. The reflected contribution is
given by
I(s)p,r,

A (s,r,z)= T‘[OwR(s,oz)e’”‘(l”)J1 (ar,)J, (ar)da (2)

where the reflection coefficient is given by [4],
1-y2&?
1+y%&* + 2y coth (yac)

R(s,a)=

with y=\/1+s7,, 7, =y0,u,,o-/a2 and e=1/u . p, equals the magnetic
permeability of vacuum, g the relative permeability of the plate material and
oits conductivity. c equals the plate thickness.

The time dependence is contained in two terms: /(s) describing the tran-
sient excitation current and R(s,o) that can be interpreted as a reflection
coefficient, because when the plate thickness becomes very small it reduces to

Zero.

2.2. Vector Potential

2.2.1. Intrinsic Contribution
The frequency dependence of the intrinsic part of the vector potential is con-
tained in the frequency dependence of i(7), hence the transient behaviour is
exactly the same as that of the current through the transmitting delta coil. Hence,

7, T (1)

A (l, r,z) = 2

I: e, (ar,)J, (ar)da

which by using equation (560.02) of [8] can be reduced to

m ]
1-— |K(m)—E(m)
)
A (t,r,z): Ho u(t)\/Z (3)
T r m

where m® =47, / ((z—l Y +(r+r) ) » K(m) is the complete elliptic integral
of the first kind and E(m) is the complete elliptic integral of the second kind
[9].

2.2.2, Reflected Contribution

In general the reflected contribution is difficult to calculate and only numerical
approximations have been obtained. This is done by evaluating the integral (2)
numerically while finding an analytical solution for the inverse Laplace trans-
form of the reflection coefficient. It is also possible to reduce the integral to a

sum by limiting the integration domain and posing the condition that at some
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radius r,, the vector potential due to the reflection becomes zero [10]. First, we
calculate the reflection coefficient for very large times by using the limit that s
approaches 0. Second, we give the solution for an infinite thick plate and third
we derive the numerical method to calculate the transient reflection coefficient
in all cases.

Stationary

For the stationary case we take the limit s — 0. The reflection coefficient
becomes
1-&°

el t2e coth(ac)

p,(a) (4)

a function of the relative permeability (via ¢) and ac only. The function is
shown in Figure 2.

For non-magnetic materials (&=1/u, =1) the reflection coefficient is 0,
which is due to the well known fact that non-magnetic conductors do not
change stationary magnetic fields. For very thin plates (ie. ac < 2¢), the ref-

lection coefficient reduces to

I
thin
=———ac
» 2¢&
For very thick plates (Ze. ac > 1) the reflection coefficient reduces to
thick _ 1-¢
l+¢
so that
: r ' l-¢ .. i '
limA" (t,r,z')=——lim 4’ (t,r,z=z"+21) (5)
t—w + & o™

Le. the reflected vector potential is equal to the intrinsic vector potential of a coil
at the location of the image of the coil reflected in the plate surface, albeit with a

(slightly) reduced current.

104
My T

10

10~3 0.01 0.1 1 10
ac —

Figure 2. Graph of the stationary reflection coefficient as function of relative thickness,
ac and relative permeability, 4, . The white line indicates the line ac=1/p, .
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Infinite thick plate

For an infinite thick plate the reflection coefficient reduces to

limR(s,a)= :_;/g
C—>0 7/8

To determine the vector potential for a step-response current we have to take

i (t) (see Equation (1)) into account. Hence, filling in Equation (2) yields

I o] —
lim 4" (5,r.2) = (S)zﬂ”r" I e an)d(@r)da @

Taking the inverse Laplace transform yields

c—>0

: r o[ro ® —a(l+z
lim 4 (t,r,z):'uTJ'O p(t,7,)e ¢ )Jl(ara)Jl(ar)da
with

1 2
limp(t,a)=—u(t)+ L' ———
o (t.a) Q {Sl+g1/1+sra}
where L' denotes the inverse Laplace transform. Using equations 29.2.12,
29.2.13 and 29.3.42 of [9] this becomes (¢ >0)

1

. l-¢ 2e ™ ¢ t
}glgop(t’f”‘):1+g+1—gz {gq)[r_j_q)[r &2 j} @)

a a

where
O(7)= ererfc(«/;)

and erfc(z) is the complimentary error function. The function ®(x) is

shown in Figure 3.

