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Abstract 

Steam Generators (SGs) are a critical component of nuclear reactors, employing thousands of SG tubes to 

convert heat generated in the reactor core into useable energy. SG tubes are supported at numerous 

locations by Broach Support Plates (BSPs) that have trefoil shaped holes, which prevent excessive tube 

vibrations, while allowing water to easily flow through the support structures. A number of degradation 

modes occur in SGs, such as SG tube fretting, cracking or denting, requiring periodic inspection. 

Currently, conventional Eddy Current Testing (ECT) is used to non-destructively assess the condition of 

SG tubes and components. However, as reactors age, new modes of degradation will likely appear that 

may be difficult to detect and characterize using conventional ECT, such as wall loss in BSPs and build-

up of corrosion products, which typically form as a hard sludge called magnetite. Pulsed Eddy Current 

(PEC) technologies are an emerging technique that is presented in this work as a method to further 

advance inspection techniques used in CANDU® nuclear reactors. A PEC probe was designed to inspect 

the unique shape of the trefoil shaped hole to detect and characterize wall loss and the presence of 

magnetite in A516 carbon steel BSPs with trefoil shaped holes from within 15.9 mm (5/8”) Alloy-800 SG 

tubes. PEC was also used to observe how measurements of wall loss were affected by the presence of 

magnetite. This work presents Finite Element Method (FEM) simulations and experimental results 

collected to observe these degradation modes. The probe was demonstrated to be capable of detecting far 

side wall loss as low as 20%, locating and characterizing the relative permeability of magnetite, and of 

detecting wall loss when magnetite was present. FEM simulations and experimental results were found to 

be in good agreement, suggesting that additional investigations of the effects of BSP degradation on PEC 

signal response may also be performed using FEM models.  
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Chapter 1 

Introduction 

Inspection of CANadian Deuterium Uranium (CANDU®) nuclear reactor components is crucial 

for maintaining reactor efficiency and can aid in prolonging reactor life. Degradation and other 

flaws, such as build-up of corrosion products, in Steam Generator (SG) tubes and support 

structures can result in extensive repairs or unscheduled reactor shut down [1]. It is therefore 

advantageous to develop methods to quickly and reliably inspect SG tubes and components. 

Pulsed Eddy Current (PEC) technology has been investigated in this thesis as a method to further 

develop Non-Destructive Evaluation (NDE) of SGs. 

 Steam Generators 1.1

SGs are used as the heat exchanger in many applications, including fossil fuel power stations and 

nuclear power reactors. In nuclear power reactors, heat is generated in the reactor core and 

transported through thousands of Alloy-800 tubes within the SG [2]. Figure 1 shows a schematic 

of a CANDU® nuclear reactor, where heat is generated in the calandria and transported to the SG. 

Irradiated primary side water flows through the SG tubes, at approximately 300°C [2], and heat is 

exchanged with secondary side water, whose temperature is increased to approximately 250°C 

[2]. The hot secondary side water is converted to steam, which is used to spin turbines that 

generate electrical power using conventional electric generators. Thousands of thin walled SG 

tubes provide the increased surface area necessary for efficient heat transfer.  
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Figure 1: Schematic of CANDU® nuclear reactor.  

 
SG tubes in CANDU® nuclear reactors are typically made of Alloy-800, a corrosion resistant 

nickel-iron-chromium alloy [3]. In previous years, Alloy-400 or Alloy-600 were used, and 

numerous failures, including Stress Corrosion Cracking (SCC) and Intergranular Attack (IGA), 

were observed and the tubes were replaced by the more resilient Alloy-800 material [4]. Various 

forms of cracking in these different types of tubes have required that hundreds of thousands of 

tubes across the world must be plugged and removed from operation [3].  

1.1.1 Degradation Modes 

There are a number of processes that can cause degradation in SG tubes and components. Wasting 

or pitting typically occur due to poor water chemistry, such as high accumulation of aggressive 

phosphate species that concentrate on the secondary side of the SG [6]. An increase in phosphate 

concentration is attributed to low molar ratios of sodium to phosphate that produce acidic 

conditions [6]. However this has largely been remedied in recent years by introducing pH control 

treatments [4].  
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More serious SG problems concern SG tube denting, fretting and cracking. Tube denting is 

commonly caused by manufacture-induced dents. Examples include crimping or tube bending in 

areas such as the SG U-bend. Additionally, denting can occur from service induced deformation, 

such as Flow Induced Vibration (FIV) of SG tubes caused by tube support plate corrosion [6]. 

Problems with tube denting have largely been eliminated by the modification of the support 

structure material and geometry [4]. Support plate corrosion can lead to a number of other 

integrity issues in SG tubes, such as fretting wear due to increased FIV [7]. Monitoring of fretting 

wear and plugging tubes when the fret depth is large has been the main technique for preventing 

SG tube failure due to fretting [6]. A SG tube will be plugged if the fret depth exceeds 40% of the 

tube wall thickness [8].  

Cracks in SG tubes can occur in numerous places, including the U-bend region, at supports, in 

sludge piles and in the freespan (tube sections between supports). At the U-bend, cracks may 

occur on the tube Inner Diameter (ID) from fatigue due to FIV and propagate through the wall 

[6]. At supports and in sludge piles, SCC on the SG Outer Diameter (OD) is seen on the 

secondary side of the tubes in locations where impurities concentrate [6]. Cracking in the freespan 

can be caused by impurities that build up around the tube, due to insufficient tube spacing. Under 

these conditions tubes can interact via FIV or through water chemistry [6]. Figure 2 shows 

common locations of SG tube degradation modes.  

Detection of degradation in SG tubes and components is important to maintaining reactor 

efficiency and, when combined with preventative maintenance programs, can prolong the life of a 

reactor [2]. In order to better assess SGs, it is desirable to identify specific degradation 

mechanisms, such as general corrosion or degradation from mechanical vibrations, and 

characterize their extent. This includes determining the degree of corrosion and build-up of 
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corrosion products, as well as characterizing degradation from mechanical vibrations, such as 

fretting. 

 
Figure 2: Common degradation modes in steam generator tubes. 

 

1.1.2 Broach Support Structures 

The thousands of SG tubes in a single SG are supported at numerous locations to limit tube 

vibrations. Tube support plates are designed to support tubes, while allowing secondary side 

water to easily flow past. There are numerous types of SG support structures, such as lattice 

structures [2] and support plates with either trefoil [9]or quatrefoil holes [10]. These geometries 

were chosen to reduce effects of tube denting and fretting [4]. This work will focus on trefoil 

shaped holes in Broach Support Plates (BSPs) found in CANDU® reactors as represented by the 

BSP shown in Figure 3 (a). The lands support the tube, preventing excessive FIV that could cause 
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fretting wear or cracks in the SG tube. The flow regions allow secondary side water to easily flow 

past the SG tubes, which is necessary for efficient heat transfer. The thin walls that make up the 

BSP are called ligaments. Figure 3 (b) and Figure 3 (c) show BSPs with severe corrosion. 

 
(a) (b) (c) 

Figure 3: (a) BSP in good condition. (b) BSP with corrosion in the flow region. (c) BSP with uniform 
corrosion in the ligaments (pictures courtesy of CNL). 

 

1.1.2.1 Wall Loss in Broach Support Plate Ligaments 

Wall loss of BSP ligaments can occur due to many mechanisms in the SG. Tube loading, Flow 

Assisted Corrosion (FAC), SG tube-to-support wear due to vibrations, and foreign materials in 

the secondary side water are some of the many causes of wall loss [11].  

Breached ligaments in BSPs can allow SG tubes to vibrate excessively, leading to an increase in 

tube wear [8]. Determining the condition and characterizing wall loss of BSP ligaments is an 

important step towards predicting SG tube and component life and knowing when they need to be 

replaced. 

1.1.2.2 Build-up of Magnetite 

Magnetite (Fe3O4) is a hard sludge that forms from contaminants that appear in the SG water. 

Magnetite sludge can accumulate on the ID or the OD of SG tubes. ID magnetite appears in 

CANDU® reactors and occurs from FAC of the carbon steel feeder tubes, which transport hot 
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primary side water from the reactor core to the SG [2]. OD magnetite can accumulate due to 

impurities in secondary side water chemistry or corrosion of support structures [12]. OD 

magnetite sludge appears in all types of nuclear reactor SGs, all over the world [4], [10], [13] and 

is therefore, the focus of this work.  

Magnetite sludge can accumulate and clog the flow regions of BSPs, producing a higher flow rate 

in the SG [10]. An increase in secondary side water flow will cause an increase in tube vibrations, 

leading to increased risk of tube failures, while decreasing the heat transfer efficiency [4]. Build-

ups of magnetite that accumulates around SG tubes at tube support plates can lead to tube denting 

and tube support plate fractures [14]. 

1.1.2.3 Wall Loss in the Presence of Magnetite 

BSPs are a common area for magnetite to accumulate. Obstructed flow regions in BSP will cause 

an increase in secondary side flow rate, potentially increasing the risk of FAC and general wall 

loss in BSP ligaments. Figure 4 exhibits this phenomenon, where a partially obstructed flow 

region has caused the flow rate to increase elsewhere. 

 
Figure 4: Obstructed flow region in a broach support plate causing an increase in flow rate in 

adjacent flow regions. 

 Eddy Current Testing 1.2

Eddy Current Testing (ECT) is a NDE technique used to identify flaws in electrically conducting 

materials. A driving coil is excited to produce a changing magnetic field, which according to 
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Faraday’s Law, will induce currents, known as eddy currents, in the conducting material being 

tested [15]. Receive coils, also referred to as pick-up coils, have an emf induced in them due 

in-part to the secondary magnetic field produced by the eddy currents, as shown in Figure 5.  

 
Figure 5: Example of drive coil generating eddy currents in a sample that is sensed by a nearby pick-

up coil. 

 
When a crack or other discontinuity, such as frets, dents or wall loss, is present in the sample, the 

eddy currents in the sample are disrupted and the pick-up coils may sense the resulting change in 

the induced magnetic field. This provides the basis for eddy current testing. 

1.2.1 Historical Perspective 

The history of ECT begins with Faraday’s insights into electromagnetism in 1831 where he 

discovered that a changing magnetic field induces an electric field [16]. Faraday conducted three 

separate experiments to further demonstrate this concept, which lead to the formulation of 

Faraday’s Law. In 1855 eddy currents were discovered by Foucault, while experimenting with the 

force required to rotate a copper disk [17]. Foucault showed that the force required to rotate the 

copper disk was greatly increased when rotating between two poles of a magnet [18].  This was 

due to the opposing magnetic fields, generated by eddy currents, as described by Lenz’s Law 

[15].  
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Eddy currents were not used as a NDT technique until Hughes developed a method in 1879 to 

characterize and sort metals based on their conductivity and resistivity, using copper as a 

standard, which is a practice still in use today [19]. In 1968 Dodd and Deeds [20] developed the 

first closed-form analytical solutions for the eddy currents generated by an axisymmetric circular 

coil in the proximity of a conductor when driven by a constant amplitude alternating current. 

Transient or pulsed eddy current was not investigated until 1921 by Wwedensky [21]. 

Wwedensky developed the theory to describe eddy currents that formed in an iron cylinder when 

an abrupt change in magnetic field was applied. Unfortunately, Wwedensky made the 

approximation of a uniform applied magnetic field that violates Gauss’ Law of magnetism [15] 

and neglected to account for feedback between the coil and the sample, which prevented good 

agreement between theory and experiment at early times in the pick-up signal [22]. Although this 

theory is incorrect in some of its assumptions, it provided a foundation for the development of 

transient ECT and NDE.  

Morozova et al. in 2000 [23] investigated the solution for a transient electromagnetic field due to 

a current loop in a hollow magnetic cylinder with applications designed for examining the metal 

casing of petroleum wells. Additionally, Bowler et al. in 2009 have generated solutions for PEC 

responses to a conducting half-space [24]. These works, among others, have advanced solutions 

for transient responses significantly; however, these methods often do not agree with experiment 

at early signal times [22], similar to the issues that faced Wwedensky [21] and Bean et al. [25], or 

the solution breaks down when considering effects of feedback from the sample on the coil 

response [22].  

