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Abstract 
The inspeetion group of the Shell Research and Technology Centre, Amsterdam (SRTCA) is 
developing a prornising inspeetion tool, basedon the novel technology. The tool is capable of 
measuring the remaining wallthickness of a pipe or other carbon steel object through its 
thermal insulation. The device uses several coils to generate and measure electromagnetic 
fields, which are necessary for the wallthickness deterrnination. The device is numerical 
modeled with the intention to imprave its generated magnetic induction distribution. A yoke 
is used to get the desired magnetic induction distribution. A suitable yoke material has been 
chosen and two different prototypes have been built and tested. The results show a distinct 
impravement of the current device. 



Chapter 1 

Introduetion 
In this chapter a brief introduetion on non-destructive testing and on pulsed eddy current 
testing will he given. The problem statement is given and the intended way to solve the 
problems is given. 

1.1 Non-destruclive testing 

Non-destructive testing is the branch of engineering concemed with all methods of detecting 
and evaluating defects in materials. In this report we consider in particular tests on "large sized" 
vessels and pipes as occurring e.g. in the oil industry. Defects can affect the serviceability of the 
material or structure, so non-destructive testing, or NDT, is important in guaranteeing safe 
operation as well as in quality control and assessing plant life. A flaw in a pipe or piece of 
equipment can lead to loss of strength or failure in service and is normally caused by erosion 
and corrosion. The most interesting quantity is the remaining wallthickness. 

Non-destructive testing is used for in-service inspection. Hence, the essential feature of NDT is 
that the test process itself produces no deleterious effects on the material or structure under test. 

The subject of NDT has no clearly defined boundaries; it ranges from simple techniques such as 
visual examination of surfaces, through the well-established methods of radiography and 
ultrasonic testing. The subject of this report is the pulsed eddy current method. A pulsed eddy 
current, or PEC, device can measure the remaining wallthickness of a pipe or vessel through 
insulation or corrosion, so unpacking of insulation or removing corrosion is not necessary. This 
is a very strong advantage of the PEC technique because maintenance costs will reduce. 
Removing insulation is a very expensive operation and often a shutdown of the plant is 
required. The PEC method is also a safe metbod compared to removing corrosion which can 
involve considerable risks. 

The PEC device that is described in this report is a one-man operated and mobile tool, that 
measures the wallthickness of a test-object on-line. All the measured data is written to a flash
card inside the tooi and there is a possibility to download measured data to a computer and 
analyse it more accurately. A picture of the tool is shown inFigure 1. 



Figure 1. The PEC toot with the coil containing probe on theforeground. 

1.2 The principle of eddy current testing 
The pulsed eddy current methad is based on the fact that in a conducting material a time varying 
magnetic flux induces currents. These eddy currents flow in closed paths and tend, according 
Lenz' law, tooppose the change in field inducing it. The eddy currents result in Joule heating in 
the conducting specimen. 

The PEC methad can be divided in three steps. In the first phase a static and focused magnetic 
field is applied on the surface to be inspected. The first phase must last long enough for the wall 
to be fully magnetised. This primary field is produced by two coils, called the transmitter coils 
or primary coils. The area of the surface that is magnetised is called the footprint. 

In the second phase the applied field is removed so the eddy currents start flowing. This 
remaval takes a certain time mainly because of the inductance of the primary coils. 

The last phase is the phase where the actual measurement occurs. The field produced by the 
PEC probe has vanished and only the field caused by the eddy currents exist. The eddy current 
field is decreasing rapidly and causes an ernf in the two smaller coils in the PEC probe. These 
coils are called the receiver coils or secondary coils and are located beneath the transmitter coils. 

A schematic cross-section of the PEC probe is drawn in Figure 2. The cross-section shows the 
definition of liftoff, or lo, wallthickness, shortened as wt. 
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Figure 2. Cross-section of the probe above a wal!. 

The voltage on the receiver coils is measured and processed to a suitable signal. The signal 
contains information about the part of the wall that is magnetised. This area is called the 
footprint. The signal is a weighed average of the wallthickness in the footprint of the primary B
field. The method is also suitable for wallthickness measurements through corrosion since no 
eddy currents occur in corrosion. 

One PEC measurement exists of several pre-pulses and several measurement pulses. The signals 
of the measurement pulses are added up and this addition is the final PEC signal. All pulses are 
unidirectional. 
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1.3 Interpretation of the PEC signal 

A typical PEC signa! as measured with the existing equipment and for various steel thicknesses 
by the receiver coils is given in Figure 3. The eddy currents start to flow at the side of the top of 
the wall at side where the PEC probe is located. This is the easiest way for the eddy currents to 
rnaintaio the primary field as Lenz' law describes. However, because of the resistance of the 
wall eddy current energy is converted to heat which results in a decreasing magnetic field 
generated by the eddy currents. This causes the eddy currents to diffuse through the wall. If the 
back of the wall is reached, no more eddy currents can start flowing, the process ends and the 
magnetic field produced by the eddy currents vanishes very rapidly. 

Figure 3. The PEC signa! measured on samples with various wallthicknesses. 
The ra of the thickest wall is determined with the aid of an extra line. 

If the voltage on the receiver coils is put on a log-log graph with time on the x-axis, the graph 
looks like Figure 3. The time-axis is in seconds and t=O is the moment that the transmitter coils 
are switched off. The amplitude strength is in ADC counts and therefore rather arbitrarily. The 
first and constant part of the figure is caused by saturation of the amplifier of the receiver 
voltage, i.e. the signal is too strong in the first part. In case the first part is ignored, in a double 
logarithmic scale the signa! can be divided in two phases. The signal consists of an almost linear 
part and an exponential part where the eddy currents no longer exist. During the linear part of 
the graph, the eddy currents diffuse through the wall to the back of the wall. Since the test 
object has a resistance larger than 0 .Q, eddy current energy is dissipated in the wall and causes a 
decreasing signal. The moment in time that the back of the wall is reached by the eddy currents 
is defined by the nod in the figure. The nod is determined by the use of a straight line as in 
Figure 3, the point of intersection determines ra. The straight line and the linear part of the PEC 
signa) have a slope of about -1.5. If the time needed by the eddy currents to reach the backwall 
is called r0, the wallthickness wt, as defined in Figure 3 can be found with the following 
formula [HAU89]: 

( 1.1) 

where f.l\\'att is the magnetic permeabi1ity and where awall is the conductivity of the wal!. Also the 
distance from the probe to the wall, the 1iftoff, has an effect on r0 . Since the formula does not 
give an absolute value for wt, on1y relative measurements are possib1e with the PEC method. 
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Therefore a reference measurement is always necessary on a healthy part of the wall. For 
detailed information on the PEC signal see [BER98]. 

1.4 Problem statement 

The aim of this project is to achieve three objectives by means of a yoke: 

1. improving the signa! to noise ratio and the amplification of the probe signa! 

2. to shield the probe from interterenee due to steel parts outside the problem area 

3. focusing of the primary field spot 

In Figure 4 a cross-section of the PEC probe is shown with the accompanying field lines. The 
figure shows the need for a better shielded probe. 

Figure 4. Cross-s eetion of probe showing that much more is magnetised than only the 
test area right beneath the coils. The receiver coils and the cladding are nat displayed. 

ad 1: an improved signal makes it possible to increase the maximum liftoff. Increasing the 
maximum liftoff means that the wallthickness can be measured through thicker insulation 
and this infers that the PEC tooi can be used on more applications. 

ad 2: at the moment the PEC tooi measures all the ferromagnetic and conductive material 
around the probe, also nozzles or other pipes close to the probe are measured, see Figure 4. 
This handicaps the probe in some situations. Shielding of the probe results in more 
applications where the probe can be used. 

ad 3: since the probe measures a weighed average of the wallthickness of the footprint, it is very 
difficult to detect small pits in the wal!. Also sizing of the defect is very difficult. Focusing 
of the spot makes it also possible to measure the wallthickness closer to a bend in a pipe or 
closer to a nozzle connected to the pipe. 
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1.5 Battle plan 
In order to reach the goals as stated above it is necessary to imprave the primary field 
distribution generated by the transmitter coils. First some theory regarding yokes and electro
magnetics is discussed. The primary field generated by the transruit coils will be numerically 
modelled by a computer, so that insight regarding the flux distribution is increased in a fast and 
easy way. This insight is used to find a proper yoke design. If a configuration is found for 
realising the three objectives of this project, the practicabie feasibility will be inquired and a 
design will be made. When a proper design has been made, a prototype will be built and tested. 
The measured results will be compared to the calculated field distribution and the time varying 
behaviour is examined. So insight in the working of the probe will be improved and 
recommendations about transmitter coils as receiver coil configurations will be given. 
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Chapter 2 

Theory 
In this paragraph some general formulas of electromagnetics and magnetisation are presented. 
Further inductance is explained and theories concerning calculating inductances for situations 
with as welt as without yoke. Also the behaviour of a magnetic field line at boundary is presented 
and some information regarding eddy currents and windings is given. 

2.1 The basic laws of the classical electromagnetic theory 

The most important laws of the electromagnetic theory are the laws of Maxwell [JAC75]: 

JeE 
VxH=l+~ - - at ' 

V x E =- aJ.loH 
- - at ' 
V·B=O. 

(2.1) 

In 2.1 is !1 is the magnetic induction, H is the magnetic field strength, J is the current density, p is 
electrical charge distribution, Eo is the permitivity in free space and Jlo is the magnetic permeability 
in free space. 

A solution, for an electrastatic problem, of the third equation is the electric potential ct>: 

E=-V·<P. (2.2) 

A general salution of the last Maxwell equation is 

(2.3) 

where A is the vector potential. In order to specify A uniquely, we must also give its divergence. In 
a magnetostatic problem a convenient choice is the Coulomb gauge 

V·A=O. (2.4) 

This Coulomb gauge can be written, using the second Maxwell equation for a static problem, as 
the vector Poisson's equation 

(2.5) 

The latter equation is used for the numerical simulations in the next chapter. If the current density 
is known and the boundary conditions are given is it easy to find the vector potential via Poisson's 
equation. The vector potential gives all the information needed to calculate H. To calculate !1 more 
information is required. 
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2.2 Magnetisation 

A magnetisable material can be magnetised by application of a magnetic field. An electric current 
produces a certain magnetic field density H. In the presence of a magnetisable material this will 
result in a magnetisation Mof that material 

The magnetic susceptibility Xm is the degree of magnetisability of a materiaL If Xm and H are 
known !1 can be calculated by 

(2.6) 

(2.7) 

The relative permeability J.L, gives the same information as Xm but is more often used because it 
gives the direct relationship between Hand fl. The permeability of free space J.Lo is constant; J.Lo is 
47t·l0-7 Hlm. The relationship between Hand !1 can be visualised by a magnetisation curve, see 
Figure 1. 

Figure 1. B-H curves when identical unidirectional pulses are applied. 

At low field density, the slope of the magnetisation curve is J.Li, the initial permeability. At high 
field strengtbs when there are no more magnetic moments to be aligned, the slope is J10 . 

During each pulse the flux density, having increases by i1B and at the end of the pulse, returnstoa 
residual value B, on the B-axis. A series of unclosed minor loops will be described until the 
curvature of the B-H loop permits a fall of flux density equal to i1B and a closed minor loop is 
achieved. This is the reason of the pre-pulses in a PEC measurement. In this closed minor loop the 

pulse permeability 11" can be defined: 

M 
Jl" = Mi. 

flo 

The pulse permeability in a closed minor loop is constant and must be used in simulations 
concerning a pulsed field, as used in the PEC tool. 
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During a PEC measurement magnetic energy is stored in the magnetic field. Therefore, also energy 
stored in any magnetisable material is present in that field, particularly the walL During a PEC 
measurement a closed minor loop is formed, see Figure 1. The area enclosed by the loop is the 
energy lost during each cycle in a unit volume of the materiaL This energy is called the hysteresis 
energy loss density. This energy is converted to heat. A material with a small area enclosed by its 
hysteresis curve, or small Bn is called a soft magnetic materiaL 

2. 3 Interface 
Using the Maxwell equations an equation can he derived for the behaviour of the flux lines at a 
surf ace. 

Figure 2. !l. and H crossing a surface between two media. 

The second Maxwell equation in a magnetostatic problem without any current is 

! H·ds=O. Yc- -

This equation integrated over the contour as shown in Figure 2 gives 

(2.9) 

(2.10) 

where l is the length between the points a and b. This means that the tangential component of the 
magnetic field is continuous while crossing an interface. 

The fourth Maxwell equation, integrated over the surface of a box with cross-section as shown in 
Figure 2, gives 

(2.11) 

with A as the upper surface of the integration box. This implies that the normal component of the 
magnetic induction is continuous. Tagether with equation 2.7 and equation 2.10 this results in 

Jlr1 _ tan a1 

Jl,.z tan a2 
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2.4 lnductance 
A time varying magnetic field induces a voltage at the terminals of a coil. To determine this 
voltage the third Maxwell equation is integrated over the closed line contour C, as shown in Figure 
3. 

Figure 3. The integration path as used in the inductance calculations. 

The third Maxwell equation in 2.1 as integral: 

!.E·ds=-.!!.._J/1 H·da. 
~- dt s 1""0-

(2.13) 

The assumption that the wire is a perfect conductor, i.e. fi is zero along the wire, results in a 
reduction of the l.h.s. of equation 2.13 

f E · ds = J:E · ds = - J:v <I> · ds = -(<I> h - <I>" ) = V . 
c 

This results in 

with the magnetic flux cp defined as 

V=- dep. 
dt 

cp= fp0 H·da. 
s 

The flux cp is entirely caused by a current I in the coil itself and the inductance is defined as 

(/) J J.lo H · da 
L = - = -'s"-----

1 I 

With this definition the terminal voltage becomes: 

V= -L dl. 
dt 

(2.14) 

(2.15) 

(2.16) 

(2.17) 

(2.18) 

A coil with inductance Land reluctance R which is located in a magnetic field which is turned off 
very rapid shows an exponential decreasing current, with characteristic time r: 
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Figure 4. kas used in air-cored coil inductance calculations. 