Note that
. T
hm(D(z') = 1—2\/:
70 T
and
1
1——
lim®(7)= _2r
e NTT
1 1+
%0 | z |
S 08 \ SO \
0.6 I
0.1
0.4
0.2
0 IR L |||||||\W7W 0.01 Lo 1 PRI
0.001 0.1 10 1000 0.001 0.1 10 1000
X X

Figure 3. Function ®(x). Left: logarithmic x-axis and normal y-axis. Right: both axes logarithmic.
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Hence, for large times (> 7, )

t

-t 3
- ¢ee ™ (1, |
li t,t J)=——-— =
tim plee) =

so that in the stationary case this yields the same limit as before (see Equation

(5)). Further, for small times (¢ < 7,&”)
4 t
lim t,a)=—1+— /—
t»O,c»wp( ) & ﬂ;‘[a

lim A"(t,r,z')=—limAi(t,r,Z=z'+21) (8)

t—0,c>0 t—>0

so that

ie. the vector potential is equal to the vector potential of a coil at the mirror im-
age location of the coil with an inverse coil current. This is a direct consequence
of Lenz’s law which states that the direction of the electric current which is in-
duced in a conductor by a changing magnetic field is such that the magnetic field
created by the induced current opposes the initial changing magnetic field.

General

For the general method there are several ways to calculate the response, al-
though not analytically. Here, the method introduced by Theodoulidis [7] is fol-
lowed. First, the integral of Equation (2) is reduced to a sum by truncating the

integration over a and taking the vector potential 0 at » =7, in that case

m

Ze_“"(’”)Jl (), (er)

arid, (airm)

i'm

A (s,r,z2) Z%i[(S)R(S,OQ)
-1

where ¢, are chosen so that J,(a,7,)=0. Second, the inverse Laplace trans-

form yields

-, (I+2)
, I, & 2e J (ar, ) ()
A (t,r,z) =2 ta,
( r Z) > ;P( 051) aii’,,z,Jg(af )

i'm

(9)

where J,(x) is the zeroth order Bessel function.

Following [7] again
plt.a)=L{P(s)]

where

1 1+(nx ?
Pls)= s (cot(n) - UK()(ta)n(n) + 77/()
and 7= jm g/k and & =2¢/(ac). The poles of the second factor of this
equation are given by
cot (1, ) =1k
tan (77, ) = 1K

or similar

T
cot(nk + kE) =1n.K
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where keN and kn<2p, <km+m sothat

K : 2 :
. :_1_(7”_] :_1_(ij
& oac

Note that the poles for large vales of x or kcan be approximated by 77, = kmn/2.
Applying the residue method for the inverse Laplace transform yields

p(t,a)=Res(P(0))+ g;)Res(P(sk )esk’)

where

Res(Q(s,))=lim(s—s,)0(s)

58,
so that

2_K 0 (77k’f)2 eskt

& k:01+K+(I]kK‘)2 8,7,

plta)=p,(a)+

where p, (a) is the stationary reflection coefficient given by Equation (4). Part

of the argument of the exponential function in the sum can be taken out, giving

2 41],31
p(t.a)=p,(a)-2xe =Y. (n’;K) . e « (10)
k:0(1+1c+(77k1c) )(52 +(77k1() )

where 7, = uoc® . The difference Ap(t,a)=p,(a)-p(t,a) varies be-

tween 0 and 2. For several values of ac and relative magnetic permeabilities
this function is shown in Figure 4.

For the stationary case (ie. ¢> 17, and/or ¢>r,) this reduces to 0 (as it
should, see also Equation (4)).