More recently, Desjardins et al. [26–28] have advanced the work of Dodd and Deeds [20] by 

developing a method to determine the eddy currents generated by a circular coil when excited by 
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a constant amplitude voltage. Since eddy current coils are normally excited by a constant voltage 

amplitude, this allows for a more realistic representation of experimental results as well as 

providing a way to consider effects due to back electromotive force (emf) on the drive current 

[38].  

1.2.2 Conventional Eddy Current Testing 

Conventional ECT utilizes a continuous sinusoidal excitation to generate a changing magnetic 

field. ECT signals are typically displayed on a 2D impedance plane display, showing the real and 

imaginary components of the pick-up coil response. A change in the impedance plane response is 

a signal. Observed changes in signal amplitude and phase are used to determine if defects are 

present [30].  

ECT is substantially affected by the skin effect, preventing cracks deep within a material from 

being detected [30]. This phenomenon arises due to the exponentially reduced eddy currents, 

generated at depth in the material, whose magnetic field opposes the applied field [30].  

Effects due to lift-off, the distance from the sample to the probe, have a large impact on eddy 

current responses. As lift-off increases, the amplitude of the eddy current induced emf in the 

secondary coil decreases, which can result in misinterpretation of signals as flaws. At significant 

lift-off, no detectable emf will be induced in the secondary coil due to the sample [30]. This effect 

is particularly prominent when using sinusoidal excitations, which lose sensitivity beyond 5 mm 

[31]. Additionally, ECT signals are significantly affected by ferromagnetic materials, due to the 

increase in flux produced by the large relative permeability of ferromagnetic materials, such as 

carbon steel or stainless steel [30].  
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1.2.3 Pulsed Eddy Current Testing 

PEC uses a square wave excitation to generate a changing magnetic field and the pick-up coil 

responses may be viewed on a time-voltage display. A square pulse may be considered as being 

composed of numerous discrete frequencies, which can provide information about material 

characteristics, such as conductivity and permeability. In addition, sample conditions can also be 

determined from a square pulse, which includes general wall loss and the presence of defects that 

are typically more localized. The lower frequencies contained in the square pulse penetrate deeper 

into the material, and therefore, may provide information about defects that appear deep within a 

sample [32]. In addition, the response to a square pulse excitation can be expressed as a series of 

relaxation times related to the diffusion of magnetic fields in a sample [32]. Longer relaxations 

times have a greater depth of penetration, providing information about material characteristics 

and geometry, such as conductivity and wall thickness [33].  

The square pulse shape reaches a near Direct Current (DC) excitation, which will magnetize 

ferromagnetic materials. This magnetization increases PEC pick-up coil response, allowing this 

technique to detect flaws, even in ferromagnetic materials [34]. In addition, due to the intermittent 

nature of the pulse train and the potential for low duty cycle, the probe can be driven at much 

higher currents without burning out the excitation coil [33]. PEC has also demonstrated the ability 

to determine the condition of materials, even at large lift-off [35]. Table 1 compares parameters of 

the two eddy current techniques described above. 
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Table 1: Comparison of Eddy Current Techniques 

Parameter ECT PEC 
Excitation Continuous sinusoidal Square pulse (may be repetitive) 
Display Impedance display Time-voltage 
Excitation Frequency Equipment dependant, but 

typically four at one time [36] 
Numerous discrete frequencies due 
to square pulse [24] 

Lift-off Not sensitive at lift-off > 5 mm 
[31] 

Sensitive at higher lift-offs up to ~40 
mm [35] 

Depth of Penetration Skin depth limited [30] Greater depth of penetration [32] 
Ferromagnetic 
Materials 

Difficulty in detecting flaws due 
to reduced skin depth [30] 

Near DC magnetization strengthens 
pick-up coil response [34] 

Driver Amplitude Limited by joule heating [30] Can be increased with lower duty 
cycle [33] 

Analysis Methods Amplitude & phase in 
impedance plane [30] 

Peak height & statistical methods 
including Principal Components 
Analysis [37] 

Analytical Modeling Dodd & Deeds Sols. [20] Desjardins et al. [26–28] 
 

 Steam Generator Inspection 1.3

Inspections of SGs have always been an important component of reactor maintenance. Any form 

of degradation can negatively impact SGs, causing unexpected shut downs [5] and therefore, 

timely detection of degradation is crucial to maintaining reactor efficiency. Inspections are 

becoming more rigorous as reactors age and as a result, inspection tools and methods must 

advance [38]. This evolution of inspection techniques has been occurring over many decades, and 

has generated a number of more reliable, efficient and automated techniques. Newer methods 

have transitioned from simple detection devices to complex diagnostic devices capable of 

determining fitness-for-service [1].  

1.3.1 Historical Perspective 

SGs have been inspected by conventional ECT technology since the late 1970’s [1]. The first 

probes developed to inspect SGs had two coaxially wound coils, one acting as the excitation coil 

and the other as the receive coil [39]. These probes were operated by single-frequency 
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instruments, which displayed the data using cathode ray tubes [1]. Using this method, only 3% of 

the SG tubes were typically inspected, leaving the majority of tubes in unknown condition [39]. 

Over the years, this probe design has been improved into the current bobbin probe design, shown 

in Figure 6, which is more reliable due to advancements in multi-frequency instruments and 

computer control [39].  

 
Figure 6: Bobbin probe design currently used for inspection of SGs [39]. 

 

As SGs aged, more degradation modes, such as circumferential ID and OD cracks, began to 

appear within numerous reactors [1], as indicated in Section 1.1.1. The original bobbin probe 

design was unable to detect circumferential cracks because the coils are parallel to the currents 

induced in the tube and are therefore, undisturbed by this form of cracking [36]. Additionally, the 

bobbin probes were unable to analyze areas with high susceptibility to defects, such as U-bend 

transitions and at the top of tube sheets [36]. This reduction in sensitivity was attributed to the 

geometrical distortion of tubes due to tube rolling at these locations causing a change in lift-off 

[40].  

To address the issues faced by the bobbin probe, surface-riding probes have been developed, as 

shown in Figure 7 [36]. At first, the probe heads were designed to rotate within the SG tube, 

however this resulted in expensive probes, time consuming inspections and the head was prone to 
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failure [41]. This lead to the development of array probes, which have numerous transmit and 

receive coils arranged around the probe head that allow rapid SG tube inspections [38].  

 
Figure 7: Surface-riding probes developed to inspect SGs [1]. 

 

SG inspections have advanced significantly since their first implementation. However, there are 

still some areas where ECT is unable to accurately inspect SG tubes and components. ECT has 

been shown experimentally to have little sensitivity in the presence of magnetite deposits [11], 

[28–30] that can accumulate on the top of tube sheets or at tube support structures, such as BSPs 

[30]. ECT has also been challenged at identifying corrosion in ferromagnetic support structures, 

such as BSP ligaments [30].  

Currently, inspections of SG tubes varies from plant to plant in terms of frequency and percentage 

of SG tubes that are inspected [45]. A common procedure in the United States when observing the 

condition of light water reactors is to inspect 20% of the total number of SG tubes during each 

inspection cycle, inspecting 100% of SG tubes over five cycles [45]. Inspection cycles often 

coincide with refueling cycle, which typically occur every 18 months [45]. In Ontario, practices 

differ due to the differences in the CANDU® design, however somewhere between 50% and 

100% of SG tubes are inspected using the bobbin probe at each cycle, and 20% to 30% of SG 

tubes are inspected using a surface riding probe design, focusing on areas with high susceptibility 

to failure [45].  
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Future inspection techniques will likely be challenged by new modes of degradation that emerge 

as reactors are modified and age [39]. It is desirable that inspection technology advances with 

CANDU® technology, and therefore a PEC probe has been proposed to inspect SGs.  

1.3.2 Pulsed Eddy Current Applications  

Recently, PEC technologies have been developed for inspection of SG tubes and support plates. 

Using these techniques, it was possible to detect and characterize fretting that occurred on SG 

tubes, while simultaneously assessing the condition of support plate hole inner diameter and the 

tube position within the support plate [46]. 

 Characterizing Wall Loss using Pulsed Eddy Current 1.4

PEC has been shown in previous work to be particularly useful at determining wall thinning in 

ferromagnetic and conducting pipes [47][48][49]. Due to PEC’s ability to be sensitive to material 

changes, even at large lift-off, this technique is ideal for inspections of industrial pipes that have 

insulation or wrapped coatings [50], where it is not possible to have the probe directly in contact 

with the pipe wall. 

When inspecting carbon steel pipes with thermal insulation and a metal cladding, Li et al. [51] 

noted that the induced eddy currents decay in the metal cladding much faster than in the pipe 

wall. This effect is in part due to the material characteristics of the metal cladding, often 

aluminium or another metal that is non-ferromagnetic, as well as the frequency rich nature of a 

square pulse excitation. The higher frequencies concentrate in the cladding, while the lower 

frequencies are capable of penetrating deeper into the ferromagnetic pipe [34], [49]. This effect 

can also be understood in terms of relaxation time, where shorter relaxation times are associated 

with higher amounts of wall loss [47]. By analysing the beginning, middle and end of the signal, 
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different characteristics can be extracted, such as cladding thickness, which is contained in the 

beginning of the signal, and pipe wall thickness [49], which is contained later in the pulse 

response and is correlated with the relaxation time [49]. To more easily observe the minute 

changes that occur late in the pick-up coil response, the results are typically displayed on a 

logarithmic scale [47]. 

 Finite Element Method (FEM) 1.5

Finite Element Method (FEM) is a numerical technique often using computer-aided analysis that 

can be used to solve complex problems for many applications, including electromagnetism, 

thermodynamics and fluid dynamics. FEM operates by separating a large problem into smaller 

parts, called finite elements [52]. This differs from calculus, which uses infinitesimal elements 

[53]. The whole collection of finite elements is referred to as the mesh [53]. Finite elements are 

connected at points, which are called nodes, as shown in Figure 8.  

 
Figure 8: Finite element method mesh of a circle showing a finite element in blue and a node as a 

black dot. 
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A FEM mesh is described by differential equations and shape functions, where unknowns are 

solved for at each node [53]. The solutions obtained at each node and solutions for the equations 

inside the finite elements can be approximated based on the results from adjacent finite elements 

[52]. The FEM software then puts all the solutions for each finite element together in a piecewise 

manner to obtain an approximation of the whole solution [52].   

There are a number of advantages to using FEM as opposed to other numerical analysis 

techniques. FEM can solve solutions to any geometry and materials do not need to be 

homogeneous and isotropic and may vary between different elements [52]. Additionally, FEM 

simulations have proven to be an incredibly useful tool in solving electromagnetic problems. 

FEM has been used as a method for optimization [34] as well as a way to gain a more complete 

understanding of experimental results [54].  

FEMs have been shown to accurately model PEC problems with NDE applications [19–21]. 

Babbar et al. [57] were able to use FEMs to assess the ability for a probe to characterize fretting 

or wall loss in a SG tube. Ida et al. [54] used FEMs to better understand the behaviour of PEC 

signals in the presence of magnetite deposits in SGs. FEM models in this work were used to 

simulate a probe inspecting for flaws in BSPs in CANDU® reactors [58]. 

 Objective 1.6

The aim of this thesis is to develop and investigate the feasibility of a PEC technique to detect 

and characterize wall loss on the far side of broach support ligaments in CANDU® nuclear 

reactors. In addition, this work will explore the ability of the PEC technique to detect build-up of 

corrosion products, specifically magnetite sludge, which can accumulate at broach supports and 

cause broach hole flow regions to become clogged, and investigate how obstructed flow regions 

affect PEC responses from ligament wall loss. A comparison between FEM simulated pick-up 
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coil responses and experimental results will be presented using a novel six-coil array probe, 

which has been developed to analyze the unique shape of trefoil shaped broach holes often used 

in CANDU® nuclear reactors. 

 Structure 1.7

This thesis contains FEM simulations and experimental work targeted at investigating the 

effectiveness of a PEC technique to inspect BSPs in CANDU® SGs. Identifying and 

characterizing wall loss in BSP lands, and exploring the effect of magnetite and wall loss in the 

presence of magnetite.  

Chapter 2 provides an overview of electromagnetic theory required for an explanation of eddy 

current signal generation. A derivation of equations used to experimentally measure relative 

permeability of non-conducting materials is presented.  