2.6 Energy in a magnetic field 

The total energy in a magnetostatic field equals the work necessary to build up the field. If a power 
souree with voltage V is connected to a coil, a current I starts flowing through the coil. If the flux cp 
in a coil with inductance L varies, an induction voltage Vind is induced, see equation 2.15 and 2.18. 
The energy required to increase the current from 0 to I 1 is calculated with Kirchhoff's law: 

V+ Vind= IR. (2.23) 

The energy supplied by the power souree in a time interval dt is: 

V ldt = / 2 Rdt- Vindldt. (2.24) 

The first part of the equation on the r.h.s. is the Joule heat produced in a time dt. The second part is 
the energy stored in the magnetic field. To increase the current from 0 to I1, an energy U is 
required, without taking the Joule heat into account: 

= = dJ I 

U= -fv Idt = f L-Idt = fLidl = )"L/2
. 

tnd dt ~ I 
0 0 0 

(2.25) 

The magnetostatic energy can also be expressed in field terms. The total field energy in a volume 
Vis: 

V=-tf~·Hd 3 r. (2.26) 
V 
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2. 7 Mutual inductance 

A coil with self-inductance L1 and carrying I1 amperes results in magnetic flux 

(2.27) 

Another coil, located close to the first coil, will enclose a part of the flux generated by the first 
coil. Likewise the first coil encloses a part of the flux generated by the second coil. In the PEC 
probe the coils are exactly the same regarding geometry, current and time behaviour: 

(2.28) 

in which M as the mutual-inductance with L1 and L2 as the coefficient of self-inductance of the first 
and second coil respectively, Mis 

M = k~~L2 = k L, (2.29) 

and k is the coefficient of mutual inductance. The two coils are coupled and have besides a self 
inductance also a mutual inductance. The induced voltage in the first coil is: 

(2.30) 

Since the PEC probe exists of two transmitter coils located very close to each other, the mutual 
inductance bas an effect on the total inductance of the probe. Furthermore, a PEC measurement 
can be described in terms of inductances since the interaction between several coils is used. The 
PEC technique uses the receiver coils, transmitter coils and the eddy currents coils in the wall. 

2.8 The inductance of a non-air-cored coil; magnetic circuit theory 

If the cross-section of a non-air-cored coil is not uniform or small, the effect of the core geometry 
on the core properties is rather complicated, especially in the case of the presence of an air gap. 

It will be assumed now that within a specific region only low flux densities occur. Therefore, the 
variation of permeability with field strength can be ignored. If assumed no air gap is present, the 
second Maxwell equation results in: 

NI= f H. ds = !!!_ f_!!!_-::=:} cp = JloNI . 
c- - Jlo c Jl,A f(ds/ Jl,A) 

(2.31) 

c 

The Iine integral is called the reluctance of the magnetic path. The magnetic path can be divided in 
parts and the total reluctance can be written as the summation of the reluctances of all parts: 

~~n L. A· 
11 

Jlr,n 11 

(2.32) 

The geometry of the parts can be described by the core factor. For summarised series of elements 
of path Iength measured along the meao magnetic path, divided by the corresponding areas: 
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(2.33) 

witb C1 as tbe core factorand le as tbe mean magnetic patb lengtb and Ae as tbe total effective area. 
Tbe co re factor yields togetber witb 2.31: 

(2.34) 

Tbis metbod assumes tbat tbe mean magnetic patb is known and tbe corresponding effective area 
of eacb element of it. 

Witb equation 2.17, tbe inductance becomes 

(2.35) 

Introducing a air gap will affect tbe inductance and effective permeability. Tbe air gap may be 
regarcled as a part of tbe magnetic patb baving lengtb l 11 , cross-sectional area A11 and unity relative 
permeability. Tbe magnetic flux can be written as 

(2.36) 

Altbougb tbis equation is general, it is usually restricted in its use to cores witb small air gap 
lengtbs with respect to tbe total magnetic patb lengtb. Only witb small air gaps tbe fringing flux is 
a small fraction of tbe total flux and is it possible to estimate tbe effective gap area. 

Figure 5. B-H curvewithand without air gap. 

Tbe presence of an air gap seems to reduce tbe permeability of tbe core material, tbe effect is 
shown in Figure 5. Tberefore, the effect of an air gap can be calculated by replacing fl, by the 
effective permeability fle: 
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(2.37) 

So the effective permeability can be written as 

(2.38) 

If the magnetic path only consists of a part in air and the other part through the care and when Jlr is 
large and the gap length is not too small, the farmer equation may be written as 

(2.39) 

i.e. the effective permeability will be largely dependent on the geometry and relatively independent 
on the material permeability. The inductance for a care with high permeability material is given 
by: 

(2.40) 

2. 9 Coil windings and coil resistance 

The number of tums of a given conductor that may be wound into a given winding area not only 
depends on the overall diameter of the conductor and the dimensions of the winding area but also 
on the following factors: 

• whether the winding is in regular layers 

• how much insulation is used to intedeave or cover the windings 

• the winding tension 

• the technique used for bringing out the connections 

Two ideal arrangements of conductors are shown in cross-section in Figure 6. These will be 
referred to as the square and hexagonal arrangement respectively. In a practical coil the conductor 
pattem will correspond to neither ideal. 

IS 



Figure 6. Two different methods of coil winding. 

If the overall conductor diameter do is much smaller than the dimensions of the available winding 
space, then the number of turns, N, in a winding area, Aw, is given for the square arrangement by: 

(2.41) 

Where the winding correction factor Fw is 1 fora perfect square winding and 0.866 for a perfect 
hexagonal winding. The resistance of a coil consisting of a total winding length l of conductor 
material and with a cross-sectional area A is 

R =p) 
w A, (2.42) 

where Pc is the resistivity of the conductor materiaL Por capper at a temperature of 20°C the 
nomina! value of Pc is 1.709·10·8 .Om. The temperature coefficient of the resistivity is 0.00393 per 
oe. The mean turn length is 7r(Do+Di) and do is the bare conductor diameter. The resistance of a 
coil is the coefficient of the number of turns, the mean turn length time and the resistance Rw: 

R . = 2N(Do +Di )Pc 
cm/ (Fwd0)2 

(2.43) 

2.10 Eddy currents 

Combining the equations P = V2/R, 2.42, 2.16, 2.7 and 2.15 makes it possible to findan expression 
for the eddy currents care loss density. The equation is valid when the flux density changes 
linearly with &3 in time and is given by 

P = (n d M3)
2 

p f3 M2 , 
(2.44) 

where B is induction perpendicular to the plane containing the cross-sectionat dimension d, p is the 
bulk resistivity in .Qm and f3 = 6 for laminations of thickness d m, f3 = 16 for a cylinder of 
diameter dm and f3 = 20 fora sphere of diameter dm [SNE83]. 
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Aluminium cladding is located close to the PEC probe. Therefore, in spite of /lAl = I, MJ is very 
large inside the cladding. The cladding is not a serious problem for the PEC tooi because of the 
low resistivity of Aluminium in combination with the small thickness of the cladding, i.e. eddy 
currents induced in aluminium exist only short in time. 
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Chapter 3 

Modelling 
In this chapter numerical simulations on the PEC probe coil configuration are presented. This 
computer rnadelling is a jastand cheap methad to increase insight in the primary field distri
bution. Several coil configurations have been examined and the feasibility of the in the intro
duetion stated three objectives has been studied. Furthermore, some rnadelling has been done 
on the effect of small pipes, corrosion and slanting of the probe. 

3.1 Poisson/Superfish programs 

The Poisson/Superfish Group Codes are a set of DOS programs written by memhers of the Los 
Alamos accelerator code group [POI87]. The programs Poisson and Pandiraare used to cal
culate magnetostatic fields by solving the Poisson equation 2.5 with a given current distribu
tion and boundary conditions. The vector potential is calculated with the Poisson equation and 
the field distribution is calculated with equation 2.3. The programs are capable of solving 
electrastatic and magnetostatic problems with a two-dimensional Cartesian or three
dimensional cylindrical geometry. Pandira also solves permanent magnet problems. A three
dimensional program calculates a more realistic field distributions. Nevertheless a two
dimensional program is very useful to increase insight in effects of changes of tbe configura
tion. A two-dimensional program bas tbe advantage tbat it is many times faster tban a 3D pro
gram and it can easily be used on a personal computer witb coprocessor. 

Eacb point of tbe mesb and eacb boundary point is associated witb a finite difference equation 
representing tbe local approximation of tbe partial derivative equation. Tbis system of finite 
difference equations is solved. Some problems converge slowly or converge not at all witb tbe 
metbod used by Poisson. In tbose cases, tbe program Pandira sbould be used. Pandira solves 
tbe Poisson equation by a "direct" metbod and iteration is required only for non-linear prob
Jems. 

Tbe working metbod is as follows. First an input file bas to be created. Tbis input file contains 
all tbe data tbat Poisson needs to solve tbe problem. An example is sbown in appendix A. The 
file contains geometrical data, tbe current distribution, permeabilities of used materials, mesb 
size and boundary conditions. Wben tbis ASCII input file is written, an irregular triangle mesb 
of tbe problem is generated by tbe program Automesb. Tbe output file of Automesb is tbe ac
tual input file of Poisson or Pandira. Tbe output file of Poisson/Pandira is a binary file tbat can 
be plotted on screen or disk witb tbe V gaplot program. Furtbermore, specific data can be 
written to disk witb tbe SF7 program, e.g. the Bx component of tbe field at a certain boundary 
can be examined. Tbe currents are given in amperes, tbe lengtbs in centimetres and tbe induc
tions in gausses. 
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3.2 Original configuration 

A cross-section of the original probe above a wall is shown in Figure 1. In the figure, and fur
ther simulations, the receiver coils and the cladding are not simulated. The horizontal direction 
is the x-direction and the vertical direction is the y-direction. The geometry is supposed not to 
vary in the z direction, so all z-components cancel. The current through the coils is chosen as 
75 turns times 10 Amperes, i.e. 750 Amperes, which is fora matter offact not the exact value. 

Figure 1. Original air probe configuration as used in simulations. 

Figure 2. Magnetic induction in walt, this is at y = 1.4 cm, generated by 
the original coil configuration. 

The configuration above shown results in a distribution in the wall as shown in Figure 2. The 
figure shows the modulus IBI, B, and By in Gausses 1 mm beneath the topside of the wall. To 
imprave the quality of the footprint it is necessary to decrease the Full Width at Half Maxi
mum (FWHM) of the IBI curve and to increase the maximum value of the induction in the 
wall. see Figure 2. The quality Q is defined by: 
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Q = max(l BI )wal/ 

FWHM 2 . 
(3.1) 

In the definition of the spot quality the cross-section of the footprint in three dimensions is 
simp1ified by assurning that its shape is circular. Another simplification is the assumption that 
the amount of eddy currents is proportional with the height of the magnetic induction curve 
IBI"uw see Figure 2. 

Figure 1 shows that one part of the fieldlines form closed paths around the two central placed 
conductors and the others form closed paths around the outer placed coil cross-sections. The 
IBI curve, in Figure 2, does not go smoothly to zero at the sides but in the areas 0 cm :::; x :::; 4 
cm and 15 cm :::; x :::; 19 cm it shows increased parts. In these parts of the wall the Bx compo
nent is opposite to the Bx component in the rniddle of the wall. These 'lobs' are caused by the 
fieldlines which form closed paths around the outer coils. The 'lobs' have a negative effect on 
the footprint. The influence of the lobs is nottaken into account in the definition of the quality 
of the footprint. 

The modulus of the flux distribution in the wall as a function of liftoff is shown in Figure 3. 
The IBimax of the distribution in the wall and the FWHM as a function of liftoff are plotted in 
Figure 4 and Figure 5, respectively. 

Figure 3. The distribution of IEl in the walt depends on liftoff. 

Figure 4. Maximum IBI values in the walt asfimctioH of liftofl 
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The maximum induction in the wall is fitted with the equation: 

(3.2) 

A better fit as 3.2 is possible but the limit for lo~= is notzero for that fit and therefore physi
cally impossible. 

Figure 5. The FWHM as function of l(ftoff. 

The FWHM shows an almost linear re lation with the liftoff as shown in Figure 5, with 23mm 
as minimal FWHM. 

3.3 Alternative coil configurations 

The original two-coil configuration is a very effective design. A one coil design does not fo
cus, while a two-coil design focuses very well, at least in the length direction of the two coils. 
In terms of fieldlines: the two coils guide the bundie of flux exactly to the place in the wall 
where most flux is desired. A disadvantage is the long magnetic path. Or, since the current 
density of the transmitter coils is highest at the place where the two coils touch each other, the 
current density is highest right above the place on the wall where the spot is desired. 

The use of extra coils in the horizontal plane can not be simulated with the available 2D soft
ware. In the coil configuration we saw that the maximum flux in the wall is obtained right be
neath the touching point of two coils. Since configurations with more coils have more of these 
touching points there are more locations in the wall with a local maximum in the magnetic 
induction distribution. Therefore, the footprint will get very complex which is definitely not 
desirable. 

Figure 6 shows the IBI distribution in the wall for the original configuration, a single horizon
tal coil and a single vertically placed coil. The configurations consist of the same coils and 
have the same Iiftoffs. The current density is the same in all configurations. This is in the ad
vantage of the original coil design since it consists of two coils and therefore cutTent and with 
that the field strengtbs is doubled. 
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Figure 6. IBI distribution generated by horizontal and vertical placed 
single coil and the dual coil configuration as used in the PEC tooi. 