The reflection coefficient can be interpreted as resulting from the eddy cur-
rents that are diminishing due to the resistance of the material and diffusing
through the sensitivity area of the receiver. When the main part of the diffusing
eddy currents reach the back side of the plate, they decay faster.

For ac >1, the curves do not change significantly because the reflection coef-
ficient will be mainly determined by the diffusion into the object only and the
main part will not reach the back side of the plate before it has been diminished.

In Figure 4 for ac =10 one can observe two bends in the logarithmic decay.
This is most clear for the graphs with g =10 and g =100. The first bend is
at t=17,/u’, the second one at ¢=1,. In the graphs with @c<1 one can ob-

serve an additional bend. This one is located at =7, =7, (ac)’.

2.3. Induction Voltage

The induced voltage in a receiving delta-coil with radius rand distance z above

the plate is given by [1]

dA(t,r,z
V(t) = 2nr—( )
dt
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u,=1 u, =10
L I —
N 1 N 1 —
Ap, \ Apo |
01 01
ac =0.01 \ [ —ac=0.01 \ \
001 F _qc=01 001 E _4c=01
' —ac=1 ' —ac=1
[ —ac=10 I —ac=10
0.001 ETEEETIT L rm m L M EETITT 0.001 PEEETIT | PEEETTTT IEERETIT PEITRRTTN L b PRI
1E-6 1E-5 1E-4 1E-3 1E-2 1E-1 1E+0 1E-6 1E-5 1E-4 1E-3 1E-2 1E-1 1E+0
t/Ta = t/Tq —
u, =100 {4, = 1000
. === L
Apo \\ Apo | \
0.1 01
ac =0.01 \ ac =0.01 \
0.01 F —ac=0.1 0.01 F —ac=0.1
' —ac=1 F —ac=1
[ —ac=10 I —ac=10
0001 s el 0.001 L s ol N BN
1E-6 1E-5 1E-4 1E-3 1E-2 1E-1 1E+0 1E-6 1E-5 1E-4 1E-3 1E-2 1E-1 1E+0
t/Ta = t/To —

Figure 4. Graph of the difference between the stationary and time dependent reflection coefficient, Ap, as function of

time for relative thickness, ac and relative permeability, u, .

so that the transient response of the induced voltage in a receiving coil can be
determined by taking the time derivative of the vector potential multiplied by
the circumference of the receiving coil. For the intrinsic contribution this is just
the mutual induction between the transmitter and receiver coil. Here, this is the
derivative of the Heavyside step response, which is a Dirac impulse response.

For the reflected contribution this can be calculated using the time derivative
of the vector potential which can be calculated by means of the time derivative of
the reflection coefficient as given by Equation (10), yielding:

(77k K )2 e*4Zf2 l
Sl x+ (k)

dp(t,a) 2k -L&
dt _rag2

and for an infinite thick plate Equation (7) can be differentiated which gives

’ t
it T,

In practice a delta-coil transmitting or receiving coil does not exist, the coils

2e_l/fa
R

. dp(t,a)
lim————==-6(t
i 02

c—>m dr

have a finite size. This can be taken into account by taking an average over the
cross section of both coils. When for the cross section for the transmitter coil
with n, turns holds # <7, <r, and [ </ </, and for the receiving coil with n,
turns 1, <r<r, and [, <z<l/,, the reflected contribution to the induction

voltage becomes
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v (0= w3 PN s ) )
where
()= ( azz)l(arz) 7 arl))(e —e'“14)()((0”’4)_l(0””3))
} a(l,=1)a(r-n)a(l,~L)a (4—1”3)063r,§J0(arm)2
and

j Wh(y dy:_['] Hy(x)=J, (x)H, (x)]
where H(x) and H, (x) are Struve functions [9].

2.4. Magnetic Induction

The magnetic induction is found by taking the rotation of the vector potential
(remember it has only an azimuthal component)
04 10

oz " ror

B(r,z):— (rA)ez (12)

so that the transient response of the magnetic induction is determined directly

by the transient response of the vector potential.