Chapter 3 describes the FEM simulations of PEC response under various SG inspection 

conditions. FEM simulations were generated to predict pick-up coil responses when analyzing 

wall loss in BSPs, magnetite sludge build-up in BSP flow regions and wall loss in BSPs when 

flow regions are obstructed by magnetite sludge.  

Chapter 4 gives an overview of the experimental technique. A probe was developed to inspect 

BSPs and simulation results were used to enhance the probe that was designed and constructed. 

Sample BSPs were machined with flaws to simulate wall loss in BSP ligaments. Finally, the 

experimental set-up and signal processing are described. A rapid method of characterization of 

magnetite permeability is described.  

Experimental results were presented in Chapter 5. Measurements were taken in sample BSPs with 

varying wall loss in the ligaments. Sample magnetite was produced, characterized and used to 
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obstruct the flow regions of BSPs and the results obtained are presented. Effects of lift-off, when 

no wall loss is present, are explored.  

Chapter 6 compares the results from the FEM simulations and the experimental results as well as 

discusses the results.  

Chapter 7 presents the conclusions of this thesis and gives suggestions for future work.  
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Chapter 2 

Theory 

A fundamental understanding of electromagnetic theory can provide insight into eddy current 

generation and how it can be used as an NDT technique. This section provides an overview of the 

underlying physics that can be used to interpret eddy current testing signals. 

 Maxwell’s Equations 2.1

To begin any electromagnetic problem, Maxwell’s four equations [15] must first be considered. 

These equations in a vacuum are given as: 

∇   ⋅ 𝐄 = !
!!

  Gauss’ Law 2-1 

∇×𝐄 = − !𝐁
!!

  Faraday’s Law 2-2 

∇ ⋅ 𝐁 = 0   2-3 

∇×𝐁 = µμ!𝐉 + µμ!ϵ!
!𝐄
!!

  Ampere’s Law 2-4 

where 𝑬 is the electric field, 𝜌 is the charge density, 𝜖! is the permittivity of free space, 𝑩 is the 

magnetic field, 𝜇! is the permeability of free space, and 𝑱 is the current density. Boldface font 

indicates vector quantities.  

Inside conducting materials that are linear, homogeneous and isotropic with uniform conductivity, 

permeability and permittivity, Ohm’s law can be generalized to [15]:  

𝑱 = 𝜎𝑬 2-5 

where 𝜎 is the electrical conductivity. Additionally, the magnetic field intensity 𝑯 can be defined 

by the following constitutive relationship [15]: 
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𝑩 = 𝜇𝑯 2-6 

where 𝜇 is the isotropic permeability of the linear medium. Equations 2-5 and 2-6 are used to 

formulate solutions to Maxwell’s equations and can be used to apply Maxwell’s equations to 

linear materials. In many materials, 𝑩 and 𝑯 may not necessarily have a linear relationship; 

however, for the purpose of this work a linear relationship will be assumed. Maxwell’s four 

equations in a linear isotropic, homogenous medium are given by Equations 2-7 − 2-10. 

∇   ⋅ 𝐄 = !!
!

  2-7 

∇×𝐄 = − !𝐁
!!

  2-8 

∇ ⋅ 𝐁 = 0  2-9 

∇×𝐁 = µμσ𝐄 + µμϵ !𝐄
!!

 or 𝛻×𝑯 = 𝑱! +
!𝑫
!"

 2-10 

where 𝜌! is the free charge density in the medium and Jf is the free current density.  

 Electromagnetic Waves in Conductors 2.2

Equations 2-7 to 2-10 are useful for understanding electromagnetic phenomena that occur in a 

number of applications, these equations do not directly describe the behaviour of electromagnetic 

waves as they propagate through a material, which is observed when analyzing eddy current 

generation. Obtaining an expression to better understand the fundamental behaviour of 

electromagnetic waves in matter can be useful for better interpretation of eddy current results.  

The continuity equation, given by Equation 2-11 below, can be derived from Ampere’s Law and 

Gauss’ Law [15]. The continuity equation states that the divergence of the current density is equal 

to the rate of decrease of the free charge density.  
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𝜵 ⋅ 𝑱! = −
𝜕𝜌!
𝜕𝑡
, 2-11 

Applying the general form of Ohm’s Law, Equation 2-5, and Gauss’ Law in matter, Equation 2-7, 

to Equation 2-11 yields Equation 2-12.  

𝜕𝜌!
𝜕𝑡

= −𝜎 𝜵 ⋅ 𝑬 = −
𝜎
𝜖
𝜌! 2-12 

A solution can be evaluated for homogenous linear material, and is given by Equation 2-13. 

𝜌! 𝑡 = −𝜌!!𝑒
!!!! 2-13 

where 𝜌!! = 𝜌!(𝑡 = 0). From this result, it can be determined that the free charge will dissipate 

in some characteristic relaxation time, given by 𝜏 = !
!

. For a good conductor, the conductivity is 

large and 𝜏 is reduced to a negligible value. For a good conductor such as copper, with 

International Annealed Copper Standard (IACS) conductivity of 5.8×10! S/m, the characteristic 

relaxation time is of the order of 𝜏 = 10!!"  s [59] and can therefore be considered negligible. 

Using this observation, Equation 2-7 can be reduced to Equation 2-14.  

𝜵 ⋅ 𝑬 = 0 2-14 

 Diffusion Equations  2.3

To develop a method to accurately depict the behaviour of eddy currents within a conductor, 

Faraday’s Law, given in Equation 2-8 must first be considered. The curl of Equation 2-8 is given 

by Equation 2-15. 

𝛁× 𝛁×𝑬 = −𝛁×
𝜕𝑩
𝜕𝑡

 2-15 
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The vector identity given in Equation 2-16 [15], where 𝑨 is an arbitrary vector, can be applied to 

Equation 2-15. 

𝛁× 𝛁×𝑨 = 𝛁 𝛁 ⋅ 𝑨 − ∇!𝑨 2-16 

Applying the vector identity, Equation 2-15 will become Equation 2-17. 

𝜵 𝜵 ⋅ 𝑬 − 𝜵!𝑬 = −
𝜕
𝜕𝑡
(𝜵×𝑩) 

2-17 

In a good conductor, Equation 2-17 can be simplified to Equation 2-18 because of Equation 2-14. 

𝜵!𝑬 =
𝜕
𝜕𝑡
(𝜵×𝑩) 

2-18 

Ampere’s law in matter, given in Equation 2-10, can be substituted into Equation 2-18, along 

with the identity given in Equations 2-5 to produce Equation 2-19. 

𝜵!𝑬 =
𝜕
𝜕𝑡

𝜇𝜎𝑬 + 𝜇𝜖
𝜕𝑬
𝜕𝑡

 
2-19 

Equation 2-19 is rearranged to become Equation 2-20 

𝜵!𝑬 = 𝜇𝜎
𝜕𝑬
𝜕𝑡

+ 𝜇𝜖
𝜕!𝑬
𝜕𝑡!

 
2-20 

Similarly, a solution for the magnetic field can be derived, and is given in Equation 2-21. 

𝜵!𝑩 = 𝜇𝜎
𝜕𝑩
𝜕𝑡

+ 𝜇𝜖
𝜕!𝑩
𝜕𝑡!

 
2-21 

In good conductors, the 𝜇𝜎 component is much greater than the 𝜇𝜖 component, for frequencies 

below approximately  10! Hz [20]. For example, the 𝜇𝜎 component of copper is on the order of 

72.9 [15], while the 𝜔𝜇𝜖 component is 𝜔  ×  1.11  ×10!!", where 𝜔 is the radial frequency 

associated with the changing magnetic field. Therefore the first terms in Equations 2-20 and 2-21 

dominate, and the second terms can be neglected, as given in Equations 2-22 and 2-23. 
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𝜵!𝑬 = 𝜇𝜎
𝜕𝑬
𝜕𝑡

 
2-22 

𝜵!𝑩 = 𝜇𝜎
𝜕𝑩
𝜕𝑡

 
2-23 

Equations 2-22 and 2-23 are the diffusion equations that describe how electric and magnetic fields 

diffuse in conductors. 

 Skin Depth 2.4

Skin depth is defined as the distance into a material required to reduce the current density by a 

factor of 1/e or 36.8% of the surface density [15]. The skin depth equation for sinusoidal ECT 

excitations, is approximated as [30]: 

𝛿 =
2

𝜇𝜎𝜔
=

𝑇
𝜋𝜇𝜎

 2-24 

where 𝛿 is the skin depth, 𝜔 is the operating angular frequency and 𝑇 is the period. Equation 2-24 

is formulated assuming a good conductor, where 𝜎 ≫ 𝜔𝜖. This equation makes a number of 

assumptions, such as assuming the material is an infinitely thick plate and assuming a plane wave 

electromagnetic field excitation applied to the sample, which is rarely achieved in lab or in 

practice [30].  

Due to the complex frequency spectrum of a square pulse, the above formulation is not as useful 

for approximating the skin depth of a PEC signal as it is for conventional ECT. The diffusion 

time for eddy currents generated from a square pulse excitation in a conducting material can in 

general be described by Equation 2-25 below [53, 54]. 

𝜏!~𝜇𝜎ℓ𝓁! 2-25 
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Where 𝜏! is the characteristic diffusion time and ℓ𝓁 is the characteristic length of the system. 

Using Equation 2-24, an expression for the skin depth of transient eddy currents above a 

conducting half space can be approximated for a uniformly applied magnetic field, and is given as 

[32]: 

𝛿  ~
𝜏!
𝜇𝜎

 2-26 

 Eddy Current Generation 2.5

The generation of eddy currents in a material begins with Faraday’s Law [60], given in 

Equation 2-8. Faraday’s Law of Induction describes how a changing magnetic field induces an 

electric field or electromotive force (emf) [60]. Equation 2-27 describes the emf in integral form, 

which is determined using Stokes Theorem [15]. 

𝑒𝑚𝑓 = 𝑬 ⋅ 𝑑𝒍 =   −
𝜕𝑩
𝜕𝑡

⋅ 𝑑𝒂 2-27 

Where 𝒅𝒍 defines the line integral and 𝒅𝒂 defines the surface integral. The flux, 𝛷, passing 

through a surface of area a due to a magnetic field is expressed in Equation 2-28 [15]. 

𝛷 = 𝑩 ⋅ 𝑑𝒂 2-28 

Using the above equation for flux, an expression can be developed to describe the emf induced in 

a conducting loop due to a time-varying magnetic field that passes through it. Equation 2-27 

simplifies to express the emf as the rate of change of the flux, as given in Equation 2-29. 

𝑒𝑚𝑓 = −
𝑑Φ
𝑑𝑡

 2-29 
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The negative sign in Equation 2-29 is commonly referred to as Lenz’s Law [15], which states 

simply that the induced emf is of a polarity such that it opposes the change in magnetic flux 

giving rise to it.  

 Equivalent Circuit Models 2.6

As outlined in the introduction of this work, ECT probes contain a combination of transmit and 

receive coils that are used to detect flaws in a conducting material. Each coil can be simply 

represented by a resistor and an inductor in series, which simulates the solenoids used for the 

drive or pick-up coil. For this thesis, one transmit coil is excited by a square pulse voltage 

excitation, and pick-up coils that are perpendicularly mounted to the drive coil, are used to detect 

flaws in the nearby conducting structures.  

2.6.1 Drive Coil Response 

A single drive coil in air excited by a square pulse is represented by the circuit diagram shown in 

Figure 9, where R is the resistance of the drive coil, L is the self inductance of the drive coil. A 

constant voltage V, is applied when the switch is closed at time t=0. 

 
Figure 9: Circuit representation of a single drive coil of a PEC probe.  

 
Ohm’s law for circuit analysis, given below, is used to describe the relationship between voltage, 

V, current, I, and resistance, R. 
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𝑉! = 𝐼𝑅 2-30 

In a similar form, Ohm’s law for circuit analysis can be modified to describe the relationship 

between current, voltage and inductance, L, as given below.  

𝑉! = 𝐿
𝑑𝐼
𝑑𝑡

 2-31 

Circuit analysis is solved using two main laws. The first is Kirchhoff’s current law (KCL). KCL 

is simply a reformulation of the principle of conservation of electric charge, and states that the 

sum of the currents flowing into a junction must be equal to the sum of the currents flowing out of 

the junction. The second law is Kirchhoff’s voltage law (KVL), which is a reformulation of the 

principle of conservation of energy, and states that the algebraic sum of the voltages around a 

closed loop must be equal to zero.  