Only the original configuration focuses well. The vertical placed coil generates a very strong 
field but does not focus very well and it has the disadvantage that it is large in vertical direc
tion. Further research will focus on improving the original configuration. 

3.4 Yokes 

The use of a yoke is a common metbod when solving problems regarding magnetic field dis
tributions. Therefore, we looked for the best practical yoke design. As the effect of placing 
yokes in a coil design is not trivia!, the Poisson program is a very useful tooi. The liftoff is 
always determined as the shortest distance between wall and probe and, off course, only de
signs are compared with the same liftoff. 

The magnetic flux distribution changes when material with different permeability than unity is 
added to the coil configuration. Magnetic material functions as a conductor for fieldlines, and 
the magnetisation of the material can be added to the original field. The effect of several dif
ferent configurations on the footprint has been examined, all with the same original coil ge
ometry. The yokes have rather simple geometries since the yoke must be easy to manufacture. 
The results are shown in Table 1 and the modelled configurations are displayed in Figure 7 to 
Figure 10. The current through the coils in the simulations is 750 A, like in the original con
figuration. For a fair comparison the current should have a lower value since the inductance 
will increase when a yoke is applied. The value of 750 A is used so the effect of the yoke can 
be examined better. 

In general a yoke has a positive effect on the amount of magnetic induction in the wall and a 
negative effect on the FWHM. Placing material between the coils without material on top has 
notbeen examined since it is obvious that this configuration will have poor shielding capacity. 

The harseshoe configuration generates the highest fields in the wall but it has the largest spot 
width. The harseshoe configuration is camparabie regarding magnetic field paths with the 
vertical placed single coil design. Fora focused spot it seems necessary to add material outside 
and next to the outer coils, like in the packed and the half packed configurations. Filling up the 
two coils has no effect on the FWHM but the maximum induction increases significantly. The 
conclusion of these results is that the harseshoe and the packed configuration are both effec
tive yoke designs and only these two designs are examined further. 
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Table 1. Results of optima/ yoke design survey. 

Figure 7. Harseshoe configuration. 

Figure 8. Plate conjïguration. 
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Figure 9. Half packed configuration. 

Figure 10. Packed configuration. 

3.5 Shielding 

The effect of a yoke on the shielding capacity of the probe is simulated by adding 
'surrounding' magnetic material with the same permeability as the wall. The magnetic induc
tion in the disturbance is summed and since the amount of eddy currents is proportional with 
the amount of magnetic induction, the less these summed induction the better the shielding. 
The direction of the magnetic fields generated by the induced eddy currents with respect to the 
direction of the receiver coils is not taken into account, but no eddy currents can be generated 
in a material that is not magnetised. 

The 'test' configuration for the original coil design is shown in Figure IJ. In this figure one 
can see clearly that the influence of the disturbance is enormous. At a horizontal line in the 
middle of the disturbance IBI is measured for the three different coil designs. The results are 
shown in Figure 12. The spacing between the points on the line is 2 mm. The total induction in 
the disturbance is for the original, harseshoe and packed configuration respectively 2.67·1 03 

Gs, 1.99·103 Gs and 1.32·102 Gs. The effect on the shielding of packing the outer coils is tre
mendous, a factor 20 between the original and packed configuration. The packed coil configu
ration perfarms even better than the factor 20 because of the higher field strength in the wal I, 
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so a better indication of the influence of the disturbance can be calculated by dividing the val
ues by the maximum induction in the wall. If the maximum induction values in Table I are 
used, the scaled values become respectively 15.3, 2.75 and 0.256. This parameter is referred to 
as the shielding parameterS. 

Figure 11. Configuration used to examine effect of a disturbance 
e.g. the presents of an adjacent pipe. 

Figure 12. IBI distribution inside disturbance. 

The effect of the disturbance on the distribution of the induction in the wall in the original 
configuration is shown in Figure 13. The relative difference at the location of IB1max is 6 per 
cent while this value for the packed configuration is 0.03%. 
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Figure 13. IBI inside wall generated by original probe withand without disturbance present. 

A second examined disturbance is shown in Figure 14. 

Figure 14. Configuration used to examine effect of' a disturbance 
e.g. the presentsof a nozzle or T~joint. 

The summed induction values inside the disturbance as shown in Figure 14 of the original, 
harseshoe and packed configuration are 1.26·103 Gs, 2.56·103 Gs and 7.98·102 Gs, respec
tively. The real influence of the disturbance has been calculated by dividing these values by 
the maximum inductions in the wal I. If the maximum induction values in Table I are used, the 
scaled values become 7.24, 3.54 and 1.55, respectively. In this situation, again the best per
former is the packed probe and the harseshoe probe perfarms better than the original configu
ration in spite of the larger magnetisation of the disturbance. 

26 



Figure 15. IBI distribution in wall generated by original probe with 
and without disturbance present. 

The disturbance shows a minor effect on the distribution of the induction in the wall in the 
original configuration, the distribution is no langer symmetrie. The relative difference in IBI at 
the location of iBlmax is 5% while this difference for the packed configuration is only 0.6%. 
The iBlmax in the wall with the original configuration decreases when the second disturbance is 
applied while iBlmax increases when the disturbance shown in Figure 11 is applied. 

3.6 Aspects concerning numerical settings 

The accuracy of the calculations by given Poisson and Pandira depends on several parameters. 
The machine and software accuracy can not be changed and are therefore not discussed. Of 
course the in automesh given geometry is the most important factor. The coil geometry of the 
original configuration does not resembie the real probe' s geometry perfectly, so absolute val
ues are not very reliable and can only be used as a indication of real field strengths. 

Figure 17, Figure 18 and Figure 19 show the effect of the mesh si ze. The figure is made with 
the intention to campare the result of Poisson and Pandira of the same problem as a function 
of the mesh size. The difference in results between Poisson and Pandira is examined because 
the original configuration has been calculated with Pandira and the others with Poisson. The 
original configuration can only be simulated by Poisson, with a mesh size of .50 and smaller 
with Pandira. Poisson does not converge for the original configuration. In the other situations 
Poisson is used as Poisson is faster en does not need so much memory as Pandira. Poisson can 
also calculate with a smaller mesh since it uses less memory as Pandira. The memory use of 
Pandira is about 200 Mb disk space when a mesh size is used of .1 0 cm. 

The mesh exists of equilateral triangles and when camparing mesh sizes actually the length of 
the bases of the triangles are compared. The shape of the triangle is not altered and the base 
length is given by dx in centimetres. Poisson and Pandirahave the possibility to vary the mesh 
size for different regions in a configuration, this feature has not been used. 

Figure 16 shows the three locations where the dependenee of the calculated magnetic induc
tion on mesh size is examined. The magnetic induction distribution in each location is very 
different and one point is taken inside the yoke materiaL 
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Figure 16. The three points where IBI is calculated. 

Figure 17. IBI in point 1 calculated with Poisson and Pandira. 

The difference between the value calculated by Poisson and Pandira for a calculated mesh size 
divided by the same value as calculated by Poisson represents the mismatch between Poisson 
and Pandira. The mismatch is less than 0.1% in all calculations except for the calculations 
with dx = 0.25 cm and 0.30 cm for point 3. In these cases the mismatch is about 2%. In almost 
all calculations Pandira gives higher values than Poisson. The calculations performed with 
Poisson and Pandira correspond very well with each other, for mesh sizes of dx = 0.15 cm or 
smaller. Therefore, almost all measurements are performed with a mesh size with dx = 0.15 

cm. 
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Figure 18. IBI in point 2 calculated with Poisson and Pandira. 

The calculations in point 3 depend on the mesh size for bath computer programs. The value 
calculated with dx = 0.3 cm is 2.5% lower than the value at d x= 0.06 cm. The cause is the 
sharp turn the fieldlines make at point 3 in combination with the interpolation of the field be
tween two mesh boundaries. Therefore, the results in areas with sharply bending fieldlines are 
not very reliable. 

Figure 19. IBI in point 3 calculated with Poisson and Pandira. 

The boundaries have a strong influence on the field distribution. They must he chosen suffi
ciently far away from the problem area. Dirichlet boundary conditions are used at all sur
rounding boundaries. The effect on the distribution of enlarging the 'environment' in the 
original configuration is shown in Figure 20. The maximum x value used is shown and the y 
direction is also varied. The widening has effect on the whole distribution. The effect of the 
widening in the packed configuration is negligibly small, less than 0.3% on the total induction 
in the wall. Almast all simulations are performed with a boundary width of 29 cm, in some 
cases a width of 19 cm is used. 
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Figure 20. IBI distribution in the wall with different boundary widths. 

All the pulse permeabilities used in the simulations are held constant. A simulation performed 
with a constant wall permeability and a realistic varying yoke permeability results in 0.8% dif
ferent values for IBimax· The field strengths are small enough to neglect the varying perme
abilities. It has also been shown by the magnetic circuit theory in paragraph 2.8 that in situa
tions regarding a yoke with large air gap, the geometry is the most important factor and not the 
permeability. 

3.7 Further examination of the original and packed probe 

Field maps were made to increase insight in the induction and energy distribution. In a normal 
line plot made with the use of SF7 y is taken constant and x is varied with certain spacing. For 
a field plot many line plots of IBI are made with constantly varying y values which are merged 
to one large data file. The data file can be imported in Excel, Matlab or similar computer pro
grams. 
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Figure 21. Field plot ofpacked configuration with disturbonee as shown in 
Figure 14 present. 

Figure 21 and Figure 22 show the field plots of respectively the packed and the original con
figurations with the disturbance of Figure 14. The figures directly show the high induction 
concentration in the yoke which results in a high energy concentration and therefore the 
packed yoke will have a higher inductance. The disturbance is very difficult to see in the con
figuration with yoke while it can easily be seen in the original configuration. This is partly 
caused by the different scales but mainly because of the shielding capacity of the yoke. The 
shielding effect of the yoke towards the upside, i.e. high y values side, can also be seen in the 
field maps. Furthermore, the shielding effect of the wall is visible. 

Figure 22. Field plat af original probe with secand disturhance present. 
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Once the field plot data file is imported in a spreadsheet as Excel it is rather easy to calculate 
the energy in the magnetic field by using equation 2.26 and a constant yoke permeability. The 
perfect yoke has a small field outside the wall, i.e. inside the yoke, and a large field inside the 
wall. Figure 21 shows that high peaks arise in the yoke. In an energy plot these peaks are even 
more extreme. Since the magnetic field energy is proportional to the square of the magnetic 
induction, the same amount of induction but with a smoother distribution, i.e. no peaks, will 
have a lower total magnetic field energy. 

The efficiency E of the design is defined as the ratio between the sum of energy stored in the 
wall and the total stored energy. The efficiency does not depend on the current and therefore it 
is a very legitimate method to examine the field strength in the wall. The peaks mentioned 
above are located near the edges of the square shaped coils. The effect on the efficiency is ex
amined when these edges are made less sharp, see Figure 23. The same currents are used so 
the current densities are increased. In a real coil configuration these kind of small corrections 
are hard to implement since winding a coil is not easy, especially with the used dimensions. 
Nevertheless, the efficiencies of the different designs are determined and compared. 

Figure 23. Packed configuration with 'rounded' edges. 

Figure 23 shows that the fieldlines around the edges are smoother and have larger mutual dis
tance, implying lower peaks. The maximum IBI value decreases with 30% by introducing 
'round' edges. The efficiency only increases with less then 5%. Numerical errors, because of a 
too large resolution, and the decreasing amount of field inside the wall can explain the large 
difference between these two percentages. Especially measurements on maximum peak values 
are unreliable because of the large dependenee of the grid used. The positive effect obtained 
by rounding edges is probably not worth the effort. Nevertheless, it is important to realise that 
the efficiency of a yoke increases when the contours of the yoke follows the 'natura!' magnetic 
paths of the magnetic field lines, i.e. the magnetic paths in the original configuration. The effi
ciency of the original probe is 4.14·1 0'4 while the packed probe has an efficiency of 9 .25·1 o-4

. 

The packed probe works 2.23 times as efficient. For a matter of fact the efficiency of the 
horseshoe yoke is 2.70·10-3 or 6.52 as efficient as the original yoke. 

The effect of further optimisation of the packed yoke by changing its poles has been investi
gated. As well as the effect on a disturbance on the distribution of IBI in the wall. Only a part 
of the investigated yokes is presented. The unchanged packed configuration is referred to as 
configuration A. The other configurations are displayed in the following figures. Another con
figuration, not shown, and referred to as configuration F with outer poles as in contiguration D 
and inner polesasin the normal packed configuration is also mentioned. 

32 



Figure 24. Configuration B. 

Figure 25. Configuration C. 

Figure 26. Configuration D. 
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Figure 27. Configuration E. 

The induction distributions in the wall and disturbance are presented in Figure 28 and Figure 
29, respectively. 

Figure 28. Induction distribution in wall for different configurations. 

The FWHM's of the various induction distributions in the wall only differ slightly. The foot
print qualities of respectively A, B, C, D and E are 2.05, 1.78, 1.72, 1.85 and 1.86. Consider
ing the performance on shielding, the outer poles are best not to be changed. This condusion 
is confirmed in other, not shown, configurations, e.g. the IBimax inside the disturbance is in the 
F configuration 19 per cent and 45 per cent higher as respectively configuration A and C. If 
the induction in the disturbance is summed over the available points, the result in the F con
figuration are respectively 20% and 49% higher. The footprint quality of the F configuration is 
2.13 but the curve is not symmetrie and therefore, the F configuration is not a serious option. 
Concluding, the normal packed, or configuration A, is the best yoke design. 
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Figure 29. Induction dis tribution in disturbance for the different configurations. 

3. 8 V arying main geometry parameters of packed contiguration 

The most characteristic geometry parameters of the packed configuration d and h are defined 
in Figure 30. The configuration used in most simulations, as displayed in Figure 30, has d = 7 
mm and h = 15 mm. 