2.4.1. Intrinsic Contribution
The transient intrinsic magnetic induction is found by applying Equation (12) to

Equation (3)

B (t,r,2)= TE)\/”L %"2(E1En;)2)—F(m) eZ+ZT_lF(m)e, (13)
where
o
F(m)=—| — 2 E(m)- K (m)

When either ror r, becomes very small with respect to |z - l| or with respect

to each other, m becomes very small and by using the approximations for

m<l1
T Tm
E
3mum?

we get for the magnetic induction

3
Bi(t,r,2)=ﬂulu(t) S {mﬂ_le —{mz—gi}ez}

4 32

For a small dipole current 7} <’ +(z—/ )2 we get additionally
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2 _ _ 2
,uolu(t)ro 3(2 l)r e+ 3(2 l)

3 2 2r 2 2_1 €
4(r2+(z—1)2)2 r +(z—l) r +(z—l)

z

B (t.r.z)=

Again, in practice a delta-coil transmitting coil does not exist, but one can
measure the magnetic induction at a certain spot'. Hence, here an average over
the cross section of the transmitter coil is sufficient. When for the cross section
for the transmitter coil with n, turns holds r <7, <r, and [/ <[/ </, the in-

trinsic contribution to the magnetic induction becomes (7 >0)

B (1r.2) =223 53 (a)
i=1

where
St (a)= 2(75(0”2)_215“4)) 0. (a,z,0.,1,)J, (ar)e. + 6, (a,z1,L,)J, (ar)e,
a(r,—n)anJ; (ar,) a(l,-1)
with
L<z<l: 6. (a,zl.,l,)=2 _(e—\z—lz\a + e—\zle\a)
otherwise: 0, (a,z,1,1,)= ‘e*\zflz\a _ el
and

—a|z—I- —a|z—,
Q-r(avzalplz):e l=h| _ gmalz]

2.4.2. Reflected Contribution
The transient reflected magnetic induction is found by applying Equation (12) to
Equation (9) with the reflection coefficient given by Equation (10) yielding

—a;(l+z)
. wlr & 2e Ji(an,)(Jy(ar)e. +J,(ar)e,)
B =9 o .
(t’r’Z) 2 ;p(t,al) rer(f(airm)

For a practical coil (see previous section) the reflected contribution to the

magnetic induction becomes

B"(t,r,z)z :ugzbﬁ ip(t,ai)sg (0{[.) (14)
i=1
where
2 - 0. (a,z0,5,)(J J
S; (@)= r(er) fga”)) (.2h.L)(Jo(ar)e. +,(ar)e, ) (15)
a(r, - )/} an,) 2l h)
with
l9r (a,z,ll,lz) — e—a(z+lz) _e—a(z+ll)
3. Method

3.1. Stationary Reflection Coefficient

The stationary reflection coefficient is shown in Figure 2 as function of x4 and

'0f course each magnetic induction sensor has a limited size also, but here it is assumed that this
size can be neglected with respect to the size of the transmitter coil and the lift of.
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ac. Aslongas u >1 itis dependent on ac. This is due to the fact that the
magnetic induction seeks the path of the lowest magnetic resistance and that is
via the plate when it has x4 >1. The magnetic induction resistance of the plate
is also determined by its thickness. Hence, when this reflection coefficient is
measured for two values of a, for instance with values g oc=1 and a,c>1
in principle it is possible to determine both the relative permeability and the

plate thickness, according to

:1+p0(052)
l_po(az)
_ 2/ur po(al)

T

”

This method can only work when 4 >1, hence not for non-magnetic con-
ductors. Further, when g 1is large, o, and ¢, differ significantly, so that

one needs two different geometries and the area will be enormous.

3.2. Transient Reflection Coefficient

The transient reflection coefficient given in Equation (10) is dependent on the
plate thickness in 7, and «, on the geometry via a in both 7, and «. The
material properties influence both time constants by the product uo and the
shaping parameter x is inversely proportional to the relative magnetic per-
meability and the plate thickness. As both 7, and 7, depend on the product
o this enables the determination of the plate thickness, when both can be
measured and the shape parameter a is known.