Using Equations 2-30 and 2-31 in combination with KVL, the sum of the voltages for the circuit 

in Figure 9 is given by Equation 2-32.  

V − 𝐼𝑅 − 𝐿
𝑑𝐼
𝑑𝑡
= 0 2-32 

Solving the partial differential equation presented in Equation 2-32, the current in the drive coil 

can be determined and is given in Equation 2-33 [15].  

𝐼 𝑡 =
V
𝑅

1 − 𝑒!
!
!!  

2-33 

 

This equation can be rewritten in terms of the relaxation time, 𝜏 = 𝐿/𝑅, and is given below by 

Equation 2-34. The relaxation time describes the time it takes for the response to reach 63% of its 

final current.  
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𝐼 𝑡 =
V
𝑅
1 − 𝑒!!/!  

2-34 

 

This result of a single coil in air excited by a constant voltage that is switched on abruptly at time 

t=0 is shown in Figure 10 where arbitrary values were used for resistance, inductance and voltage.  

 
Figure 10: Analytical representation of the drive coil response when excited by a step function. 

 

2.6.2 Pick-Up Coil Response 

To represent the probe used in this work, a second pick-up coil is added to the model, as shown in 

Figure 11. Pick-up coils have a self-inductance, L2, and a resistance, R2.  

 
Figure 11: Circuit representation of an ECT probe with one transmit and one receive coil. 
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With the addition of the second coil, a mutual inductance, M, is introduced to the system. Mutual 

inductance occurs when two inductors or solenoids are coupled together where a change in 

current in one of the inductors induces a voltage in the second inductor. Now KVL must be 

applied separately to both loops. The current in the drive coil loop is represented on the diagram 

as 𝑖! and the current in the pick-up coil loop is represented as 𝑖!. Equation 2-35 describes the 

transmit coil loop and Equation 2-36 describes the pick-up coil loop. 

V ⋅ 𝑢 𝑡 − 𝑖!𝑅! − 𝐿!
𝑑𝑖!
𝑑𝑡

= 𝑀
𝑑𝑖!
𝑑𝑡

 2-35 

𝐿!
𝑑𝑖!
𝑑𝑡

+ 𝑅𝑖! = 𝑀
𝑑𝑖!
𝑑𝑡

 2-36 

Where u(t) is a unit step function with the form 𝑢 𝑡 < 0 = 0, 𝑢 𝑡 > 0 = 1. Solving Equations 

2-35 and 2-36 yields Equation 2-37.  

𝑖! 𝑡 =
𝑀V 𝑒!!!! − 𝑒!!!!

(𝛼! − 𝛼!)(𝐿!𝐿! −𝑀!)
 2-37 

 Where 𝛼! and 𝛼! are given by Equation 2-38 [61].  

𝛼!,𝛼! =
(𝐿!𝑅! + 𝐿!𝑅!) ± 𝐿!𝑅! + 𝐿!𝑅! ! − 4𝑅!𝑅! 𝐿!𝐿! −𝑀!

2(𝐿!𝐿! −𝑀!)
 2-38 

A plot of Equation 2-37 is shown in Figure 12 where arbitrary values were used for inductance, 

resistance, mutual inductance and voltage. 

Where the peak occurs at 

𝑡!"# =
1

𝛼! − 𝛼!
ln

𝛼!
𝛼!
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Figure 12: Analytical representation of a pick-up coil response when excited by a step function. 

 

With a peak height of  

𝑖!"# =
𝑀𝑉 𝑒!

!!
!!!!!

!" !!
!! − 𝑒!

!!
!!!!!

!" !!
!!

(𝛼! − 𝛼!)(𝐿!𝐿! −𝑀!)
 

These results are derived in Appendix A. 

2.6.3 Response in the Presence of a Sample 

The previous two sections have described the drive coil and pick-up coil responses when both are 

in a dielectric such as air. To further expand this to include the presence of a conducting sample, 

an additional circuit loop is required. However, this neglects the diffusion of electromagnetic 

fields into samples. In this case, solutions incorporating the boundary value conditions for the 

electric and magnetic diffusion problems, given in Equations 2-22 and 2-23, must be determined 

[62]. 
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Figure 13: Relationship between drive coil, pick-up coil and sample. 

 

 Magnetic Circuit 2.7

A magnetic circuit allows magnetic field problems to be solved using electric circuit techniques. 

Magnetic circuits can be applied to ferromagnetic or magnetic materials to explore how the 

magnetic field behaves for complex geometries or otherwise difficult to solve magnetic field 

problems. For applications in SGs, it is desirable to interpret how the presence of magnetite in 

broach support structures will affect pick-up coil responses when analyzing BSPs.  

When analyzing magnetic circuits, emf is analogous to magnetomotive force (mmf) denoted by 

ℱ, and resistance is analogous to reluctance denoted by ℛ. The reluctance is calculated using 

Equation 2-39 [63]. 

ℛ =
𝑙
𝜇𝑆

 2-39 

Where 𝑙 is the mean length of a magnetic core, 𝜇 is the permeability, and 𝑆 is the cross-sectional 

area of a magnetic core, as shown in Figure 14.  
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Figure 14: Magnetic core and coil used to formulate magnetic circuit diagrams. 

 

Current is analogous to magnetic flux, represented by  Φ. Using these magnetic circuit terms, an 

expression analogous to Ohm’s law is obtained, as given in Equation 2-40. 

ℱ = 𝛷ℛ 2-40 

When analyzing a BSP with magnetite obstructing a flow region, the probe acts as the source of 

mmf, while the BSP ligaments and magnetite have some reluctance, as outlined in Figure 15. 

 

Figure 15: Magnetic circuit designed to represent a probe analyzing a broach support plate with 
magnetite obstructing a flow region. 

 
Where ℱ is the mmf produced by the probe, ℛ! is the reluctance of the magnetite in the 

obstructed flow region, ℛ! is the reluctance of the BSP ligaments. 𝛷 is the total flux generated by 

the probe, 𝛷! is the flux in the magnetite, and 𝛷! is the flux in the BSP ligaments. From KCL, 

Equation 2-41 is derived to describe the behaviour of the flux.  

𝛷 = 𝛷! + 𝛷!  2-41 
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From Equation 2-39, the reluctance is inversely proportional to the relative permeability, 

therefore the reluctance of carbon steel ligaments will be low compared to that of the magnetite 

due to the high relative permeability of carbon steel, approximately 100 [45]. Assuming the 

reluctance of the BSP ligaments, cross sectional area of the magnetite and length of magnetite all 

remain roughly constant, a comparison can be made between the response when the BSP is 

unobstructed and fully obstructed by magnetite. 

When no magnetite is obstructing the BSP flow regions, the reluctance can be represented by ℛ 

and the flux passing through the air can be represented by 𝛷. When the flow regions are fully 

obstructed by magnetite, the reluctance will decrease, due to the increase in relative permeability 

from 1 in air to 2 in magnetite [45]. The increase in permeability will decrease the reluctance to 

ℛ!
!

. Assuming the mmf remains constant, the flux in the magnetite will increase to 2𝛷!, due to 

Ohm’s Law. Therefore, when magnetite is present, the probe pick-up coils will sense an increase 

in flux and have a larger response. However, due to the simplifications required to develop this 

circuit model, the response will not be seen as 2x larger when in the presence of magnetite. 

 Derivation of Rapid Relative Permeability Measurement Tool 2.8

A device was developed to rapidly measure the relative permeability of ferromagnetic materials 

having low conductivity, with magnitude around 10!!" S/m, and is described in Section 4.4.2. 

Two solenoids with different diameters were made with a hollow center. The hollow center 

allows cylinders of material with unknown relative permeability to easily be inserted and 

removed. The motivation for this rapid relative permeability measurement tool was to create a 

method to easily and quickly measure material characteristics, without the need to wind a toroid, 

which is a difficult and time consuming process.  
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This technique was specifically developed to measure the relative permeability of magnetite 

samples that were produced in the lab to simulate the magnetite that forms in SGs. It was desired 

to observe how changing relative permeability affected pick-up coil signals.  

The magnetic field is calculated using the Biot-Savart Law, given by Equation 2-42 [15]. 

𝐵 =
𝜇!
4𝜋
  
𝐼𝑑𝒍×𝒓
𝒓 !  2-42 

Where 𝜇! is the permeability of free space, 𝒅𝒍 points along the length of the wire, 𝐼 is the current 

passing through length of wire, and 𝒓 is the displacement vector measured from an arbitrary 

origin, 𝑃. The Biot-Savart Law can be visualized in Figure 16. 

 
Figure 16: Representation of Biot-Savart Law. 

 
For the coils used in this experiment, the length is much greater than the diameter and therefore 

the coil can be approximated as infinite solenoids. Biot-Savart Law for an infinite solenoid with 

uniform relative permeability reduces to Equation 2-43 to give the magnetic field inside a 

solenoid with uniform permeability throughout the length of the solenoid. 

𝐵 = 𝜇𝑛𝐼 2-43 
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Where 𝜇 the permeability is defined as 𝜇 = 𝜇!𝜇!, 𝑛 is the number of turns per unit length, and 𝐼 

is the current in the solenoid. Figure 17 shows a cross-section of the experimental solenoid with a 

core inserted in the hollow center. There is an air gap, or fill factor, between the coil and the core. 

This must be accounted for when calculating the total flux inside the coil.  

 
Figure 17: Cross-section of solenoid and core used to measure relative permeability of magnetite. 

 

Flux in a coil is defined by Equation 2-28. When applied to the inside the core only, the flux is 

given by Equation 2-44.  

𝛷 = 𝜇!𝜇!𝑛𝐼𝑟!!𝜋 2-44 

The flux inside the air gap of the coil is given in Equation 2-45.  

𝛷 = 𝜇!𝑛𝐼 𝑟!! − 𝑟!! 𝜋 2-45 

The flux inside the coil when no core is present is given in Equation 2-46. 

𝛷 = 𝜇!𝑛𝐼𝑟!!𝜋 2-46 

Therefore, Equation 2-47 describes the sum of the flux inside of a coil with a core present.  

𝛷! = 𝜇!𝑛𝐼𝜋[𝜇!𝑟!! + 𝑟!! − 𝑟!! ] 2-47 

Inductance of a coil is given by Equation 2-48 [15].  

𝐿 =
𝑁𝛷
𝐼

 2-48 
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Where N is the total number of turns. Therefore, the inductance of a solenoid with a core is given 

by Equation 2-49. 

𝐿! =
𝑁𝜇!𝑛𝐼𝜋 𝜇!𝑟!! + 𝑟!! − 𝑟!!

𝐼
 2-49 

Where 𝐿! is the total inductance of the coil with the core. This equation can be reduced to 

Equation 2-50, if N is defined as 𝑁 = 𝑛𝑙, where 𝑛 is the number of turns per unit length, and 𝑙 is 

the length of the coil.  

𝐿! = 𝜇!𝑛!𝑙𝜋[𝑟!! 𝜇! − 1 + 𝑟!!] 2-50 

Fill factor, 𝜂, is defined in the eddy Current Handbook as is a measurement of coupling between 

the coil and the sample being observed [30] and is given in Equation 2-51. 

𝜂 =
𝑟!!

𝑟!!
 2-51 

The inductance given in Equation 2-50 reduces to Equation 2-52.  

𝐿! = 𝜇!𝑛!𝑙𝜋𝑟!! 𝜂 𝜇! − 1 + 1  2-52 

Therefore, the permeability can be determined and is given in Equation 2-53. 

𝜇! =
𝐿! − 𝜇!𝑛!𝑙𝜋𝑟!!

𝜂𝜇!𝑛!𝑙𝜋𝑟!!
+ 1 2-53 

Substituting Equation 2-46 as the flux of a solenoid with no core, the inductance of a solenoid is 

given in Equation 2-54.  