Figure 30. The most characteristic geometry parameters d and h. 

Table 2 shows examined parameters when d is varied, where Q is the quality and S the 
shielding parameter. The quality does nat differ much and only the shielding is seriously af
fected by making d 7:- 0. Striking is the lowest value at d = 0.4 cm. This is the result of the fo
cusing effect of the yoke in combination with the arbitrarily chosen disturbance, i.e. when an
other disturbance shape or location is chosen an other minimum is found. When material is 
added, i.e. increasing d, the flux lines have to make a sharper bend. Also fieldlines normally 
travelling through the middle, as desired, take the outer paths. 
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Table 2. Main distribution parameters as function of d. 

Table 3 shows the effects of varying h. Adding material results in better shielding and a higher 
quality of the spot. Only the focusing of the spot becomes slightly worse. 

Table 3. Main distribution parameters as function of h. 

3. 9 Permeability of the yoke 

The permeability, or more correctly the pulse permeability, of the yoke is the major parameter 
in the yoke design. Therefore, its influence is investigated. The packed yoke design is used. 

Figure 31. Maximum value qfinduction in wall asfunction ofyoke permeahility. 
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Figure 31 shows IBlmax as a function of the yoke permeability, with Jlr between I and 1000. 
The figure shows a bending point around Jlr"" 50 very clearly. The asymptotic shape of the 
figure is predicted by the magnetic circuit theory in paragraph 2.8. The shape can physical be 
understood as follows. Wh en the yoke permeability is increased from 1, two effects take place. 
The yoke starts amplifying the fieldlines and the yoke starts collecting fieldlines. Fieldlines 
experience less resistance, or reluctance, in a material with a permeability larger than unity, 
i.e. it is energetic advantageous for the fieldlines to travel via the yoke. The permeability of 
the yoke must be compared with one, the permeability in air. When the yoke permeability is 
large most fieldlines travel through the yoke. Since no fieldlines are left to collect, the col
lecting of fieldlines stops, which explains the bending point. 

Table 4. Distribution parameters as ajunetion offlyoke· 

Table 4 shows the effect of yoke permeability Jlmke on IBimax and the field in the disturbance. 
Also the proportion between IBimax and IBimax with Jlvoke = 1 is calculated, see R column. The 
maximum impravement on IBimax with the used configuration is 2.9. Table 4 shows that the 
shielding factor S decreases rapidly until Jlyoke "" 50 and increases slowly for higher perme
abilities. The optimum permeability is 200 for this configuration. Similar calculations on a 
variety of situations all have the same bending point in the permeability graphs as Figure 31, 
and all display different shielding behaviour. Therefore, the ideal yoke permeability cannot be 
given but Jlroke must be larger than 50 for an efficient effect. 

3.10 Wallthickness 

The wallthickness is varied without changing liftoff. The liftoff is 35 mm, Jlwa 11=200 and 
Jlroke=IOO. The examined wallthicknesses are 10, 7 and 4 mm. For every different wallthick
ness B, in a horizontal line 1 mm beneath the yoke is calculated and IBI on the usual line plot 
on y = 1.4 cm. The maximum values for B, in each situation are for wt = I 0, 7 and 4mm re
spectively 773.4 Gs, 773.1 Gs and 772.5 Gs. These results for M, are 64.1 Gs, 62.9 Gs and 

37 



-~ ~--~ - ~------------------------------

60.1 Gs, respectively, or, if normalised on My,wr=IO 100%, 98.2% and 93.8%, respectively. The 
three My curves are plotted in Figure 32. The yoke is located between x = 4.8 cm and x = 14.2 
cm. 

Figure 32. Curves of magnetisation Mv measured 1 mm beneath yoke. 

The space between the fieldlines decreases when the wallthickness decreases. This implies 
higher magnetic induction values in the wall. Because of the higher fields some of the field
lines prefer not to travel any langer through the wall. Therefore the magnetic induction density 
in the wall increases with decreasing wallthickness while the total magnetic induction de
creases. This is the reason of the lower My values near the yoke with decreasing wt. The 
summed magnetic inductions multiplied with the corresponding wt, i.e. the total magnetic in
duction in the wall, are for wt=lO mm, 7 mm and 4 mm and normalised, 100%, 94.8% and 
88.1 %, respectively. The summed magnetic inductions divided by the used spacing in x direc
tion of I mm are 100%, 135% and 220%, respectively, which represent the magnetic induction 
densities in the wall. 

3.11 Corrosion products 

The PEC tooi' s performance has been tested in corrosion under insulation (CUI) situations. 
Scale, or corrosion, is simulated. When steel reacts with water to corrosion, it expands by a 
factor of 7. As told before, the conductivity decreases from <>carbon steel "" 6·1 06 '1~" to <>conosion"" 0 
1
/ 111 • The permeability also decreases from a value in the interval J.l, = <75,400> to a value not 
well known which is probably lower than the permeability of carbon steel. The simulated 
situation of general corrosion, the permeability of corrosion is chosen as 25 and the perme
ability of the wall is chosen as 100. The configuration is shown in Figure 33, where one mil
limetre carbon steel of the wall is converted to seven millimetre corrosion. The field lines pre
fer going through the remaining carbon steel wall. If the permeability of corrosion is much 
higher than the permeability of the wall, there will be no magnetisation of the wal I. Therefore, 
eddy currents in the wall cannot exist if corrosion has a high permeability. The little magnetic 
energy stared in the scale will not interfere the eddy currents measurement because of the zero 
conductivity of corrosion. 
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Figure 33. Configuration with general corrosion, corrosion product is shaded. 

Figure 34 is obtained by making several cross-sections with different y-values and by placing 
them in one figure. The figure shows lower induction values in the corrosion than in the wall. 

Figure 34. Field plot of wall with general corrosion. 

A cross-section with y-varying through the middle of the configuration is shown in Figure 35. 
Because of symmetry all By componentscancel and Bx equals IBI. 

Figure 35. Cross-s eetion of IBI in situation with general corrosion. 

Figure 35 shows four sharply defined areas, namely, with increasing y, the area beneath the 
wall, the 'healthy' wall, the corroded wall and the area between the probe and wall. The probe 
is located at y=l4.5 cm and higher y values. The most left part shows that only a negligible 
amount of induction passes the wall. lt is clear that the density of fieldlines in the wall is much 
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higher than the density in the corrosion. The boundaries of the areas are not sharp because of 
the spacing between the cross-sections. With the aid of Excel it is possible to sum IEl over all 
the points in the wall and compare a healthy wall with a corroded wall. The sumrnation in the 
not corroded situation (wt = 10 mrn) results in 9826 Gs or 642 Gs/cm2

. In the corroded situa
tion the sumrnation in the not corroded part is 12634 Gs or 1218 Gs/cm2 and in the corroded 
and not corroded part tagether 6736 Gs or 263 Gs/cm2

. These values are not very accurate be
cause of the spacing of 1.5 mrn in y-direction but they indicate the preferenee from the field
lines of the carbon steel wall over the corrosion. The PEC signa) will have a smaller r0 but a 
higher amplitude for a corroded wall provided that the permeability of the corrosion is smaller 
than the permeability of carbon steel. 

3.12 Pipes 

A PEC measurement on a pipe is normally conducted with the probe kept in the length direc
tion, as in all the simulations performed with Poisson. The effect of replacing the plane wall 
with a small diameter pipe is investigated in this paragraph. Modelled configurations with cor
responding field maps are shown in Figure 36 and Figure 38. Also a 'line' plot, or actually a 
'circle', of the magnetic induction 1 mrn below the wall surface is made, see Figure 37. Two 
diameters, 3 inch and 4 inch, were simulated and at the largestof these two diameters the lift
offis varied. The original air-cored configuration is used. All shown figures are configurations 
with 4 inch pipes. 

Figure 36. Air probe 40 mm above 4 inch pipe instead of plane 
wal!: fieldlines use the back ofthe wal! to closetheir paths. 

Figure 36 shows that a part of the fieldlines travel via the bottorn of the pipe. Figure 36 does 
not show that a small part of the fieldlines is travelling partly via the bottorn and exits the pipe 
halfway their way down. Figure 37 is normalised on the maximum value at (} = 0 rad., the top 
of the pipe. If the liftoff increases more fieldlines take the path via the bottorn of the pipe re
sulting in a relative lower maximum IEl value in the pipe, a wider peak and higher 'lobs'. The 
effect of fieldlines leaving the pipe 'halfway' in situations with smallliftoffs can be noticed on 
the decreasing value for IEl in the interval V21t rad ~ (} ~ 1t rad in lo = 30 mm curve whi1e in the 
lo = 60 mm situation IEl increases. So for higher liftoffs the back will be relatively more mag
netised. Therefore, defects on the back of the pipe, i.e. the bottorn of the pipe, may affect the 
PEC measurements. 
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Figure 37. IEl distributions in 4 inch pipe with two different liftoffs. The mag
netisation of the pipe increases when the liftoff increases. 

Figure 38. Field plot of 4 inch pipe in the magnetic field of the original probe. 

3.13 Tilting 

Ou ring a PEC measurements it is possible that an angle (:} between the probe and the horizontal 
exists. Of course only a magnerostatie situation is investigated but the simulations increase 
insight in the effect of tilt on the primary field distribution. The used configuration is shown in 
Figure 39. The probeis rotated around its most left point, so the effective lift off increases for 
increasing 8. The distribution is examined for the angles 0°, 2.85°, 5.70° and 11.30°, respec
tively. The configuration with (:} = 11.30° is displayed. Because of equation 2.12 in combina-
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tion with the high permeability of the wall the fieldlines enter the wall almost perpendicular. 
Therefore, the wall corrects the tilt and the shape of the distributions only depends little on e. 

Figure 39. Original configuration with a tilting angle of 11.30 °: 
nature helps correcting for tilt. 

Figure 40 shows four line plots of IBI in the wall. The FWHM is increasing and the IBimax is 
decreasing partly because of the increasing liftoff and partly because of the widened curve. 
When the curve is normalised and when the maxima are positioned at the same location, one 
can see that the shapes of the curves are distorted when a tilt is introduced. The curves are not 
symmetrie any longer. The right-hand side of the curve is affected, i.e. the curve widens 
mainly to the right. The PEC signal will act as if the liftoff is increased. 

Figure 40. IBI distributions with varying tilt an[?les. 

42 



3.14 Carbon steel cladding 

Carbon steel cladding instead of aluminium cladding is very common in many plants and it 
obstructs the PEC tooi to work properly. Figure 41 shows the contiguration with the carbon 
cladding. The cladding has the same permeability as the wall: flr = 200. The simulated clad
ding is 2 mm thick and is located 7 mm below the yoke. 

Figure 41. Configuration with carbon steel cladding. 

Figure 40 shows the distribution with and without carbon cladding present. The cladding 
causes a widening of the distribution curve, i.e. the resolution decreases. The maximum value 
in the wall decreases with 33 per cent while the total induction in the wall increases with 20 
per cent. The shapes of the curves imply that the boundaries have a rather strong influence on 
the distribution when carbon steel cladding is present. 

Figure 42. IBI distribution in the wall withand without carbon steel cladding. 

3.15 Secondary field 

The magnetic field distribution produced by the wall, the secondary field, is certainly not 
trivial if a yoke is added to the original configuration. The magnetic field caused by the wall 
during the magnetostatic phase does not have the same distribution as the field caused by the 
eddy currents. Only in the beginning of the eddy currents phase the distri bution is comparable 
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because of Lenz' law. Nevertheless, it is useful to examine the effect on the distribution when 
a yoke is added because of the optimisation of the location of the receiver coils. 

The secondary field is examined by using the superposition principle and with another method 
that uses the vector potential in the wall as current souree instead of the coils. In the superpo
sition metbod two configurations were calculated one with the permeability of the wall as 

Jlr,wall = 200 and another with Jlr,wall = 1. For both the configurations the IEl, Bx and Bv compo
nents in the same grid are calculated. The modulus of the magnetisation IMI of the wall is: 

(3.3) 

The yoke of the packed configuration is shown in Figure 43. Although the figure is not very 
clear, some things can be see. The wall, not shown, is located at 4.7 cm ~ y ~ 5.5 cm and the 
yoke is positioned at 10.5 cm ~ y ~ 13 cm. The figure shows many spikes caused by numerical 
noise. Also the surface close to the yoke is not smooth. The spikes can rise to values over 1700 
Gs. The smallest possible mesh size is used and still the spikes are showing. Furthermore, the 
decreasing field strength is shown in the area between yoke and wall. Also, and very impor
tant, it can be seen that there is a minimum located at the place of the receiver coils in the 
original configuration. 

Figure 43. The packed yoke in the secondary field calculated with superposition method. 

An other methad to calculate the secondary field is using the vector potential in the wall gen
erated by the coils. First the normal configuration is calculated. With SF7 some line scans of 
the vector potential in the wall are made. The used spacing of the grid is LlY = 2 mm and LlX "' 

0.14 mm, this spacing results in the maximum amount, i.e. I 000, of regions Poisson can han
dle. These points are given as input in the same configuration as where they were taken from 
except that the current through the coils is tumed off. Hence, the beginning of the eddy cur
rents phase is simulated. With this metbod the plots of V gaplot can still be used, so the field 
lines can be visualised, see Figure 44. The strange curves of the fieldlines in the wall show 
that the induction distribution in the wall is not very accurate. The distance between the wall 
and the yoke make these small errors disappear. The distribution shown looks like the field 
distribution generated by two thin coils right beneath the upper wal] surface. This is why the 
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eddy currents start at the top side of the wall and because of the dissipation they diffuse to
wards the middle of the wall. 