As shown in the previous section the signal measured, either being the tran-
sient induction voltage or the magnetic induction depends on the integral (or
summation as an approximation) over the shape parameter. However, the ar-
gument of the exponent in the integral (or summation) does not directly depend
on the shape parameter. This is the reason why the normal measured time con-
stant of a pulsed eddy current signal is a good indication for the thickness of the
plate as soon as the product o is known. For times larger than this time con-
stant the signal is either too small to measure (in case of induction voltage) or
has become constant (in case of magnetic induction) and no further information
can be obtained from the measured signal. Hence, to be able to determine the
time constant 7, we have to look at the start of the signal for ¢#<7_ . In that
case the reflection coefficient of an infinite thick plate as given by Equation (7)
can be used. In Figure 5 graphs are shown of the difference between the statio-
nary and transient reflection coefficient as function of time and relative magnet-
ic permeability. The horizontal axis is scaled to z,. The colours indicate the
values of the reflection coefficient varying between 0 and 2.

To measure 7, the bends in the logarithmic decay should be used. The first
bend is indicated by the white line in the graph (#/7, = 1) and second bend by
the red line (#/7, =1). This yields a condition for the design of an absolute
probe u? <t/r, <1. Together with the previous condition that 7<7  this
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yields ' <ac<l1.

Hence, when we want to make a probe that is able to measure the thickness of
a plate of a non-magnetic ( ) conducting material we need ac~1 and hence
all dimensions (probe height, radii and lift of) should be of the same order as the
thickness of the plate.

4. Simulations

As an example simulations are performed for a probe with the dimensions as
shown in Table 1. The probe consists of a single transmitter coil and two mag-
netic induction sensors at different locations with respect to the transmitter coil
and the plate. One sensor is place at the centre of the transmitter coil at the height
of the bottom of the coil the other one is located exactly 10 mm higher. The

10*
pr T

1077 107% 107 10~* 1073

0.01 0.1 1 10 107 107 1075 107* 10=* 0.01 0.1 1 10
t/Ta — t/Ta —

Figure 5. Graph of the difference between the stationary and transient reflection coefficient for an infinite thick plate as function
of time, ¢ (scaled to 7, ) and relative permeability, x . The white line indicates the values for which the first bend of the loga-

rithmic decay occurs, ie. at /7, = w’

. The second bend in the logarithmic decay occurs at #/7, =1 denoted by the red line.

Left: Logarithmic colour scale; Right: Linear colour scale.

Table 1. Parameters of probe defined for the simulations.

Description Symbol Value Unit
Current through transmitter coil I 3 A
Inner radius transmitter coil I 1.0 mm
Outer radius transmitter coil I, 7.5 mm
Height transmitter coil h 2.0 mm
Distance between plate and bottom of coil / 1 mm
Distance sensor 1 and bottom of coil dl 0 mm
Distance sensor 2 and bottom of coil dl, 10 mm
Number of turns coil n, 50
Plate thickness c 1.25--15 mm
Relative magnetic permeability i, 1 or 10---1000
Conductivity g 3 or 37 MS/m
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sensors measure the magnetic induction perpendicular to the transmitter coil
and plate. The probe is positioned at 1 mm height above the plate. The shape
functions according to equation (15) for sensor 1 and 2 are shown in Figure 6.
For sensor 1 (black line) the maximum is at o =330 1/m hence, ac=1 fora
plate thickness of 3 mm. For sensor 2 (red line) the maximum is at « =130
1/m hence, ac=1 for a plate thickness of 8 mm and the amplitude is much
lower due to the larger distance to the plate. Hence, the probe design is opti-
mized for sensitivity (ie. based on available signal-to-noise ratio of the mea-
surement system) in the applicable wall thickness range by making ac =1, and
the diffusion of the eddy currents into and along the plates surface as indicated
in Figure 1. When one changes the dimensions of the probe, the applicable wall
thickness range will also change.

Measurements where simulated by using Equation (14) to calculate the mag-
netic induction as function of time at 40 points and adding simulated noise us-
ing a random generator with an amplitude of 1% of the signal strength and 1 uT

or 0.1 uT as a constant noise.