𝐿!"# = 𝜇!𝑛!𝑙𝜋𝑟!! 2-54 

Substituting Equation 2-54 into Equation 2-53, an expression for the permeability is given in 

Equation 2-55.  
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𝜇! =
𝐿! − 𝐿!"#
𝜂𝐿!"#

+ 1 2-55 

This derivation is for a very long solenoid, and therefore effects due to length are not considered 

and thus experimentally, a solenoid must have a length much greater than the diameter in order 

for Equation 2-55 to be considered valid.  
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Chapter 3 

Finite Element Method Simulations 

Finite Element Method (FEM) models were created using COMSOL Multiphysics on a dual-quad 

core HP Z800 Workstation with 94 GB of RAM running Windows 7. FEM simulations were used 

to predict and analyze Pulsed Eddy Current (PEC) responses to different degradation mechanisms 

and to observe electromagnetic phenomena that arise when using pulsed excitations. Simulations 

can provide significant insight into electromagnetic phenomena, which allows for greater 

understanding and better interpretation of experimental results.  FEM simulations can also be 

used to observe trends that would be challenging and time consuming to conduct as experiments 

in a laboratory setting.  

 COMSOL Multiphysics 3.1

COMSOL Multiphysics versions 4.4, 5.0 and 5.1 were used to simulate the PEC probe. The 

AC/DC module used in this software is capable of simulating low frequency and transient 

magnetic fields and can be used to model and optimize a proposed design. This module is capable 

of simulating active and passive circuit components, which can be integrated into models 

representing circuit boards used to power the PEC probe.  

FEMs generate solutions by deconstructing a large problem into numerous smaller components, 

called finite elements, as described in Section 1.5. The magnetic field interface is a component of 

the AC/DC module that solves the differential form of Maxwell’s Equations. This is done by 

using boundary and initial conditions that generates a solution for each finite element in an 

iterative process [64]. 



 

 

 

 

38 

In this work, each simulation was computed using two different studies. To model transient eddy 

current problems, the time dependent study was used to provide insight into the behaviour of 

electromagnetic diffusion processes as a function of time. Additionally, the coil current 

calculation study was used to evaluate the current density in a domain that represented the coils as 

a bundle of conducting wires [65]. 

 Geometry 3.2

The probe design was based on the PEC probe design developed by Krause et al. [66] for 

inspection of SG tubes. Their probe included one drive coil, coaxial to the SG tube, and four 

surface pick-up coils mounted with axes perpendicular to the drive coil. Two coils were 

positioned in front of the drive coil and two behind. Each coil pair were mounted 180° apart. 

Their probe configuration was developed to estimate the condition of SG tubes, support plates 

and baffle plates with circular holes, which was achieved by comparing differential signals 

between coil pairs.  

3.2.1 Modified Probe Design 

The PEC probe presented in this work has been modified to include 6 surface pick-up coils 

mounted perpendicular to the drive coil. Three pick-up coils were placed in front of the drive coil 

and three behind at 120° intervals, as shown in Figure 18. Figure 18 (a) shows the FEM 

simulation of the BSP inspection probe. This new probe design has been made to symmetrically 

align the surface riding pick-up coils with the lands of a BSP, as shown in Figure 18 (b). 

Table 2 lists the coil dimensions and parameters. The probe was designed to fit snuggly within a 

5/8” SG tube, with nominal ID of 13.45 ± 0.05 mm, while still having enough clearance for easy 



 

 

 

 

39 

manoeuvrability. The pick-up coils have a resistance of 30 Ω and the drive coil has a resistance of 

7 Ω. 

 
(a) (b)  

Figure 18: (a) six surface pick-up coil probe design and (b) alignment within a trefoil BSP. 

 

Table 2: Probe parameters used for FEM simulations 

Parameter Drive Coil Pick-up Coil 
Coil OD 12.65 mm 5.05 mm 
Coil ID 10.15 mm 2.54 mm 
Coil Height 2.61 mm 1.2 mm 
Number of Turns 128 280 
Wire Gauge  36 44 
Copper Conductivity 6×10! [S/m] 6×10! [S/m] 
Coil Type Numeric Numeric 

 
A number of assumptions were made when completing this model. It was assumed that all pick-

up coils had the same dimensions and properties, such as ID, OD, resistance and inductance. The 

pick-up coils were also assumed to be mounted exactly perpendicular to the drive coil axis and 

4.5 mm from the center of the drive coil. It was also assumed that the SG tube was aligned with 

the axis of the BSP and the probe was centered in the SG tube. 

This design could be modified to include three additional coils in front and three additional coils 

behind the drive coil, for a total of 12 surface pick-up coils with each set of six coils separated by 

60°. Additional coverage could be provided if each set of six coils was offset by 30° with respect 
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to the other set, as shown in Figure 19. The 12 coil probe design would provide additional 

coverage to compensate for the limited in situ control over the probe orientation with respect to 

the support plates. The extra coils would also have the added advantage of providing the double 

symmetry, with coils 180° apart required to inspect other structures such as SG tubes and support 

structure geometries such as quatrefoil broach holes and lattice bar supports. For simplicity, this 

work will only explore a six-coil probe as a proof of concept. 

 
Figure 19: 12 coil probe design. 

 

3.2.2 Broach Support Plates 

The geometry of the BSPs was based on the dimensions provided by Canadian Nuclear 

Laboratories (CNL) and is shown in Appendix B. Due to the three-fold symmetry of the trefoil 

shaped hole, a one-third representation was used to decrease complexity and computation time.  

Two different types of degradation modes were simulated in the BSPs. This was achieved by 

creating several domains where the material was changed to represent the flaw. Domains were 

changed from carbon steel to air to simulate bulk wall loss and from air to magnetite to simulate a 

build-up of magnetite. These different domains are shown in Figure 20, where the red domain 
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indicates magnetite and blue domains represent wall loss. This technique was used to prevent 

meshing errors that occur when the geometry is modified. 

 
Figure 20: One-third model generated to simulate wall loss in the presence of magnetite. 

 
Bulk wall loss domains were created to simulate 0% to 100% wall loss, increasing by increments 

of 20% of the initial wall thickness. Table 3 summarizes the remaining wall thickness for each 

percentage of simulated wall loss.  

Table 3: Simulated wall thickness for increasing wall loss. 

Wall Loss [%] Remaining Wall Thickness [mm] 
0 2.77 

20 2.23 
40 1.68 
60 1.12 
80 0.57 

100 0.00 

 
To reduce the complexity of the simulations, a number of assumptions were made about BSP 

degradation modes. It was assumed that wall loss in the ligaments was rounded and followed the 

shape of the trefoil hole. This assumption was made to allow the flaw domains to be evenly 

distributed within the BSP ligament, creating a uniform mesh. Additionally, it was assumed that 

the wall loss was consistent from the top of the BSP to the bottom and no taper was present. This 

assumption was made to reduce the complexity of the simulations. 
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The simulated magnetite was assumed to completely fill each flow region as well as the space 

between the SG tube and the BSP land. Magnetite was completely flat and flush with the top and 

bottom of the BSP. These assumptions were made to reduce the complexity of the simulations 

and to create a problem that could easily be replicated in an experiment.  

 Material Properties 3.3

Several materials were used to simulate the probe, BSPs and BSP degradation. The coils were 

simulated as copper, while the BSP was simulated as A516 carbon steel. Three different 

magnetite samples were explored, each with relative permeability of 1.9, 2.3 and 2.7, 

respectively. Material characteristics for each of the materials are described in Appendix C. It was 

assumed that all materials were linear, homogeneous and isotropic.  

 Model Setup 3.4

Two different model setups were used to explore the effects of the PEC probe on carbon steel 

BSP. The first was used to examine short time simulations, which was necessary for observing 

effects on peak height and signal shape. The second was used for longer transient decay times, 

which was required for wall loss measurements. All simulations used a square pulse excitation 

with a rise time of 5  ×10!! ms, selected to match the experimentally measured rise time when no 

load was present as described in Section 4.2 

3.4.1 Short Time Simulations 

Short time simulations ran from 0 to 0.5 ms in 1  ×  10!! ms increments with a pulse height of 2.5 

V. These simulations were primarily used to observe the peak height and shape of pick-up 

signals. A high density of points at early times of the pick-up coil response was required to 

interpret peak height and rise time, while sampling interval was larger when measuring the decay 
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of the pick-up coil response at later times. These simulations typically took approximately 2 hours 

to complete. 

A circuit was added to the simulations to model the actual experimental amplifier circuit 

connected to the probe, which had a measured input impedance of 54 Ω. Each pick-up coil had a 

54 Ω resistor connected in series. The drive coil was connected in series to a 0.3 Ω resistor, which 

was used to represent the output impedance of the pulse circuit. These resistances were selected to 

match the experimental values presented in Section 4.2. 

3.4.2 Long Time Simulations 

Long time simulations do not require a high density of results at early times, which were needed 

for short time simulations.  Instead, a lower density of points over a large time range was required 

to observe the long transient decay times. Each simulation ran from 0 to 2.5 ms in 1  ×  10!! ms 

increments with a pulse height of 9 V. These simulations took approximately 4 hours to complete. 

No circuit representation was used in the long time simulations as the addition of the amplifier 

circuit resulted in a number of instabilities in the simulations, producing pick-up coil signals that 

contained corrupted information that resembles experimental noise.   

 FEM Modeling Results 3.5

The following section presents FEM modeling results that are illustrative of the electromagnetic 

processes to be experimentally measured. The simulations presented will be used to clarify FEM 

results that will be presented with experimental measurements in Chapter 5. 

3.5.1 Effects due to Wall Loss 

The behaviour of the flux density as the wall loss was increased was explored using two FEM 

simulations of the PEC probe in a BSP. The first contained no flaws and the second had 40% wall 
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loss on the far side of each BSP land. The magnetic flux density is compared between a BSP with 

no wall loss, shown in Figure 21 (a) and 40% wall loss, shown in Figure 21 (b). 

 

(a)  (b)  
Figure 21: Simulations of magnetic flux density at 10 ms generated from the PEC probe in an (a) 

unflawed BSP and a (b) BSP with a 40% flaw. 

 
The flux density appears to be more concentrated in the BSP land with higher wall loss. To better 

observe these effects, a profile of the flux density through the BSP land can be generated. Figure 

22 (a) shows the location of a cut line, indicated by a black dashed line and Figure 22 (b) shows 

the profile of the norm of the magnetic flux following the cut line. The solid blue line shows the 

flux density for no wall loss and the dashed red line indicates the flux density for 40% wall loss. 

It can be observed in Figure 22 (b) that the magnetic flux was increased when the wall loss was 

increased. This is described by Equation 2-9, given as 𝛻 ⋅ 𝑩 = 0 and states that flux lines are 

closed loops. The amount of flux generated by the PEC probe remains constant, however the 

volume of the BSP land is reduced causing a higher concentration of flux in the thinner walls.  
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(a)  (b) 

Figure 22: (a) Simulated PEC probe inside a SG tube and a BSP showing dashed cut line used to 
generate (b) magnetic flux profile at 10 ms for no wall loss (solid blue) and 40% wall loss (dashed 

red). 

 

The PEC responses to higher wall loss can be described using the equation for the diffusion time 

given by Equation 2-25, which states 𝜏!~𝜇𝜎ℓ𝓁!. While it is assumed the 𝜇𝜎 product remains 

constant for no wall loss and 40% wall loss, the characteristic length of the system will decrease. 

If the characteristic length decreases, according to Equation 2-25, the diffusion time will decrease. 

3.5.2 Effects due to Magnetite 

Modeling the effects of magnetite on PEC pick-up coil responses can help identify parameters 

that could be used to detect and characterize magnetite at BSPs. Existing inspection methods 

struggle at identifying flaws in the presence of magnetite. Determining the PEC probe’s ability to 

perform inspections when magnetite is present will contribute to its evaluation for 

implementation as a SG inspection tool.  

FEM simulations were used to observe the behaviour of the magnetic flux density in air and in 

magnetite. Figure 23 shows a surface plot of the magnetic flux density at the end of the pulse. 

Cut Line 
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Figure 23 (a) shows the magnetic flux density when the flow regions are unobstructed and Figure 

23 (b) shows the magnetic flux density when the flow regions are completely obstructed by 

magnetite with a relative permeability of 1.9, which is the relative permeability of the sample 

magnetite used in this thesis that most closely matches the relative permeability (~2) of magnetite 

that appears in reactors [67]. 

 

Figure 23: Simulated magnetic flux density at 2.5 ms in (a) unobstructed and (b) fully obstructed flow 
regions in broach support plates. 