Figure 44 shows that fieldlines generated by the wall and very likely also the fieldlines caused 
by the eddy currents are attracted by the yoke. The fieldlines enter the yoke, and the receiver 
coils Jocated beneath the yoke, almost perpendicular because of equation 2.12. This effect will 
increase the signal strength tremendously in comparison with the configuration without yoke. 

Figure 44. Magnetisation ofwall calculated with potential method. 

In Figure 45 a similar figure is shown as in Figure 43 except it bas another view angle, y-axis 
interval and of course it is made with the second method, i.e. by using the vector potential in 
the wall as souree of the magnetic field . 

Figure 45. Field plot ofyoke in secondaryfield, calculated with potential method. 

The two methods used result in similar distributions, for example there is a minimum in the 
magnetic induction distribution at the location where in the original configuration the receiver 
coils are located. The IBI values are not corresponding, e.g. the values in the yoke calculated 
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with the second methad are about 50% higher. A cross-section at y = I 0.35 cm is made, this is 
1.5 mm below the yoke, with the intention to find the optima) location of the receiver coils. 
The result is shown in Figure 46 and shows Bx, B, and IBI. The locations of the coils are 
clearly visible and they cause the minimum. If the receiver coils are placed in the horizontal 
plane, the dominating By is measured. Actually also a very small part of the Bx component is 
measured because of the height of the coils. The optimum receiver coil position is to place 
them as much as possible to the outside of the yoke. Because of the permeability of the yoke 
and its attracting effect this receiver coils location will also be the optimum for other but 
roughly the same distributions, e.g. the changing distribution during the eddy currents phase. 

Figure 46. IMI, Mx and My 1.5mm beneath yoke. The optimum re
ceiver coils locations are near the edges of the yoke. 

3.16 Mutual inductance 
The coefficient of mutual inductance k, see paragraph 2. 7, is difficult to calculate with Pois
son since it needs a 3D field distribution. The maximum k value can be determined rather 
easy. 

Figure 47. Field line plot with one coil of the air probe switched on and the second coil 
switched o.ff The location of the second coil is marked with the line with the width ol the coil. 

The coefficient of mutual inductance k is taken as the amount of magnetic fieldlines enclosed 
by a secondary coil in proportion to the total amount of fieldlines generated by the first coil. 
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See Figure 47, one coil in the original configuration is eliminated, this is the secondary coil. 
Poisson doesnotplot the second coil if no current flows through the coil. The amount of flux
lines generated by the primary coil is deterrnined: 80 in this case. The amount of fieldlines 
passing the imaginary second coil between the eentres of the coil is counted: 21 fieldlines 
were counted. So the maximum coefficient of mutual inductance kis 0.25. This is a maximum 
value because the count is performed on the widest part of the secondary coil which encloses 
the most fieldlines. 

The coefficient of mutual inductance k for the original configuration can be approximated as 
follows. The field distribution with only a current in one coil, the left coil, is calculated. A line 
plot of By is made in the plane of the coils. The curve has a maximum a little outside the cur
rent carrying coil. The x-values of the curve are translated so that x = 0 becomes the centre of 
the coil with the current, or r = 0 in Figure 47. The part of the curve outside the coil is fitted: 
By = 695/x2

. Since the curve has the middle of the coil as origin, x can be written as r, the 
function is rotation symmetrie. This function is integrated over the area enclosed by the sec
ond coil and over the total area outside the primary coil. The ratio between these two integrals 
is the coefficient of mutual inductance k. The calculations are performed in Maple and k = 
0.12 has been found. If L is the inductance of one single coil in the original configuration, the 
inductance of the probe with the original configuration is given by: 

L b = 2(1 + k) L I ., pro e sm K ecm · (3.4) 

3.17 Effective permeability 

As described in the magnetic circuit theory, see paragraph 2.8, the effective permeability of 
the yoke decreases if an air gap is introduced. The effect is examined for the Brent probe. The 
Brent probe has been builtand shown in Figure 48 and described in paragraph 4.4. In Figure 
48 the space of the coil formers is taken into account. The IBI at the pi ace of the cross is meas
ured as function of liftoff. The advantage of this point is that IBI equals Bx. 

Figure 48. Packed probe with space for coilformers. 
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Figure 49. IBI as function of liftoff in yoke for three different packed yoke variants. 

Figure 49 shows IBI inside the yoke as function of liftoff for three different configurations 
based on the Brent probe. The three different configurations have different yoke and wall 

permeabilities. Ll has /lwau = 100 and Jlyoke = 2000, L2 has /lwau = 200 and /lyoke = 200 and L3 
has /lwau = 100 and /lyoke = 200. Since the current through the coils is not changed in each dif
ferent configuration IBI depends linear on the effective permeability. The three curves have 
been fitted with the equation: 

[Gs]. (3.5) 

Table 5. Fit parameters. 

configuration ao a1 az a 3 Jle 

L1 1.13·105 4.20 1.54 4350 9.7 

L2 1.04-105 4.52 1.54 4127 9.2 

L3 1.01·105 5.03 1.55 4130 9.2 

The effective permeability equals 

(2.39) 

if lo~oo. The fit parameter a3 is the limit of IBI~oo. The limit of IBI at the same place in the 
configuration is 450 Gs. The ratio between these two limits is the effective permeability of the 
yoke. These figures again show the small influence of the yoke permeability provided that the 
permeability is high enough. 
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3.18 Liftoff measurement 

The current PEC probe measures the liftoff since liftoff has influence on the measured 
wallthickness. The current metbod is unusable in a configuration with a yoke. Therefore, a 
new metbod has been investigated. 

We are looking for an area near the yoke where the secondary field strength shows a distin
guished relation with liftoff. Two areas of interest are examined, a horizontal line two mm 
below the yoke and a verticalline 2 mm to the right of the yoke, see Figure 50. The receiver 
coils in the original configuration are positioned on the horizontal line. Line scans of the mag
netic induction distribution at the two lines were made for different liftoffs. At the first line 
the B, has been examined and at the second line the Bx component has been examined. Since 
the real interesting quantities are Mx and My, line scans have been madewithno wall present at 
all. 

Figure 50. Brent pro he with lines of interest for liftoff measurements. 

Figure 51. My beneath Brent probe's yoke. 

Figure 51 shows the My curves for different liftoffs. The curves are strongly influenced by the 
ferrite and because of the 'wild' behaviour they are not suitable for accurate liftoff measure
ments. 
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Figure 52. Mx beside Brent probe's yoke. 

Figure 52 shows the Mx curves as simulated aside the yoke. Unlike the M, curves shown in 
Figure 51 they are rather smooth. The Mx curves also show a useful dependenee on liftoff. 
These curves show the magnetisation, or secondary, field of the wall during the magnetostatic 
phase. If the distribution of eddy current field is supposed to have the same distribution, there 
are a few options for liftoff determination. The field can be measured with Hall-probes or with 
small receiver coils. The field can be measured during the magnetostatic phase or during the 
eddy current phase. The primary field is at most 12.5 times largeras the magnetisation field of 
the wall which makes measurements during the magnetostatic phase possible. The dependenee 
of the primary field of y is also rather small. That will increase the quality of the eddy currents 
signa! which is very y-dependent. If the liftoff is measured during the magnetostatic phase 
Hall-probes must be used and if measured during the eddy currents phase receiver coils must 
be used. The Hall-probes are very small, several mm' s, what makes them suitable for use in 
the small Brent probe. 

The liftoff can be determined from a measurement with one sensor, an absolute measurement, 
or from the ratio between the signa! of two magnetic sensors, a relative measurement. A mag
netic sensor can be modelled by integrating My over a di stance conesponding to the sensor' s 
dimensions. Figure 53 shows the Mr values summed over the complete line for different liftoff 
and different wall permeabilities. This is comparable with a measurement with one sensor and 
thus an absolute measurement is modelled. The absolute measurement seems to have more 
dependencies as the ratio measurement. The absolute measurement metbod depends more on 
primary field strength and wall permeability. The absolute metbod might even depend on the 
earth magnetic field. Although the current through the primary coils during the magnetostatic 
field can be monitored, the ratio measurement seems to be more accurate. A ratio measure
ment is modelled by dividing the summation of M, over the lower half of the line by the sum
mation over the upper half, i.e. are sensors on top of another. 
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Figure 53. Absolute measurement modelledfor different wall permeabilities. 

Figure 54 shows the curves representing the relative measurements. The influence of the wall 
permeability is decreased and therefore an accurate and reliably liftoff determination seems to 
be possible with the relative measurement. The relative liftoff determination with receiver 
coils is camparabie with the current methad and is already implanted in the probe. The tech
nology with the Hall-probes is available but is nat used in the current probe set-up and there
fore will it take a larger effort to implant this methad in a probe [BEE98]. 

Figure 54. Relative lift of! measurement modelled for different wall permeahilities. 

3.19 Optimum coil radius 

The maximum value and the FWHM of the magnetic induction distribution in the wall as 
function of the coil radius have been examined and used to find a model which can be used to 
find the optimum coil radius for a given liftoff. The same configuration as in paragraph 3.2 is 
used, i.e. Brent configuration, with the mean coil radius and the liftoff as parameters. The 
mean coil radius in paragraph 3.2 was 30 mm. 
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Figure 55. The maximum IEl value in the wall depends linear on mean coil radius. 

Figure 55 shows that IBimax decreases if the mean coil diameter decreases. The IBimax fit de
pends almost linearly on the mean coil radius and the slope of the fit is a linear function of 
liftoff. This slope is fitted with: 

slope = 0.0866 · Zo + 2.27 , (3.6) 

with an accuracy of R2 = 0.9965. The y-intercepts of the fits in Figure 55 are determined by the 
liftoff and approximated with the fit of paragraph 3.2. The maximum value of the induction in 
the wallas function of liftoff and mean coil diameter can be approximated with: 

4.70·104 

IBimax""' !SI 1 +(-0.119·lo+l2.5)·(d-30) 
la .. + 3.36 · 10 

[Gs]. (3.7) 

with la and d in mm. 

Figure 56. The FWHM ofthe magnetic induction distribution in the wal! is a linear 
function of the mean coil radius. 

Figure 56 shows that the FWHM also depends linearly on the mean coil radius and even the 
slopes of the fitscan be considered as a constant. If the mean coil radius decreases the FWHM 

52 



decreases too. The average slope is used in the correction, that is 0.0643. The fit for the 
FWHM with correction for mean coil diameter is written as: 

FWHM "" (0.0866 ·Zo+ 2.27) + 0.0643 · ( d - 30) [cm]. (3.7) 

with lo and d in mm. With the use of the two latter equations the spot quality Q can be written 
as function of coil diameter and liftoff. Because of the multiple fits the approximation is only 
valid in an area 15 mm :S: lo :S: 70 mm and 20 mm :S: d :S: 100 mm. 

Figure 57. The optimum coil diameter depends on l(fto.ff. 

Figure 57 shows that there is an optimum mean coil diameter which depends on liftoff. There
fore, to design a probe the liftoff commonly used must be known to op ti mise the spot quality. 
The optimum diameter is about 175 to 195 per cent of the liftoff commonly used, with the 
used definition of the spot quality and with the current through the coils held constant. If the 
energy in the coils is held constant, the position of the optimum for a certain liftoff is found at 
smaller coil diameters, i.e. the focusing of the probe dominates the quality factor. 

3.20 Concluding remarks 

The examined yoke designs have different qualities regarding focusing, signa) strength and 
shielding, see paragraphs 3.4, 3.7 and 3.5. Therefore, the optimum yoke design depends on its 
application, e.g. if field strength is more important than shielding or focusing, the harseshoe 
design will perform much better than the packed design. Nevertheless, the overall best per
forming yoke design, the packed yoke, wiJl be build and tested. Paragraph 3.19 shows that the 
optimum coil radius of a probe depends on the liftoff that is used. 
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Chapter 4 

Prototype 
In this chapter details of the prototypes that have been built are given. In the discussion about 
the yoke material is presented. The requirements of the properties concerning time varying 
behaviour, stability and magnetic permeability of the material are discussed. 

4.1 Y oke material 

The use of a yoke will influence the footprint and increase the amount of magnetic energy 
stored in a wall. The yoke itself feels a much larger induction variation as the wall which is 
located at a distance. Therefore the yoke resistivity is very important. Por a given geometry of 
the yoke with the yoke material as only variabie the resistivity is the only parameter to decrease 
the eddy currents in the yoke according equation 2.44. If the resistivity is low, e.g. iron, many 
eddy currents occur inside the yoke which makes it impossible to measure the remotely located 
eddy currents in the wall. 

The resistivity of carbon steel is 1.7·10·8 nm and the maximum &3 in the 'packed' yoke is 5 to 
10 times higher as the maximum &3 in the wall. So the resistivity of the yoke must be much 
higher than 1. 7 ·10"8 nm. 

As minimum yoke permeability 50 is chosen, see paragraph 3.9, an upperlimit is less relevant. 
The Curie temperature of the yoke material must be sufficiently high as the probe might be used 
on hot pipes, e.g. 250° Celsius. 

A proper choice for the yoke material regarding resistivity and permeability seems to be ferrite. 

4. 2 Ferrimagnetic oxides 

Ferrimagnetic oxides, or ferrites as they are usually known, have established their use in many 
branches of communication and electrooie engineering and now they embrace a very wide 
diversity of compositions, properties and applications. Perrites are ceramic materials, dark grey 
or black in appearance and very hard and brittle, i.e. ferrite must be sawed with the use of 
diamond machining tools. Their general formula is XFe204 where X usually represents one, or 
in mixed ferrites, more than one of the divalent transition metals Mn, Fe, Co, Cu, Ni and Zn, or 
Mg and Cd. At the moment the most important and most used ferrites are manganese zinc ferrite 
and nickel zinc ferrite. They are very useful in high-permeability and Jow-loss applications. The 
range of permeabilities available extends from about 15 to several thousands. The range of 
available resistivities extends from 0,5 nm to about 107 Om, not every combination of 
permeability and resistivity is possible but most ferrites, manganese zinc ferrites as nickel zinc 
ferrites, satisfy the demands made above. 