5. Results and Discussion

The results for the two sensors are shown in the two top graphs of Figure 7 for a
thickness of 5 and 15 mm for a plate of aluminium ( ¢, =1) with a conduction
of 37 MS/m. The two bottom graphs show the results for a carbon steel plate
with the same thicknesses but with a relative magnetic permeability of 100 and a
conduction of 3 MS/m.

One can clearly recognise that the overall trend of all measurements as a decay
with a bend as some time. However, close scrutiny reveals that the shape for
sensor 1 and 2 are different for longer times, enabling a more robust separation
of parameters. In principle, although, measurements with one sensor would be
sufficient. In the latter case one becomes more sensitive to the accuracy of the
measurements.

These simulated data were fitted to the model (again Equation (14)) where it
is assumed that the distance between the bottom of the coil and the plate was

known to be 1 mm. The plate thickness and material properties were fitted.

—Sensor 1
—Sensor 2

1500 2000
ainl/m —

Figure 6. Graph of the shape functions of sensor 1 and 2 as function of the shape para-
meter a.
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Figure 7. Graphs of the simulated measurements for sensor 1 and 2 for an aluminium (conduction of 37 MS/m) plate with thick-
ness 5 and 15 mm (top left and top right) and for a carbon steel plate (relative magnetic permeability of 100 and conduction of 3

MS/m) for the same thicknesses (bottom left and bottom right).

In all cases the resulting averaged squared deviation between fit and simulated
data (y*) was between 0.6 and 1.3. The resulting accuracies in the thicknesses,

calculated by using the covariance matrix of the fit parameters, are shown in the

top graphs of Figure 8.
The general trend is that thicker plates yield less accurate fit results. This is
due to the fact that the bend due to the thickness occurs at later times (the time

constant is proportional to ). This is more pronounced for the results with a

high relative permeability because the signal strength is less and the noise added

to the simulations limiting the accuracy becomes more relevant. This is stressed by

repeating the simulations with a factor of 10 less added noise as shown in the bot-
tom graphs of Figure 8. Here the fit results are a factor of 5 to 10 more accurate.
For thickness smaller than 2.5 mm the accuracy gets worse. In that case the
bend due to the thickness occurs too soon and it becomes impossible to fit the
bend due to the shape of the eddy currents.
One should notice that the signal must be measured over a range of 3 to 5 or-
ders of magnitudes both in signal strength and in time scale. When this is ac-
complished and a suitable probe is designed one can apply this method to any

combination of relative magnetic permeability and conduction, not only the

combinations described here.
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Figure 8. Graph of the accuracy of the plate thickness due to a fit of a simulated decay to the model as function of plate thickness

(horizontal scale) and relative magnetic permeability (u,). Left: relative scale; right: absolute scale. Top: absolute accuracy 1 pT;

bottom: absolute accuracy 0.1 pT.

6. Conclusions

A method to calculate the induction voltage and magnetic induction due to a
transmitter coil (and a receiver coil in case of induction voltage) above a plate
with finite thickness is derived and applied to study the transient signal of the
magnetic induction.

It is found that by a suitable probe design and a robust fitting method, it is
possible to determine the material properties and thickness of the plate. For an
optimal performance, the probe must be adapted depending on the thickness
range that should be accessible.

It is shown that one can reach 5% - 10% accuracy in thickness measurement
by measuring magnetic inductions down to 1 - 0.1 pT.

The described method removes the need for a reference measurement to de-
termine the material properties of a conducting plate to be able to measure its
thickness. All that is needed is a probe with known dimensions, suitable hardware
to create a current pulse and measurement of a transient magnetic induction.

The method can be used with commercially available pulsed eddy current
systems, for instance [11], with a new probe design and slight modifications of

the used methods to evaluate the measured decay. Especially in fields where the
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material properties of a given standard might vary this method can yield consi-
derable advantages to determine the wall thickness of objects because it is much

less sensitive to these changes in material properties.
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