 
There are few noticeable differences between the two surface plots. In Figure 23 (b), a decrease in 

flux can be seen at the boundary between the SG tube and the magnetite. However, the flux in the 

BSP lands and at the center of the drive coil appears to be identical. To quantify these 

observations, the flux density profile can be examined, as shown in Figure 24. Figure 24 (a) 

shows the cut line through the flow region as indicated by a black dashed line. Figure 24 (b) 

shows the magnetic flux density along the cutline, where the solid blue line shows unobstructed 

flow regions and the dashed red line shows flow regions fully obstructed by magnetite with a 

relative permeability of 1.9. 
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(a) (b) 

Figure 24: (a) Dashed line indicating cut line used to generate (b) the magnetic flux density profile at 
2.5 ms when flow regions are unobstructed (solid blue) and obstructed by magnetite (dashed red). 

 
As observed in Figure 24, the flux is somewhat decreased in the SG tube and increases once 

entering the magnetite when the flow regions are fully obstructed. When the flow regions are 

unobstructed, the magnetic flux appears to reduce gradually through the SG tube and flow region.  

This effect can be described using a magnetic circuit. The reluctance, given by Equation 2-39, 

ℛ = ℓ𝓁
!"

, decreases as the permeability increases. The modified form of Ohm’s Law, given by 

Equation 2-40 as ℱ = Φℛ, states that if the total mmf remains constant, the flux in the magnetite 

will be larger than the flux in air. As described in Section 2.7, the magnetite provides a path with 

lower reluctance when compared to the SG tube or air. Therefore, the flux in the SG tube is 

reduced since the total amount of flux remains constant.  

Effects of magnetite on the flux density in the BSP lands can be observed, as shown in Figure 25. 

Figure 25 (a) shows the cut line that crosses through the BSP ligaments and Figure 25 (b) shows 

the magnetic flux density profile when no magnetite is present, indicated by the solid blue line, 
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and when the flow regions are completely obstructed by magnetite with a relative permeability of 

1.9, represented by the dashed red line.  

 
(a)  (b) 

Figure 25: a) Dashed line indicating cut line used to generate (b) the magnetic flux density profile at 
2.5 ms when flow regions are unobstructed (solid blue) and obstructed by magnetite (dashed red). 

 
It can be seen that the magnetic flux density in the BSP ligament is slightly larger when the flow 

regions are obstructed by magnetite. This effect can be explained using a magnetic circuit and is 

described in Section 2.7. Since the magnetite provides a path with lower reluctance when 

compared to air, the magnetite slightly enhances the flux in the BSP. 

3.5.3 Effects due to Wall Loss in the Presence of Magnetite 

Effects on magnetic flux density due to wall loss in the presence of magnetite were explored 

using FEM simulations. Figure 26 shows these effects in a BSP with 40% wall loss on the far side 

of each of the lands. Figure 26 (a) indicates the flux density when the flow regions are 

unobstructed and Figure 26 (b) shows flow regions completely obstructed by magnetite with a 

relative permeability of 1.9 to represent the magnetite that appears in SGs.  
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(a)                          (b) 

Figure 26: FEM simulations showing the magnetic flux density at 10 ms in a BSP with a 40% flaw 
with the flow regions were (a) unobstructed by magnetite and (b) completely obstructed by 

magnetite. 

 

From these figures, it is not clear how the magnetic flux density is changing in the BSP land in 

the presence of magnetite. A discontinuity can be seen in Figure 26 (b) at the boundary of the SG 

tube and magnetite, similar to that seen in Figure 23 (b). To quantify the results and better 

observe the effects of magnetite on the flux in the BSP land with wall loss, a magnetic flux 

density profile can be examined, as shown in Figure 27. Figure 27 (a) shows the location of the 

cut line, represented by a black dashed line, used to observe the flux density. Figure 27 (b) shows 

the magnetic flux density, when the flow regions are unobstructed (shown by a solid blue line) 

and when the flow regions are fully obstructed by magnetite with a relative permeability of 1.9 

and the far side of the lands experience 40% wall loss (as indicated by a dashed red line).  

The figure shows that while the magnetite does have an effect on the flux density in the BSP land, 

the effect is quite minimal. Comparing this result to the flux density shown in Figure 22 (b), it can 

be concluded that wall loss has a larger effect on magnetic flux density in the BSP ligaments than 
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the effect of magnetite. Additionally, by comparing Figure 25 (b) and Figure 27 (b) it can be seen 

that the presence of magnetite has a minimally larger effect on the magnetic flux density when no 

wall loss is present. 

 
(a) (b) 

Figure 27: (a) Dashed line indicating cut line used to generate (b) the magnetic flux density profile at 
10 ms when flow regions are unobstructed (solid blue) and obstructed by magnetite (dashed red) in 

the presence of 40% wall loss on the far side of the BSP lands. 

 

 Completely Eroded Land Simulations 3.6

The FEM simulations rely on three-fold symmetry in order to reduce the complexity of the 

simulations, decreasing computation time and usage. However, this assumption may not hold true 

for the 100% through wall flaw. Figure 28 shows the full model used to investigate effects of 

completely eroded lands. Figure 28 (a) shows what the one-third model is simulating. If the 

model were expanded, all three lands would be completely eroded away. Experimentally, only 

one land is completely removed, which is shown in the FEM representation in Figure 28 (b). 
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(a) (b) 

Figure 28: (a) Full model representation of through wall flaw expanded from one-third model and (b) 
full model with only one flaw present.  

 
There is a very large difference between the two FEM simulations presented above. To observe 

the effects of complete wall loss on all three lands, Figure 29 compares pick-up coil responses for 

the three different simulations. The full model simulations each took approximately 18 hours to 

complete. The full model with all three lands completely removed is shown by a dashed red line 

and full model with one land completely removed is shown by a dotted green line. The one-third 

model took about 2 hours to complete and is shown by a solid blue line. These results were 

displayed on a time scale of 0.5 ms to 1 ms. 

The one-third model and the full model with three flaws are similar, only diverging near the end 

of the signal. However, the full model with one flaw is quite different from the other two 

simulations.  
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Figure 29: Comparison of three different simulated pick-up coil responses when pick-up coils were 
aligned with the center of the lands. 

 

Differences between the simulation with three flaws and the simulation with one flaw are 

attributed to the inability for the eddy currents to flow in closed loops within the BSP as readily. 

Additionally, magnetization of the BSP is not as easily achieved when all three lands are 

removed, due to the large lift-off between the lands and the SG tube. Additionally, when only one 

land is removed, the flux is shifted to a location with higher permeability, due to the lowered 

reluctance where the carbon steel is present (see Figure 28 b). This creates a path of lower 

reluctance when compared to the path required when all three lands are removed (See 

Figure 28 a).  

For this work, the full model with one flaw presented above will be used to represent 100% wall 

loss and not the one-third model. All other wall loss flaws will be simulated using a one-third 

model to reduce computation time and complexity.  
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Chapter 4 

Experimental Technique 

 Probe Design 4.1

 The experimental probe designed, fabricated and tested by the author is shown in Figure 30.  

 
Figure 30: Experimental probe. 

 

The driving coil has 128 turns of 36 AWG copper wire wound around a probe head. The drive 

coil has an inner diameter (ID) of 10.15 ± 0.05 mm, an outer diameter (OD) of 12.65 ± 0.05 mm 

and a height of 2.61 ± 0.05 mm. These dimensions were chosen to allow the probe to fit snugly 

inside the SG tube, which has a nominal ID of 13.45 mm, while still allowing enough clearance 

for easy manoeuvrability.  

The six surface pick-up coils each having 280 turns of 44 AWG copper wire are housed within 

insets machined into the probe body, designed to center and secure the coils. The center-to-center 

distance between the drive coil and pick-up coils is 4.7 mm. Pick-up coils have an ID of 

2.54 ± 0.05 mm, an OD of 5.05 ± 0.05 mm and a height of 1.20 ± 0.05 mm. All dimensions are 

identical to the FEM probe dimensions outlined in Section 3.2.1. 
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Probe coil information is provided in Table 4. Simulated results measured a resistance of 7 Ω and 

inductance of 230 µH for the drive coil, while the pick-up coils had simulated resistances of 30 Ω 

and 285 µH. 

Table 4: Pulsed eddy current probe coil parameters 

Parameter Driving Coil 
Pick-up Coils 

1 2 3 4 5 6 
Resistance [Ω] ± 0.1 7.4 31.0 31.6 31.8 32.1 32.4 32.2 

Inductance [µH] ± 0.2 232.2 236.7 268.7 295.6 268.9 283.7 281.7 

 

The probe head was 3D printed using ABS plastic and has an OD of 13.21 ± 0.05 mm and a 

length of 25.40 ± 0.05 mm. Each set of pick-up coils, the three in front of the drive coil and the 

three behind the drive coil, were matched to have similar resistances in order to have greater 

sensitivity to relative differences in wall loss and tube location within the BSP.   

 Measurement Equipment 4.2

Shielded twisted pairs connected the probe to a National Instruments (NI) 6356 USB Data 

Acquisition (DAQ) board. The DAQ was connected to a computer running a Labview program, 

which was used to modify the pulse parameters. The probe was excited either by a 2V square 

pulse 0.5 ms in duration or by a 9V square pulse 4 ms in duration. The shorter pulse was used for 

observing signal peak heights and shape, while wall loss measurements required a longer pulse 

width. Each square pulse had a rise time of 5  ×10!! ms. Figure 31 shows a typical square pulse 

excitation used for PEC testing and the corresponding drive and pick-up coil responses. 
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(a)  (b)        (c) 

 

Figure 31: (a) Square pulse excitation used for PEC testing and (b) corresponding drive coil response 
and (c) pick-up coil response. 

 

Pick-up coil responses were amplified via a custom-built amplification circuit, which supplied 

10 000 x gain. Two amplifier stages were required, each having 100 x gain, using AD620 

instrumentation amplifier chips. The input impedance of the amplifier circuit was measured to be 

54 Ω. These amplified signals were digitized using the NI6356 USB DAQ with a 500 kHz 

sampling rate and read by the same Labview program used to generate the pulse excitation. For 

each experiment, ten measurements were taken and averaged over each time step to produce a 

more reliable signal.  

 Broach Support Plate Samples 4.3

Four test pieces simulating BSPs were machined based on dimensions of trefoil broach holes 

provided by Canadian Nuclear Laboratories (CNL)(see Appendix A). Each sample was 

water-jetted out of a 1” thick ferromagnetic A516 Carbon Steel plate. Seven trefoil broach holes 

were included in each sample, one at the center and six surrounding it, as shown in Figure 32. A 

5/8” Alloy-800 SG tube was inserted in the center hole, fully surrounded by BSP ligaments. The 

material properties of Alloy-800 and A516 carbon steel are summarized in Appendix C. 

Three of the four BSP samples had flaws machined into the ligaments, to simulate varying 

amounts of wall loss on the far side of the lands, as seen in Figure 32. Wall loss was increased by 
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20%, varying from 0-100%. The 80% wall loss flaw was machined to have only 75% wall loss 

due to difficulties in machining such thin walled samples. A summary of the wall thicknesses of 

each BSP ligament is summarized in Table 5. The values presented are the average wall thickness 

across the land. 

 
Figure 32: Sample broach support plates with varying amounts of simulated wall loss.  

 

Table 5: Summary of simulated flaws in BSP ligaments 

Wall Loss [%] Wall Thickness [mm] ± 0.02 
0 2.79 

20 2.29 
40 1.65 
60 1.25 
75 0.66 

100 0.00 

 

The 60% wall loss flaw was machined with a slight taper. The taper was measured to be 1.02 ± 

0.02 mm at the top of the BSP and 1.30 ± 0.02 mm at the bottom. 

 Magnetite Samples 4.4

Magnetite sludge has a shielding effect on conventional eddy current measurements, as is seen 

experimentally [2-5] and as described in Section 2.7 of this work. Effects of magnetite on PEC 

systems have not been thoroughly investigated. Magnetite samples have therefore been fabricated 
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in order to simulate in-reactor sludge that can accumulate on BSPs and obstruct flow regions and 

to investigate the effect magnetite has on PEC signals.  

4.4.1 Sample Magnetite 

Sample magnetite sludge was made using a mixture of hard wax and Fe3O4 powder. The Fe3O4 

powder was provided by CNL. The wax was melted on a hot plate and the ferrite powder was 

slowly incorporated into the hot wax. Once combined, the molten wax mixture was poured into 

metal or silicone moulds and allowed to cool.  