A ferrite consists of two interlaced Jattices. These are called sub-lattices and play an important 
part in the magnetism of ferrites. In a ferrite the metal ions are separated by oxygen ions. As a 
result of this the ions in the A sub-lattice are orientated anti parallel to those in the B sub-lattice. 
If these sub-lattices were identical the net magnetisation would be zero in spite of the alignment 
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and the ferrite would be classified as anti-ferromagnetic. In the majority of practical ferrites the 
two sub-lattices are different in number and in the type of ions so that there is a resultant 
magnetisation. Such materials are classified as ferrimagnetic. 

4.3 Thermal properties offerrites 

The thermal properties offerrites are displayed in Table 1. The coefficient of linear expansion 
offerrite is comparable to the coefficient of linear expansion of normal glass, 8-9 oei for glass 
and 12 oe1 for carbon steel. The specific heatofferrite is comparable with the specific heat of a 
brick, i.e. 750 J kg-1 K 1, and the thermal conductivity is camparabie to marble, i.e. thermal 
conductivity of marbie is 2-4 W m-1 K 1. 

The power dissipated in the coils is maximum about P = 50 W. During the switch on or switch 
off phase when the magnetic field is built the power is significant higher. With a pulse length of 
300 ms an energy of 15 J is dissipated. Therefore, the thermal characteristics are not expected to 
cause problem but the influence of many rapidly repeated measurements on the measured PEC 
signal must be examined. This experiment is reported in paragraph 5.6. 

Table I. Thermal properties offerrites. 

Property Conditions Value Units 

Coeff. of linear expansion 

- MnZn ferrites 0-200°C 11·10-6 oei 

- NiZn ferrites 0-200°C 8·10-6 oei 

Spec(fic heat 

- MnZn ferrites 25°C 700-800 Jkg-1 KI 

- NiZn ferrites 25°C 750 Jkg-1 K 1 

Thermal conductivity 

- MnZn ferrites 25-85°C 3.5-4.3 Wm- 1 K 1 

- NiZn ferrites 25-85°C 3.5-4.3 Wm- 1 K 1 
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4.4 Prototypes 

Two prototypes have been build. One probe is based on the 50 mm air cored probe and has been 
built in September '97 and a smaller one in January '98. The 50 mm ferrite probeis referred to 
as the prototype and is used for al most all the testing in chapter 5. The smaller probe is called 
the Brent probe. The used 50 mm coils are coils with a mean diameter of 49 mm, 80 turns and 
I .12 mm thick Povin wire. Table 2 shows some properties of the transmitter coils used in the 
air-cored probes. The Brent probe is describe further on in this paragraph. The dimensions of 
the windings of the coils have been measured directly on the coils. The wire diameter is given 
by the its manufacturer, N is given by the coil winder and k, L and R are deterrnined as 
described in chapter 3. 

Table 2. Properties ofthe used aircored coils (Land R calculated). 

The prototype has been built with grade 3C80 I cores manufactured by Philips Components 
[PHI94]. The grade describes the kind of ferrite used in the core. An I core is called I core 
because it has the shape of an I, i.e. rectangle. The code of the used grade starts with a 3, which 
implies MnZn ferrite, the code of a NiZn ferrite manufactured by Philips components starts with 
a4. 

The 'packed' configuration has been built, so the coils are fully 'covered', except at the bottom, 
with I cores. The purpose of the prototype is to investigate the influence of ferrite on the 
inductance, field strength and time behaviour. These I cores are used because they have a 
universa! shape and because of their availability. The dimensions in mm of the used I cores are 
25+07!_0.7 x 7.5+021_03 x 7.5+02

/.03 . The mass of one I core is about 6g and in the prototype in total 
125 cores are used. The mass of the prototype including the receiver coils and wires is 1162 g 
while the mass of two 50 mm coils tagether is 263.6 g. The receiver coils weigh 28.8 g. The 
cores were not sa wed so a cross-section looks like Figure 1, i.e. there is some space between the 
top of the coils and the ferrite. 

Figure 1. Cross-section of prototype as used in Poisson. 
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Figure 2. B-H curve of 3C80 ferrite as used in prototype. 

Information about pulse permeabilities of 3C80 ferrite is not available, for the B-H curve see 
Figure 2. The initial permeability is taken as characteristic permeability of the ferrite. In Figure 
3 the initial permeability as function of temperature is displayed. The Curie temperature Tc is at 
least 200°C. The initial permeability at normal operating temperatures is 2000 to 2750. 

Figure 3. Initia! permeability as function of temperafure of 3C80ferrite. 
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The properties of 3C80 ferrite are comparable to the properties of 3C85 ferrite. The initial 
permeability of 3C85 as function of frequency is displayed in Figure 4. The initial permeability 
is halved atf = 3 MHz or Llt = 0.3 !lS while the characteristic time of a 50 mm aircored coil is 2 
ms. Therefore, the frequency behaviour of the ferrite will not be a problem, i.e. the ferrite is fast 
enough. 

The propagation of electromagnetic waves is 

(4.1) 

with the permitivity E,= 105 as typical value fora MnZn ferrite and the permitivity in vacuum as 
Eo = 8.85-10.12 Fm- 1

• With J.l, = 1000 the propagation is about 3-104 ms- 1
. The lengthof the 

prototype is 134 mm and the time necessary to travel through the yoke is maximal t=4 !lS which 
is also much smaller than the characteristic time of an air-cored coil. The characteristic time of a 
50 mm aircored coil is: 

(4.2) 

Figure 4. Initia! permeability as aJunetion offrequency 
of different material grades offerrites. 

A pulse contains many high frequency components. Figure 4 shows yoke permeability as a 
function of frequency. The permeability is rather constant until a material dependent frequency. 
At higher frequencies the permeability decreases rapidly which infers that in the situation of a 
pulse the high frequency components are less amplified and the pulse is smoothened. A pulse 
generated by a 4C65 ferrite yoke is sharper than the pulse generated by a 3C85 ferrite cored 
probe, i.e. Llt is smaller. In chapter 3 it has been shown that the induction in the wall increases 
only little when the yoke permeability is increased from 100 to a value many times higher. A 
higher bandwidth will also increase the inductance of the core if a pulse shaped field is applied. 

The second ferrite-cored probe that has been built is much smaller, since a handy, well focusing 
and well shielding probe was desired. This probe is called Brent-probe because it is designed to 
inspeet the 20" casing of the wells at sea level of the platforms on the Brent oil field. 
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The yoke of the probe consists of two P42/29 core sets manufactured by Philips components, 
see Figure 6 where two matching pot cores are displayed [PHI94]. The pot cores are flattened 
on one side so that the coil formers almost touch each other, as in the original configuration. 
Two unflattened pot cores weight 106.1 g while two edited pot cores have a weight of 97.0 g, 
i.e. 8.6% of the material is removed. The two 'holes' in the core are used to conneet the coil 
wires. The material grade is 3B7. The used coil former dimensions are shown in Figure 5. 

Figure 5. Dimensions of Brent pro he coil farmer in mm. 

Figure 6. Dimensions ofthe intheBrent probe used cores. 

It is important to take into account the variation in pot core dimeosion when a coil former is 
made otherwise the former wiJl oot fit in the pot care. 

When designing the probe a eertaio geometry is chosen. The wire diameter and the number of 
turns are based on assumptions made for R and L. The R and L of the 90 mm probe were used in 
the examples for the Brent probe, see paragraph 4.5 for the design method. 
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4.5 Inductances of prototypes 

The inductance of the Brent probe is calculated with the use of the equation: 

U= YzLI 2 = Yzf BHdr3
. (4.1) 

This equation needs the three-dimensional field distribution which is not available. Therefore a 
very rough metbod is used. A field plot of the coil configuration with and without yoke is made. 
The two data files are imported in Excel and the IBI value in every point is multiplied by itself 
and divided by the corresponding permeability. The corresponding permeability is Jlo for points 
located in air or in a winding and JloJlr for points inside the yoke. The total energy U is the sum 
of al points. The ratio between these two summations is used as the ratio between the 
inductance of the probe with and without yoke, i.e. Uferrir/ Vair· Figure 7 shows the ratio as a 
function of the permeability Jlr used in Excel. The limit of Jlr ~ oo is 2.92. lf the permeability 
used in Poisson, i.e. Jlr = 2300, is used in Excel a ratio of 2.93 will be found. 

The factor is also determined for a single coil, that is a cross-section of the side of the probe. 
The factor deterrnined in the other direction is 2.93 or 7 per cent lower. In the calculations the 
factor determined in the length direction is used. 

Figure 7. lnductance ratio as function of permeability. 

The inductance of the air probe can be deterrnined by calculating the inductance for one single 
coil and with equation 3.4. The maximum value for the coefficient of mutual inductance k for 
the Brent probeis found as 0.25, the sameasin paragraph 3.16. The metbod with the fit of B, to 
determine the mutual inductance cannot be used since the ferrite disturbs the field distribution 
so much that the fit is not possible. 

The equation used to estimate the inductance of a ferrite probe is: 

uj . . 
L . =~-2-(l+k)·L . 

fernte prohe U . s111 g/e cm/ · 

wr 

(4.2) 

The geometry of the Brent probe IS given. For design parameters see paragraph 5.3 and 
equations 5.1 in particular. 
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4.6 Receiver coils 

The receiver coils are rectangular coils with a very thin wire, that is d0 = 0.071 rnm, and many 
windings what results in a high inductance and a high resistance. The receiver coils in the 
original probe have about 1800 windings. 

M.T. Looijer of Shell Research Amsterdam bas performed numerical calculations on the 
position of the receiver coils in the original air-cored probe. The calculations have shown that 
moving the receiver coils out of each other in the horizontal plane will result in a more than 
proportional effect on the received voltage. Enlarging of the receiver coils in the same direction, 
this is the x-direction, will give the same result and enlarging the coils in the perpendicular 
direction results in a directly proportional increase of the received voltage. However, the 
receiver coils in the air-cored probe have been placed against each other because of two reasons. 
The first reason is that the used location bas the dosest distance to the footprint and therefore, 
the effect of surrounding objects is rninirnised. The second reason is due to the filter effect of 
the receiver coils. When the receiver coils are placed close to each other, as in the original 
configuration, low frequency distortions are filtered out. Paragraph 3.15 shows that the use of a 
yoke will force the fieldlines generated by the eddy currents to pass through the receiver coils 
perpendicularly and therefore, the received signa! will increase. 

Figure 8. Drawing of receiver coil electra nies. 

In Figure 8 L 1 and L2 represent the receiver coils which are looped in an eight, i.e. the inducted 
voltages have an opposite sign. The two capacities are used to move the signa! to the real axis 
and the resistances amplify the induced voltages. The capacity C is not changed for the 
prototype and is the same as in the air cored original. 

As the ferrite probe only magnetises the spot and much less the surrounding steel, the first 
reason for placing the coils in the rniddle is no Jonger valid. Also the eddy currents signa! will 
increase tremendously and with that also the signa! to noise ratio will increase. 

4.7 Concluding remarks 

With the use of commercial available pot cores it is rather simple to build a ferrite cored probe. 
The largest available pot core bas an outer diameter of 66 mm. The pot cores and I cores are 
also only available with MnZn ferrites as material and therefore the difference between MnZn 
ferrite and NiZn ferrite could not be examined. 
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Chapter 5 

V alidation and experiments 
The induction distributions of the PEC probes measured with a Hall-probe are presented in this 
chapter and they are compared with numerical simulations. The inductances and resistances have 
been measured and compared with the expected va lues. The optimum position of the receiver coils 
has been investigated and the signals of various probes have been compared. Further, some 
research on cladding, defect and scale is presented. 

5.1 Hall-measurements; experimentalset-up 

The distributions of the magnetostatic field generated by the air-cored probe and prototype have 
been measured with a Hall-probe. The LOHETII-Hall probe produces a Hall-voltage which is 
linear proportional to the component of the magnetic field perpendicular to the probe. The probe is 
positioned in the x and y direction by a xy-table. The measuring equipment is controlled by a 
PHYDAS system apart from the z-position of the probe. The Hall-voltage is converted to a digital 
value with a 12 bit ADC which is also read out by the PHYDAS system. The Hall-probe produces 
10 mV per Gauss and the range of the PHYDAS system is -5 V till +5 V i.e. the range of B-field 
that can be measured is -500 Gs till +500 Gs with a resolution of 0.24 Gs per bit [KEM97]. 

The Hall-probe is not calibrated since the maximum field that can be measured with the used Hall
probe is much lower than the minimum field, 1.8 kGs, that can be measured with the NMR probe. 
Nevertheless, the Hall-voltage is linear with the field applied on the Hall-probe and therefore the 
shape of the measured curves is correct. 

As shown in equation 2.12 the B2-component is expected to be much higher than the other field 
components since the permeability of the used plate is much higher than unity, provided the 
measurement is close to the plate surface. All the measurements are done with a liftoff of the Hall
probe of approximately 8 mm. As sample a 400 x 400 x 6.5 mm carbon steel plate is used. The 
plate is levelled by three Aluminium lab-jacks. 

5.2 Hall-measurements; results and validation 

The magnetic induction of the 3c80 prototype and the airprobeis measured. The x-axis is taken in 
the length direction of the probe. The liftoff of the PEC probe has been 41 mm. The results of the 
measurements on the B2 , Bx and By component of the ferrite-cored probe above a plate are shown in 
Figure I, Figure 2 and Figure 3, respectively. 

62 



Figure 1. Measured Bz- ferrite probe. 

Figure 2. Measured Bx- ferrite probe. 

Figure 3. Measured B, -ferrite prohe. 
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Figure 4 shows the measured and the calculated distributions by Poisson in one plot. Since the 
prototype built does not correspond exactly to the packed configuration modelled in chapter 3, a 
new input file for Poisson is used. The data is normalised to the maximum value in each data 
series. The dotted lines are the measured data series and the curves with three maxima are the Bx 
curves. The By component in Poisson is the Bz component in the measured data. Only the negative 
Bx values do not correspond very well. The measured graph is nat as symmetrie as the simulated 
probe graph, which is caused by position errors of the probe compared to the plate. Also deviations 
in the geometry of the prototype and the deviations specified in Poisson can cause the difference. 
The maximum values calculated by Poisson of Bx and By are 33.0 Gs and 70.4 Gs, respectively. 
The maximum measured values of Bx and Bz are 42.4 Gs and 95.4 Gs, respectively. The 
corresponding ratios, max(Bz)/max(Bx), are for Poisson 2.13 and for the measured data 2.25. So the 
calculations with Poisson correspond rather well with the performed measurements. 

Figure 4. Comparison ofmeasured induction with calculated induction (with yoke). 

The '3D' measured plots of the original configuration are nat shown, but only the cross-sectionat 
the location of the maxima. 
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Figure 5. Comparison ofmeasured induction with calculated induction (no yoke). 

Pigure 5 shows similar curves as shown above. The measured and calculated curves correspond 
less than the two curves shown in Pigure 4 in spite of the less complex configuration which is 
easier to simulate with Pandira. The largest mismatch occurs at the boundaries where the measured 
B2-component equals zero in contrast to the calculated expectations. An explanation is the 
influence of the boundary conditions. This is the cause of the lobs in all the calculations on the 
original configuration. The figure also shows that the measured curves, especially the Bx curve, are 
not smooth because of the low field intensity in combination with the resolution of the Hall 
configuration. The maximum values calculated by Pandira of Bx and B, are 11.0 Gs and 24.3 Gs, 
respectively. The maximum values measured of Bx and Bz are 12.5 Gs and 36.2 Gs, respectively. 
The corresponding ratios, max(Bz)/max(Bx), are for Poisson 2.21 and for the measured data 2.90. 
The difference between these two values is larger than in the yoke situation mainly because of the 
asymmetry in the measured curve and the reduced accuracy of the measurement. 

The maximum Bz value for the ferrite probe is 2.64 times as high as the maximum Bz value for the 
air probe while the simulation prediets a factor 2.90. The distance between the maxima of the Bz 
plot is for the air-cored probe 65 mm and for the prototype 60 mm, the difference is only one step 
of the Hall-probe. Therefore, no considerable difference in resolution is expected. 

5.3 Inductance and time-constauts measurements 

Before connecting the prototype to a PEC instrument it is necessary to determine the coefficient of 
self-inductance of the ferrite-probe. The energy of the current through the primary coils is limited 
i.e. the energy that has to dissipate in the MOSPET is limited. 

Power MOSPETS can be damaged if their voltage ratings are exceeded. The spikes generated from 
inductive loads may have tremendous energy content, this energy is called the avalanche energy. 
With inductive loads the peak voltage peak should be limited to a value below the breakdown 
rating of the transistor. 
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The current, and flux density, rise linearly in time if the voltage over the coils is lirnited, solve 
equation 2.18 with constant the voltage held constant. This can also beseen in Figure 6. At a drain 
souree voltage above 50 V, the used power MOSPET is actively tumed on to clamp overvoltage 
transients. The specified repetitive clamping energy is 80 mJ at 250 Hz. The avalanche energy 
should be kept the same as with the air probe and therefore the inductance of the ferrite probe is 
measured and the current through the coils is adjusted. The inductances have been measured by an 
inductance measurement bridge at 300 Hz. 

Table 1. LandRvalues ofvarious coil configuration. 

The ratio between the inductance of the air-cored probe and a single 50 mm coil is 0.12. This is the 
measured mutual inductance of two coils together. The mutual-inductance of the 90 mm air-cored 
probe is found to be negative, that is 2k = -0.11. This negative value is only explainable if the two 
coils of the 90 mm probe were not connected correct. 

The 90 mm air-cored probe characteristics are used when designing the Brent-probe, see paragraph 
4.1. The wire thickness and number of windings were found by solving the equations 4.2, 2.43 and 
2.41 with the use of the Brent-probe geometry and 90 mm probeLand R values: 

(5.1) 

The wire thickness of 0.88 mm is not commercial available, only d = 0.85 mm and d = 0.90 mm 
are available. A wire thickness of 0.85 mm has been chosen since the winding area is significant 
smaller than in the other pro bes, which implies that a higher winding factor is very likely. Also, the 
winding of the Brent probe coils is not done by a professional winding corporation and therefore a 
higher winding factor was expected. Table 1 shows that these expectations were not legitimate. 

The coils of the Brent-probe have 54 windings. This value is calculated out of the measured 
indoetanee of the air-cored coil used in the probe. The calculated indoetanee and resistance in 
Table I are calculated with d" = 0.85 mm and 54 windings. 
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The effective permeability is aboot 9.5 for the prototype, see paragraph 3.17. The indoetanee for 
one ferrite-cored coil is 2.20 mH divided by the motoal-indoctance 2.24 which results in 0.982 
mH. The coil has 80 windings and the inductance can be calculated with equation 2.22. These 
numbers result in a core factor Cl of 65, this is the measured core factor. If the core factor of the 
prototype is calculated by multiplying the number of cores in the yoke with the core factor of one 
1-core, one got 556. The core factor is calculated by using the outer dimensions of one single I
core. Even if this figure divided by two, because one probe consists of two coils, the difference 
with 65 is not acceptable. Therefore, the metbod to determine the inductance in terms of care
factors is not useful. 

Table 1 shows that the difference in inductance between the two ferrite-cored coils is rather large, 
that is 1.176/1.019=1.15 or 15%. A possible reason is the mismatch of the ferrite. The connections 
for the coils made the probe assymetric. 

As shown in Table 1 the indoetanee of the ferrite-cored probe is a factor 3.2 as large as the 
inductance of the air-cored probe with a similar reluctance. This implies that the current through 
the ferrite coils must be reduced with a factor that equals the square root of 3.2, i.e. a factor 1.8. 
The voltage on the air coils is 5 V so the voltage on the ferrite probe has 2.8 V as maximum. The 
rest of the measurements on the ferrite probe is done with 2.5 V. 

Another metbod to check that the MOSPET will not be overloaded is to measure the voltage over 
and the current through the coils during a pulse of the PEC tool. The measured voltage is the drain 
souree voltage Vd, of the MOSFET. First the air probe is examined at the regular 5 V. The 
measorement is performed with a digital scope and results Figure 6. 

Figure 6. Begin of pulse measured when current through coils is switched on. 

The block-shaped curve shown in Figure 6 is the voltage peak, this is the beginning of the pulse. 
The figure shows that the voltage peak is limited at about 60 V. The figure also shows that the 
current through the coils is about 9.0 A. The voltage over the coils is 5.0 V therefore the resistance 
is 556 m.O.. The difference in resistance as measured before is caused by the resistance of the 
MOSPET and of the cables to the coils. This extra resistance is 556 m.O. - 444 m.O. = 112 m.O.. The 
inductive energy through the 50 rum air probe and dissipating in the MOSPET is 30 mJ, equation 
2.25. The inductive energy in the 90 rum airprobeis 52 mJ. Field measurements with the 90 mm 
probe have shown that this 52 mJ is a reasonable value. The energy intheBrent probeis 36 mJ and 
the energy in the prototype, at V= 2.5 V, is 32 mJ. 
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An important result of this test, is that the pulse of the ferrite probe and the air probe have the 
same shape i.e. the edges are sharp. This implies that no significant eddy currents occur in the 
ferrite core and that the characteristic time -ris short enough, i.e. the ferrite core is fast enough. 
The characteristic time -ras given in formula 4.2 is much Jonger then the real characteristic time -r 
because of the active damping of the MOSFET. Holding the ferrite probe close to a carbon steel 
plate results in a wither Vd, peak because of the increased total inductance. Also the trailing edge of 
the pulse is not sharp anymore but has an exponential decreasing form. 

When the air probe is hold close to a lot offerrite the width of the pul se increases with decreasing 
Iiftoff but the pulse stays sharp, i.e. the ferrite increased the inductance without generating eddy 
currents. 

At the end of the voltage peak an oscillation is seen which is caused by LC coupling. The 
frequency of the asciilation is about 14.4 kHz and is determined by the equation: 

1 
f = 2nJLC' (5.2) 

which results in a capacity of the probe of C = 5.6·10.14 F. 

5.4 Experimentalset-up PEC measurements 

The first PEC measurements performed with the prototype were disturbed by a lot of noise caused 
by the electronic equipment in the lab. Therefore, all measurements are performed on the 
Iabaratory floor, i.e. with increased distance between probe and equipment, and as much 
equipment as possible is shut off. The original probe is Jess disturbed by noise which can be 
explained by the smaller receiver coils in the probe and its better wiring. 

The data measured by the PEC tool is written to its flash card and downloaded to a personal 
computer. The data is converted in Excel to a useful format and examined in Matlab. The time axis 
as shown in all PEC signa) figures bas a constant aberration of 5% i.e. I second on the axis is in 
fact 1.05 seconds. In every PEC measurement 4 pre-pulses are given. During one PEC 
measurement actually four measurements are performed. The final PEC signa) consists of four 
added signals. A 16-bit analogue digital converter is used with a maximum input voltage of 4V. 
The exact amplification factor is not known and therefore the receiver coil voltage axis is rather 
arbitrary. 

5.5 Optimisation of receiver coils positions 

The effect of the position of the receiver coils on the signal bas been examined in this paragraph 
3.15. Numerical calculations predicta large influence. 
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Figure 7. The three examined receiver coils locations tagether with the transmitter 
coils. The receiver coils in the original probe are located in position A. 

Figure 8. PEC signa[ of prototype at lo = 95 mm with three different receiver coil positions. 

In Figure 7 three different receiver coil positions compared to the transmitter coil positions are 
shown. The receiver coils are represented by the reetangles in the figure while the circles represent 
the transmitter coils. The three conesponding PEC signals are displayed in Figure 8. The latter 
figure confirms the result of the mentioned calculations. The receiver coils of the air probe are 
located at position A. 

Figure 9. Effect ofusing larger (A3) receiver coils. 

Figure 9 shows the effect of using larger receiver coils in the Brent probe. The amplification factor 
for the Brent-probe is decreased. The A4 receiver coil is the receiver coil type which is used in the 
original probe. The A4 coil has outer dimensions 27 mm x 21 mm and has 1800 windings, the A3 
has outer dimensions 35 mm x 40 mm and has 1900 windings. The signa! strengths at t = I 0 ms, 
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and normalised to the signal strength of the air cored probe with A4 receiver coils, are 0.96 and 
1.60 fortheBrent probe measured with A4 and A3 receiver coils, respectively. 

5.6 Signal to noise ratio 

The signals of three probe configurations have been examined: the original probe at 5 V, the 
original probe at 2.5 V and the prototype at 2.5 V. Al other settings are the same. The 
measurements have been performed with 87 mm liftoff and on a I 0 mm thick wall. With every 
configuration 31 measurements have been performed. The time between two measurements was 
about 13 seconds, i.e. as fast as possible is measured. The PEC signals measured with the three 
configurations are displayed in Figure 10. The curve with the highest signa! amplitude is the ferrite 
probe and the curve with the second highest amplitude is the airprobeat 5 V. The curve of the 2.5 
V air-cored probe contains at t = 20 ms a bump which is only visible at measurements with large 
liftoffs. The cause of the bump is not known. A disadvantage of the ferrite probe as appears from 
Figure 10, the amplifier is saturated for a long time. The amplification is adjustable so the clipping 
time does not have to be a limitation of the minimal wallthickness that can be measured. 

Figure 10. Three times 31 measurements, from top to bottom: 
ferrite probe, 5 V air probe and 2.5 V air probe. 

The wallthickness of the sample is 10 mm so the measurements are normalised to I 0 mm. The 
standard deviation of the 31 wallthickness measurements, see Figure I 0, for the three 
configurations in the sequence as mentioned above are 0.095, 0.116 and 0.230, respectively. The 
average signa! strength of the ferrite probe is t = 18.9 ms 8632 ADC counts and for the original 
probe with V= 5.0 V and V= 2.5 V, 284 counts and 145 counts respectively or normalised to the 
2.5 V air probe, 59.5, 1.96 and 1.00. The standard deviations are 108, 8.84 and 3.94, respectively. 
The conesponding ratios between the standard deviation and the signa! amplitude are 0.0 13, 0.031 
and 0.027, respectively. These ratios are determined also for differenttand visualised Figure IJ. 
The original 5 V air probe has the worst signa!, forts 25 ms. 
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Figure 11. Noise ratios as function of time. 

The cause of the relative large standard deviation of the original probe at 5 V is the drift, see 
Figure 12, which is very likely caused by heating up of the coils. The plotted points very clearly 
show that the signa! strength decreases for later measurements. The drift is approximated by a 
linear fit as shown in Figure 12. The corrected standard deviation determined as the deviation 
between the points and the fit curve. The heating effect is negligible in the 2.5V measurements. 

Figure 12. Decreasing signa! strength with increasing measurement number 

Figure 13 shows the signa! strength as a function of the current through the coils at t = 15 ms. The 
liftoff is 97 mm and the wallthickness is 10 mm. The data points are fitted with a line: 

(5.3) 

The signa! of the ferrite probe is normalised by dividing it by the ratio between the slopes of both 
fits, i.e. 62.1. Both signals depend linearly on the current through the coils as expected. 
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Figure 13. Signa[ strength as function of current through coils. 