A silicone mould was made to create removable magnetite plugs, providing a method to easily 

and quickly add or remove magnetite from flawed BSPs. Figure 33 (a) shows a removable 

magnetite plug and Figure 33 (b) shows a sample BSP with one flow region obstructed by 

magnetite plugs.  

 

 

(a) (b) 

Figure 33: (a) Simulated magnetite plug used to (b) obstruct flow regions in broach support plates. 

 

Three different batches of magnetite were created, where the relative permeability was varied. 

The ratio of ferrite to wax was increased to create a higher permeability magnetite sample. Table 

6 gives a summary of the composition of each magnetite batch.  
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Table 6: Sample Magnetite Sludge Composition 

Wax [g] Ferrite Powder [g] Ratio Wax:Ferrite Relative Permeability 
47 ± 1 99 ± 1 1:2.1 1.9 ± 0.2 

19.78 ± 0.01 54.63 ± 0.01 1:2.8 2.3 ± 0.2 
13.50 ± 0.01 45.80 ± 0.01 1:3.4 2.7 ± 0.2 

4.4.2 Rapid Relative Permeability Measurement Technique 

As discussed in Section 2.8, a measurement technique was developed to rapidly measure the 

relative permeability of ferrous, non-conducting materials, such as sample magnetite sludge. Two 

solenoids were wound onto plastic formers with hollow centers, as shown in Figure 34. A 

cylinder of the material being analyzed could be machined and placed inside the solenoid. Using 

the coil inductances and geometry, the relative permeability can be calculated. This method was 

designed to remove the necessity for a toroid to accurately measure relative permeability [15], 

which is a difficult and time consuming process.  

 
Figure 34: Solenoids built to measure relative permeability of sample magnetite sludge. 

 

The two solenoids were wound using 36 AWG wire. Two different sized solenoids (6.6 mm and 

8.2 mm average coil diameter) were made to compare results and to accommodate different 

diameter materials. The dimensions of the solenoids are given in Table 7. 

Table 7: Relative Permeability Solenoid Parameters 

Coil ID [mm] OD [mm] Length [mm] Turns 
1 7.980 ± 0.005 8.500 ± 0.005 33.0 ± 0.5 430 ± 1 
2 6.060 ± 0.005 7.220 ± 0.005 27.0 ± 0.5 356 ± 1 
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Equation 4-1 was derived to measure the relative permeability. The derivation of this expression 

is contained in Section 2.8.  

𝜇! =
𝐿! − 𝐿!"#
𝜂𝐿!"#

+ 1 4-1 

Where 𝜇! is the relative permeability, 𝐿! is the inductance of the coil with a magnetite core, 𝐿!"# 

is the inductance of the coil with no core and 𝜂 is a constant, given in Equation 4-2 [30]. 

𝜂 =   
𝑟!!

𝑟!!
 4-2 

Where 𝑟!is the ferrite core diameter, and 𝑟! is the average coil diameter. Equation 4-1 is given for 

a very long solenoid, where the length is much greater than the diameter.  

Measured values for relative permeability of magnetite samples were found to agree within error 

when using a long solenoid and a toroid. The toroid measured a relative permeability of 2.7 ± 0.1 

for the strong magnetite and the solenoid technique measured a relative permeability of 2.6 ± 0.2 

[68]. Given the similarities in the measurements, the solenoid technique can be considered a valid 

and more rapid alternative to measuring relative permeability of non-conducting materials, such 

as the sample magnetite made in laboratory. 

 Measurement Technique 4.5

Probe alignment with respect to the BSP land has a significant effect on the pick-up coil response. 

This effect is exhibited in Figure 35, where a BSP land was analyzed and the probe was rotated 

±60° away from center on either side in 15° increments. The pick-up coil response was integrated 

over a range of 0.5 ms to 2.5 ms and is used to compare the signal at different alignment angles. 

This technique is done to suppress noise in the signal and to generate a more robust technique to 

compare pick-up coil signals. This is further discussed in Section 5.2.  
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Figure 35: Effects of probe alignment on pick-up coil response when analyzing a broach support 

plate ligament. 

 

This alignment effect is difficult to avoid when analyzing BSPs in reactor, however it can be 

avoided if the probe is modified to include additional pick-up coils, as outlined in Section 4.1. To 

avoid these effects in lab and to produce repeatable results, an alignment tool was designed, 

fabricated and employed. 

The manufactured alignment tool, shown in Figure 36, has two components. The first is a circular 

aluminum piece that was fixed to the end of the SG tube with notches every 30°, as shown in 

Figure 36 (a). The second is a circular aluminum piece, with an OD slightly smaller than the OD 

of the SG tube alignment tool, with notches every 5°. This piece attaches to the end of the PEC 

probe, as shown in Figure 36 (b).  
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 (a) (b) 

Figure 36: Alignment tool used to determine probe angle. (a) Probe portion (b) SG tube portion. 

 

The probe alignment tool fits snugly inside the SG tube alignment tool and can freely rotate. 

When the probe is inserted into the SG tube, the notches can be aligned to determine the angle the 

probe makes with the BSP lands to within 3° of accuracy. Figure 37 shows the probe-tube 

alignment tool inserted in the SG tube and SG tube alignment tool.  

 
Figure 37: Probe alignment tool while probe is inserted inside the SG tube. 

 

 Signal Processing 4.6

It is not necessary to analyze the entire signal collected from the pick-up coils in order to 

accurately interpret the data. Gating the signal in particular areas can provide a faster and simpler 

method for data manipulation by reducing the volume of information.  
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Figure 31 shows a typical pick-up coil signal collected from a PEC system. Each peak is 

associated with the rise or fall of the square pulse excitation. Only one of the peaks is required for 

data analysis. For the experiments conducted in this thesis, the peak that arises due to the fall of 

the square pulse excitation is typically used, which typically exhibited less noise when compared 

to the front excitation.   
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Chapter 5 

Results and Discussion 

The effects on PEC probe responses due to a number of degradation modes that occur in typical 

CANDU® SG BSPs were explored. Responses from wall loss on the far side of the land, build-up 

of magnetite in flow regions, measurement of wall loss in the presence of magnetite and near side 

lift-off from the BSP land were investigated. Determining the capability of the PEC probe to 

detect and characterize the severity of these degradation modes can provide impetus for the case 

to use this technique for inspections of SG BSPs. This chapter presents and compares the results 

obtained from FEM simulations and experiment as well as providing a discussion of the results.  

 Preliminary Validation 5.1

FEM simulations are useful for providing insight into the underlying physics that occur in a 

complex problem. FEM simulations are also helpful for predicting results that are otherwise 

difficult to produce in a laboratory setting. For FEMs to be used as predictive tools, validation 

against experimental or analytical results is required in order to ensure confidence that 

simulations are producing the correct outputs.  

The PEC probe designed for inspection of BSPs was simulated in air first. The pick-up coil 

response was validated against experimental responses generated in air, as well as the analytical 

response outlined in Section 2.6.2. This provides validation for a simplified model, which 

promotes confidence in more complex simulations. The pick-up coil responses are presented in 

Figure 38. 
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Figure 38: Comparison of FEM simulations and analytical models for pick-up coil responses in air.  

 

Excellent agreement can be observed between each of the experimental and modeled responses. 

To quantify the agreement between the different signals, the peak heights and decay constants, 𝜏! 

and 𝜏!, are compared and are summarized in Table 8. The decay constants are determined from 

Equation 2-37, where 𝜏 = 1/𝛼. Uncertainties were determined using Microsoft Excel’s standard 

deviation function. 

Table 8: Summary of peak height and decay constant for each method used to validate pick-up coil 
response. 

Method Peak Height [V] 𝝉𝟏 𝝉𝟐 
Experimental 5.58 ± 0.02 3.32  ×  10!! ± 0.05 2.97  ×  10!! ± 0.05 
FEM 5.58 ± 0.01 3.32  ×  10!! ± 0.05 2.96  ×  10!! ± 0.05 
Analytical Model 5.58 3.32  ×  10!! 2.97  ×  10!! 
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The peak heights and the decay constants are all in excellent agreement and therefore, the PEC 

probe FEM simulations have been validated against experiment results and the analytical model 

for the PEC probe in air. 

 Effects of Wall Loss 5.2

Effects on pick-up coil responses due to wall loss on the far side of BSP ligaments were 

investigated. Figure 39 shows a comparison of the simulated (a) and experimental (b) pick-up coil 

responses as displayed on a semi-logarithmic scale for progressively increasing percentage of 

wall loss. The time scale spans from 0.5 ms to 2.5 ms and the voltage scale spans from 0.03 V to 

1 V. Data at greater times exhibited poor signal-to-noise and therefore, were not included.   

The simulated amplitude response was scaled to the experimental no wall loss signal and this 

scaling factor was applied to all other simulated FEM model results. A time shift of 0.25 ms was 

added to the simulated results to account for the time shift in the experimental data, and a scaling 

factor of 34 000 was applied to the amplitude. The simulated results are collected as a current, 

and the scaling factor is accounting for the resistance and gain of the amplifier circuit. 

Additionally, as discussed in Section 3.6, the simulated pick-up coil response due to 100% wall 

loss was modelled using a full model with one land completely removed, while all other flaws 

were represented using a one-third model to reduce computation time and complexity. 

The responses were fit from 0.03 V to 1 V with an empirical power law line of best fit, with the 

form 

𝑉 = 𝐴𝑡!!,      5-1 

where V is either the simulated or measured voltage response, t is time, A is a best fit power law 

coefficient and b is the best fit power law exponent.  Although the theory suggests that a sum of 
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exponential terms might be most appropriate for the pick-up coil response, as in derived in 

Section 2.6.2, the complexity of the BSP geometry makes it unlikely that an analytical solution 

may be easily obtained.  In this case, a power law fit was found to provide a good representation 

of the data with R-squared coefficients much higher than other tested functions.  

  
(a) (b) 

Figure 39: Comparison of (a) FEM and (b) experimental results when analyzing increasing wall 
thickness in carbon steel BSPs. 

Both sets of results show that as the percentage of wall loss increased, the diffusion time of the 

pick-up coil response decreased. This may be explained using Equation 2-25, which states that 

𝜏!~𝜇𝜎ℓ𝓁!. As the wall loss increases, the ℓ𝓁 term, which is associated with a characteristic length 

of the system, decreases. In this case, the characteristic length is associated with the ligament 

thickness. As wall loss is increased, the characteristic length decreases, leading to an expected 

decrease in the characteristic diffusion time.  

The power law coefficient, exponent and R-squared value can be determined using Microsoft 

Excel 2010’s LINEST function [69]. The results are presented in Table 9. 
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Table 9: Comparison of the power law coefficient and fitting function extracted from the diffusion 
time of FEM simulated and experimental pick-up coil responses when analyzing increasing wall 

thickness.  

Wall Loss 
[%] 

Power Law Coefficient [A.U.] Power Law Exponent [A.U.] Fit (R2) ±  0.001 
FEM EXP FEM EXP FEM EXP 

0 0.27 ± 0.01 0.25 ± 0.02 2.63 ± 0.03 2.10 ±	  0.03 0.991 0.992 
20 0.24 ± 0.01 0.20 ± 0.01 2.98 ± 0.03 2.58 ±	  0.03 0.998 0.997 
40 0.17 ± 0.01 0.18 ± 0.02 3.58 ± 0.03 3.36 ±	  0.05 0.999 0.996 
60 0.08 ± 0.03 0.10 ± 0.02 4.0 ± 0.1 4.15 ±	  0.08 0.981 0.996 
75 0.03 ± 0.008 0.04 ± 0.01 4.4 ± 0.3 4.3 ±	  0.4 0.967 0.863 

100 9×10!! ± 2 7×10!!" ± 1 22 ± 3 61 ±	  3 0.887 0.965 
 

In comparing the power law coefficients, there is good agreement within the limits of uncertainty 

between the FEM and experimental results. At higher wall loss, such as 75% and 100% wall loss, 

the R-squared value is decreased. This is attributed to the increased noise in the pick-up coil 

signal. Additionally, the decrease in R-squared values at higher wall loss could suggest the power 

law best fit does not as accurately describe the response as an exponential term. Figure 40 

visualizes the simulated and experimental power law coefficient. The simulated results are 

represented by blue squares fit with a solid blue polynomial line of best fit and red circles 

represent experimental results fit with a dashed red polynomial line of best fit.  