5. 7 Further signal comparison 

During the experiments with the prototype it showed that the signa! of the ferrite probe contained a 
not random periodic signal, while the air-cored probe did not. The averages of 31 measurements 
with the ferrite probe as the 2.5 V air-cored probe were determined, see Error! Reference souree 
not found.. The figure shows a much smoother signa! of the ferrite probe and also a small 
difference in shape can be seen. The 20 ms disturbance of the air-cored probe signa] is visible and 
also a second bend in the ferrite signa!, i.e. the slope increases. 

Figure 14 shows one signal measured with the PEC probe compared with the average signa! of the 
31 measurements. Clear to see in the figure is a periodic signa!. The frequency of the signa! is 265 
Hz and if an other PEC signal is taken the phase does only differ little. If a similar figure is made 
for the air probe a complete random curve is obtained. 

Figure 14. One ferrite-cored probe signa! divided by the average of 31 measurements. 

Figure 15 and Figure 16 show measurements performed with the air probe and the Brent probe 
with liftoff 30 mm and wallthickness 8 mm. The figures also show measurements with no wall 
present, i.e. the field of the transmit coils is measured. With the ferrite-cored probe also the noise 
is measured when no primary field is generated at all, i.e. transruit coils are switched off. The 
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Figure 15. One ferrite-cored probe signal divided by the average of 31 measurements. 

Figure 16 and Figure 17 show measurements performed with the air probe and the Brent probe 
with liftoff 30 mm and wallthickness 8 mm. The figures also show measurements with no wall 
present, i.e. the field of the transruit coils is measured. With the ferrite-cored probe also the noise 
is measured when no primary field is generated at all, i.e. transmit coils are switched off. The 
measured signal of the Brent-probe with no wall present, shows a periadie asciilation which is the 
265 Hz disturbance mentioned above. The disturbance is caused by mechanica! oscillations of the 
coils and can be ruiniruised by adding Viton between the receiver coils and transruit coils. This has 
been done at the Brent probe and not at the 50 mm prototype. The exact cause of the oscillation is 
not known. 

Figure 16. Signal o.f'Brent probe. 

Figure 17 shows the PEC signa! of a wall tagether with a PEC measurement performed in air. The 
noise level is about the same as for the Brent probe, while the amplification factor of the Brent 
probe signal has been decreased. 
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Figure 17. Air cored probe. 

5.8 Shielding 

The shielding capacity of the prototype has been examined by camparing the PEC signa! with and 
without a disturbance present. In the first configuration the probe is situated between two plates. 
The plate at the bottorn is the test object with wt=10mm. The probe has a liftoff of 87 mm and the 
6.5 mm thick plate which functions as disturbance is 185 mm above the bottorn plate located. The 
experiment is repeated with the air-cored coil. Figure 18 shows that the signa) amplitude of the 
ferrite probe is hardly affected by the presence of a disturbance in contrast to the 2.5 V air probe 
signa!. The values on t = 12.6 ms for the undisturbed ferrite probe, the disturbed ferrite probe, 
undisturbed air probe and the disturbed air probe are 2.2·104

, 2.1·104
, 3.3·102 and 7.0·102 counts, 

respectively. The PEC signa! decreases for the ferrite probe with 4.8% when the disturbance is 
applied while the signa! increases with 112% for the air probe. 

Figure 18. The effect of a disturbance on the P EC si x na!. 

Figure 19 shows the actual measured wallthickness for the different configurations. Every 
measurement is repeated two times. The figure shows, with increasing measurement number, the 
undisturbed ferrite probe, the disturbed ferrite probe, disturbed air probe and the undisturbed air 
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probe. The effect of the disturbance on the wallthickness measurement is not as small as on the 
PEC signal itself. The measured wallthickness varies about 0.3 mm for the ferrite probe for the 
case with or without disturbance while it varies 1.7 mm for the air probe. So the ferrite probe 
shields about 5.7 times better than the original probe in this case. If the liftoff decreases the probe 
will shield better. For small liftoff values, i.e. lo < 30 mm, a plate against the back of the probe 
causes a variation smaller than 1% in measured wallthickness. 

Figure 19. The effect of a disturbance on the measured wallthickness. 

The effect of a nozzle orT-joint has been examined by placing a pipeon top of the test plate. The 
distance between the probe and the 8 mm thick pipe is 13 mm, so this is again a very serious 
disturbance. The liftoff is 76 mm which is again a very large value. The signa] strength at t = 12.6 
ms increases from 2.9·104 counts to 3.9·104 counts, this is 34%, when the pipeis placed for the 
ferrite probe and for the air probe from 5.3·102 ADC counts to 8.4·1 02 counts, or 58%. 

Figure 20. lnfluence of e.g. T~joint on wallthickness. 

The first six measurements in Figure 20 are measured with the ferrite-cored probe without and 
with disturbance, respectively. The last six measurements are measured with the air-cored probe 
without and with disturbance, respectively. The ferrite-cored probe measurements vary about 0.6 
mm and the air-cored probe measurements vary about 1.2 mm. 
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5. 9 Defect and corrosion measurements 

A defect has been measured to gain information about the footprint. A pipe with wallthickness 
6mm and a diameter of 89 mm with an artificial defect has been used as sample. The defect has the 

dimensions 50 mm x 50 mm x 3 mm. The liftoff used at the measurements is 57 mm. The 
measurement exists of a line scan over the defect with taking steps of 20 mm. Figure 21 shows the 
results of the line scans. Most striking is the overall thicker wall measured with the ferrite probe 
which can be explained by the somewhat different shape of the ferrite probe signa! in comparison 
to the air probe signal, see Figure 14. Both probes measure a reduced wallthickness of only 1 mm 
instead of 3 mm which is caused by the large footprint compared with the dimensions of the defect 
The footprints, or resolutions, of both probes are comparable since both probes measure similar 
defect sizes. 

Figure 21. Results of line scan over 50mmx 50mm x 3mm defect. 

The influence of corrosion on the measured wallthickness is determined with the use of a large 
piece of corrosion. Every measurement is performed three times and only the prototype has been 
used. Measurements on a healthy wall and on a defect have been performed and are displayed in 
Figure 22. The first three measurements are performed on a normal healthy wall, the data points 4 
through 6 have been measured on the same wall with corrosion placed on top of the wal!. The data 
points 7 through 9 have been measured on the defect described above and measurements I 0 
through 12 were measured at the same spot with the piece of scale placed on the defect. The scale 
has no influence on the measured wallthickness and even the PEC signals are the same which 
infers that the permeability of the piece of corrosion is close enough to unity to neglect corrosion 
influences. 
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Figure 22. Corrosion has no influence on measured wallthickness and a defect does. 
Me as# 4 through 6 and 10 through 12 have been measured with corrosion present. 

5.10 W allthickness 

Figure 23 shows the PEC signals measured at test plates with different wallthicknesses with liftoff 
50 mm. The normalised signal strengtbs at t = 4.5 ms are for the plates with wt = 25, 20, 10 and 6.5 
mm 1.0, 1.4, 2.0 and 1.5, respectively. Figure 23 shows that the slopes during the diffusion phase 
differ for the different test plates. This is why a PEC measurement always needs a reference 
measurement. 

Figure 23. PEC signals ofwalls with different wallthickness. 

5.11 Cladding 
Two types of cladding occur in the field notably aluminium cladding and carbon steel cladding. 1t 
is evident that carbon cladding will cause the most problems. The eddy currents induced in an 
aluminium cladding disturb the eddy currents signa] of the wall only early in time. Therefore, the 
PEC tooi is limited to measuring thin walls with aluminium cladding. A salution for decreasing the 
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limitations of the aluminium cladding and for measuring through carbon steel cladding is 
introducing an extra distance between the cladding and the probe. So the dominating field of the 
eddy currents in the cladding is decreased but also relatively decreased in relation to the field of 
the eddy currents in the wall. The field lines generated by the probe prefer to travel through the 
carbon cladding and return without passing the wal!. The opposite goes for the magnetic field 
generated by the eddy currents in the wall. These two effects, tagether with the increased liftoff, 
demand a very powerful PEC probe. Therefore, the ferrite-cored probe is extremely suitable for 
carbon cladding measurements. 

Figure 24. Measurements 1 through JO are with carbon cladding presentand increasing 
extra distance, measurements 11 and 12 are without carbon cladding present. 

Figure 24 shows some measurements performed on a carbon cladding configuration. The distance 
between the test wall, a 10 mm thick plate, and the carbon cladding, a 1.1 mm thick plate, is 45 
mm. The liftoff has been varied and at every liftoff two measurements are performed. The pairs of 
points have an extra liftoff of 10 mm, 26 mm, 35 mm, 51 mm and 62 mm, respectively. The data 
points with numbers 11 and 12 have no extra liftoff and the carbon cladding is removed. The 
measured wallthickness approximates the real wallthickness better if the extra liftoff is increased. 
The liftoff at measurements 9 and 10 are too large and therefore the signa) to noise ratio is not 
acceptable. The time necessary for the eddy currents to reach the back of the wall is determined by 
the intersection between a straight line and the PEC signal making an acute angle. Therefore, and 
in combination with the periadie noise on the signa], it is very likely that the measured 
wallthickness is too small. This is the reason of the decreasing measured wallthickness for data 
points 9 and 10. Concluding, for camparabie wallthickness measurements with carbon cladding is 
a very high power probe necessary. Actually a probe with even higher field strengtbs as the used 
50 mm ferrite-cored probe is necessary. 

5.12 Two layers of carbon steel 

Figure 25 shows the signals of the situation where the probe, lo = 61 mm, Jocated above a 6.5 mm 
thick wall which is located above a I 0 mm thick wall. The di stance between the two plates is L. 
The figure also shows the signals of bath the plates without any other carbon steel interfering. The 
signa) of the I 0 mm thick plate at t = 5 ms is 1.3 times as strong as the signa) of the 6.5 mm thick 
plate. The plates are the same plates as used in Figure 23. Decreasing L in the double plate 
situations has less than I% influence on the signa! strength, i.e. the 6.5 mm plate determines the 
signa! strength early in time. The I 0 mm plate has no influence on the magnetic induction 
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distribution in the 6.5 mm plate and the eddy currents, starting in the top plate, try to maintain the 
same field distribution and only see a difference later in time when the reach the 6.5 mm plate's 
backwall. 

Figure 25. Two plates placed on top of each other with space L between them. 

5.13 Concluding remarks 

The maximum value of the magnetic induction in the wall increases 2 to 3 times when a yoke is 

used. The received eddy currents signa! of the ferrite-cored probe is about 60 times higher as the 
signa! of the air-cored probe which is partly because of the enlarged receiver coils but mainly 

because of the attraction of the fieldlines by the yoke in combination with the changed position. 

Since the voltage of the air-cored probe is divided into halves the real yielded profit is about a 

factor 30 instead of 60. The shielding capacity of the probe increases which justifies the changed 

positions of the receiver coils. 

The main problem that occurred while experimenting with the ferrite-cored probes is the 265 Hz 

signa! which vanishes if the conneetion between the receiver coils and the transruit coils is made 

less rigid. The use of V i ton in the Brent probe solved the problem. 
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Chapter 6 

Conclusions 

The three objectives conceming focusing, shielding and signal strength have more or less been 
realised. The signal strength has increased and therefore the tooi can he used at higher liftoffs 
and on thicker walls. Altematively, a smaller ferrite-cored probe with a better focus and the 
samefield strength as an air-cored probe can he build. The total magnetic energy has notbeen 
changed because of teehuical limitations. The impravement of the signal strength is mainly 
obtained by a more effective use of the receiver coils. A yoke has no direct positive influence 
on the focusing quality of the probe. The shielding capacity has increased. The exact 
impravement regarding shielding depends on the type of disturbance but a yoke makes it 
possible to measure a wallthickness of a pipe with less influence of the disturbance of an 
adjacent pipe. So a yoke moulds the distribution of the magnetic field in a more preferabie 
shape. 

Perrite is very useful as yoke material since the specifications regarding magnetic and electric 
properties stand the required demands. Perrites are available as very soft magnetic and high 
permeability materials. Also ferrites are available with very high resistances, in comparison 
with carbon steel. A disadvantage offerrite is that it is hard to machine. The perfect methad of 
yoke manufacturing would he by the use of a mould. 

Also a methad to calculate the inductance of a non air-cored probe is presented and tested. The 
maximum deviation found at the calculated and measured probes is 7 per cent. The methad 
needs the program. 
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Appendix A 

A.l Material properties 

Material sort of magnetisation Xm p Br He 

[Qm] [Tesla] [Alm] 

Aluminium paramagnetic 2.2·10"5 2.7·10-8 

Air paramagnetic 3.6·10-7 

Copper diamagnetic -1.0·10-5 1.7·10-8 

Carbon steel ferromagnetic 1.8·10-7 1.00 4000 

NiZn ferrite ferrimagnetic <12- >1000 102-106 0.05-0.3 16-1600 

MnZn ferrite ferrimagnetic 800-5000 0.2-50 0.04-0.2 2.4-100 

A.2 Conversion table 

SI-unit Previous unit conversion factor 

magnetic induction B Tesla [T]=[Wb m-2] Gauss [Gs] 1 [Gs] = 10-4 [T] 

magnetic flux <p Weber [Wb]=[V s] Maxwell [M] I [M] = I o-s [Wb] 

magnetic field strength H [Am- 1
] Oersted [Oe] I [Oe]= 2.5-102-n:- 1 [A m- 1

] 
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A.3 List of used symbols 

symbol 

lo 

wt 

FWHM 

IBimax 

Q 

s 

E 

de scription 

liftoff 

wallthickness 

Full Width at Half Maximum 

maximum induction value 

time necessary for the eddy currents to reach the backwall 

footprint quality 

shielding parameter 

efficiency 
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defined in: 

figure 2, page 3 

figure 2, page 3 

figure 2, page 18 

figure 2, page 18 

page4 

equation 3 .I, page 18 

page 24 

page 30 