Agreement within uncertainty can be seen between the simulated and experimental results for all 

amounts of wall loss excluding the 20% wall loss and 100% wall loss cases. Some of the 

discrepancy in the measurements may be in part due to systematic errors in the experiment. By 

taking each measurement 10 times and averaging, significant error may be reduced. However 

slight off centering of the SG tube within the BSP may cause variations due to changes in lift-off, 

the effects of which will be discussed in Section 5.2.1 below. Additionally, angular displacements 

may have occurred, causing a decrease in signal, which was previously outlined in Section 4.5.  
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Figure 40: Comparison of FEM simulated and experimental power law coefficients and showing a 

polynomial line of best fit. 

 

Some of the major sources of experimental uncertainty arise due to the highly sensitive 

equipment being used. Environmental noise, such as power frequency noise from the lights and 

heating systems, generate noise in the signals. Typically this noise would be unnoticed, however 

when the signal is amplified 10 000x, the signal noise is amplified as well. Effects due to 

temperature changes of the lab may also contribute to some sources of uncertainty [46].  

More specific sources of uncertainty include the machined geometry of the 60% wall loss flaw, 

the position of the SG tube within the BSP and the angular position of the PEC probe. The 60% 

wall loss flaw was machined with a taper, where one side experienced more wall loss than the 

other side. This modified the pick-up coil response. Additionally, there is a maximum air gap of 

approximately 0.6 mm between the tube and BSP. This gap can permits the SG tube to be slightly 

misaligned, which was shown in Section 5.2.1 to have an effect on the power law coefficient. The 
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alignment tool, presented in Section 4.5, was designed to align the PEC probe’s pick-up coils 

with the BSP lands and is accurate to 5°. However the tool must be aligned perfectly with the 

BSP lands and there can be some angular displacements that will have an effect on the results, as 

outlined in Section 4.5. 

Table 9 also gives a comparison of the simulated and experimental power law exponents. These 

values were extracted from the power law line of best fit of the pick-up coil responses in the 

presence of increasing wall loss.  

The 60% and 75% wall loss exponents were found to agree within one standard deviation. All 

other exponents do not agree. Figure 41 shows the power law exponents form the best fits to FEM 

model and experimental results. The simulated results are represented by blue squares fit with a 

solid blue line while red circles represent the experimental results fit with a dashed red line. The 

100% wall loss power law exponents are not included due to the increase in amplitude of 

approximately 10 times.  

While all the results do not agree within uncertainty, both the FEM and experiment exhibit a 

strong linear trend. The largest discrepancy is seen at high wall loss, which has a difference of 

approximately 6%. This discrepancy is attributed to the long-time simulations neglecting to 

include the circuit. The pick-up coil response is dependent on the total resistance of the system, 

which includes the probe and the amplifier circuit, and removing the circuit has an effect on the 

long transient decay times. Further sources of discrepancy are caused from meshing errors, which 

is discussed in Section 5.5. 
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Figure 41: Comparison of FEM simulated and experimental power law exponents with linear best fit.  

 

Determining the power law coefficient or power law exponent of the power law line of best fit 

could be used as a technique to characterize the size of the wall loss on the far side of the land. 

For unknown wall loss in the BSP land, the coefficient and exponent could be extracted from the 

pick-up coil response and compared to the results of known wall loss. However, due to the effect 

of lift-off on the coefficient, presented below in Section 5.2.1, and the large effect of noise on the 

experimental data, another technique was developed to characterize the percentage of wall loss in 

the BSP ligaments.  

An integration of the pick-up coil signal can be used to determine the wall loss. By performing 

the integration, the majority of the noise that occurs in the experimental results at lower signal 

amplitudes is suppressed. Combining integration with the power law coefficient and exponent 

could provide a technique to characterize the wall loss on the far side of BSP ligaments.   
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Table 10 shows the integration values for the pick-up coil response from 0.5 ms to 2.5 ms in 

0.001 ms intervals. Integrations were taken over the range where there was reduced noise in the 

signal. Uncertainty in the experimental results was calculated using the variance of the standard 

deviation of the mean [70].   

Table 10: Integration values determined from simulated and experimental pick-up coil responses 
when analyzing increasing wall thickness. 

Wall Loss [%] 
Integration [𝑽 ⋅ 𝒔] 

FEM Experiment 
0 345 345.3 ± 0.2 

20 327 299.2 ± 0.2 
40 297 273.4 ± 0.2 
60 243 258.5 ±0.2 
75 153 162.7 ± 0.4 

100 86 74.7 ± 0.2 

 

It can be seen that the FEM and experimental results do not agree within the limits of uncertainty. 

However, the trend in both sets of results shown in Figure 42 demonstrates a good match with the 

integration value decreasing as the amount of wall loss increases. FEM results are represented by 

blue squares fit with a solid blue quadratic line of best fit. Experimental results are represented by 

red squares fit with a dashed red quadratic line of best fit.  

It can be seen that there is good agreement between the simulated and experimental result fits. In 

the FEM simulated results, the 75% wall loss result does not appear to lie along the line of best 

fit. This is attributed to the difficulty in simulating large amounts of wall loss. The FEM mesh is 

quite even through each flaw domain, except the final domain. This is somewhat difficult to avoid 

due to the geometry of the BSP ligaments.  

The 60% wall loss integration of the experimental results does not align with the line of best fit. 

This is attributed to the geometry of the machined flaw. While most flaws were machined to be 
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consistent along the length, the 60% wall loss flaw was machined with a slight taper, as discussed 

in Section 4.3. This suggests that the integration is sensitive to both wall loss, and the geometry of 

the flaw.  

 
Figure 42: Comparison of FEM simulated and experimental integration of pick-up coil response as 

the amount of wall loss was increased with quadratic best fits to the data.  

 

5.2.1 Effects of Lift-Off on Wall Loss Measurements 

If a land were to be completely eroded away, there would be enough space for the tube to move 

off-centre with respect to the center of the BSP trefoil hole. Alternatively, a land may also erode 

from the near side. Both of these cases could have a significant effect on the pick-up coil response 

due to increased lift-off. To experimentally investigate these effects, the tube was fixed to a 

micrometer that would translate the probe at desired intervals. Measurements were taken every 

0.5 mm from 0 mm (touching the BSP land) up to 3 mm away from the land. A flawed land was 

analyzed. Figure 43 shows the probe response at each 0.5 mm interval.  
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Figure 43: Effect of probe response when moved away from an unflawed broach support plate land. 

 

There is a decrease in signal response as the probe is translated further from the BSP land. 

However, the power law exponent only changes by 10% for up to 3 mm of lift-off, suggesting 

that given the slope of the response, the percentage wall loss could still be extracted. Table 11 

gives a summary of the slopes of each of the pick-up coil responses as the lift-off was increased, 

by translating the probe and the SG tube away from the unflawed BSP land.  

Uncertainties were calculated using Microsoft Excel 2010’s LINEST function [69]. As the 

distance from the land, or lift-off, was increased the amount of noise was much greater and 

therefore, the uncertainty is greater. Although the power law exponents do not agree within one 

standard deviation, they are all of the same magnitude (within 10% up to 3 mm lift-off). The 

power law coefficient however, decreases linearly as the lift-off is increased, as shown in Figure 
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44. This suggests that the lift-off could be extracted based on the power law coefficient and the 

percentage of wall loss could still be determined based on the power law exponential. 

Additionally, the early time peak amplitude could also be used to extract lift-off [35]. 

Table 11: Summary of power law exponent when analyzing an unflawed broach support land as the 
lift-off was increased 

Lift-off  
[mm ±  0.005] 

Power Law Coefficient  
(A [A.U.]) 

Power Law Exponent  
(b [A.U.]) 

0.00 0.34 ± 0.01 2.41 ± 0.03 
0.50 0.30 ± 0.02 2.40 ± 0.03 
1.00 0.26 ± 0.02 2.33 ± 0.03 
1.50 0.20 ± 0.03 2.33 ± 0.05 
2.00 0.16 ± 0.02 2.34 ± 0.04 
2.50 0.12 ± 0.02 2.27 ± 0.06 
3.00 0.09 ± 0.03 2.20 ± 0.09 

 

 

Figure 44: Power law coefficient for increasing lift-off when translating the probe away from an 
unflawed BSP land. 
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In addition, there is a large effect on the integration value as the lift off is increased. The area 

under the curve for each pick-up coil response was calculated and uncertainties were evaluated 

using Microsoft Excel 2010’s standard deviation function [71]. Table 12 provides the values of 

the integration as the lift-off was increased.  

Table 12: Integration as lift-off is increased. 

Lift-off [mm ±  0.005] Integration [𝑽 ⋅ 𝒔] Decrease [%] 
0.00 428.0 ± 0.1 0 
0.50 377.0 ± 0.2 13 
1.00 332.4 ± 0.3 25 
1.50 271.8 ± 0.2 45 
2.00 229.9 ± 0.1 60 
2.50 196.7 ± 0.2 74 
3.00 164.8 ± 0.1 89 

 

As the lift-off was increased, the value of the integration decreased, which is attributed to the 

decrease in signal strength. Figure 45 shows this effect. This suggests that the integration value 

may not be the perfect method for determining the percentage of wall loss if there is corrosion on 

the SG tube or on the near side of the lands, causing the probe to become off-centered. However, 

using the early time peak response could be used to compensate for this effect [35]. 

The results were fit with a line of best fit. This relationship suggests that if the slope remains 

constant, the percentage of wall loss could be determined and the integration could be used to 

extract the lift-off. This method when combined with the power law coefficients and exponents 

could be used to determine the percentage of wall loss and the lift-off.  
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Figure 45: Effect of lift-off on integration. 

 Effects of Magnetite 5.3

Since magnetite can compromise eddy current testing, as discussed in Section 1.3.1, the effects of 

magnetite on pick-up coil responses in BSP characterization were experimentally explored. 

Figure 46 shows a comparison between the pick-up coil responses when the pick-up coils were 

aligned with flow regions completely obstructed by magnetite with increasing relative 

permeability. The lines indicate the experimental responses and the points represent the simulated 

results. The inset shows a close up of the pick-up coil peak.  

There appears to be excellent agreement between the simulated and experimental results. It can be 

observed that as the relative permeability of the magnetite increases, the peak of the pick-up coil 

response increases as well. Table 13 compares the peak height of the pick-up coil responses.  
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Figure 46: Comparison between FEM simulations and experiment showing effect of relative 

permeability on pick-up coil response. 

 

Table 13: Peak height of pick-up coil response when analyzing magnetite with increasing 
permeability 

Relative Permeability (𝝁𝒓) 
Peak Height [V] 

FEM Experiment 
Air (𝜇! = 1) 5.39 ±	  0.02 5.38 ±	  0.02 

1.9 ±	  0.2 5.67 ±	  0.02 5.65 ±	  0.02 
2.3 ±	  0.2 5.80 ±	  0.02 5.77 ±	  0.02 
2.7 ±	  0.2 5.84 ±	  0.02 5.88 ±	  0.02 

 

It can be seen that the peak heights agree to within one standard deviation. This phenomenon is 

shown in Figure 47. The blue squares indicate simulated results fit with a solid blue line and red 

circles represent experimental results.  

There is a clear linear trend that can be observed between the peak height and the relative 

permeability, µr, of the magnetite. This technique of extracting the peak height could be used as a 
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potential method of characterizing the relative permeability of the magnetite obstructing the flow 

regions.  

 

Figure 47: Comparison of peak height of pick-up coil response for increasing relative permeability of 
magnetite, with linear best line fit. 

 

As the relative permeability increases, the peak height increases as well. The slight increase in 

relative permeability is seen to have a large effect on the peak height. For the strong magnetite, 

the peak increases by approximately 9%. This effect can be explained by use of a magnetic 

circuit, described in Section 2.7. It is inferred that as the relative permeability increases, the 

reluctance decreases, causing the flux in the vicinity of the pick-up coil to increase. The FEM 

models presented in Section 3.5.2 can further explain this effect. It was seen that when the 

magnetite was present, the flux in the flow region was increased. The increased flux in the flow 

region has a measurable effect on the peak of the pick-up coil response.   
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 Effects of Wall Loss in the Presence of Magnetite 5.4

In the previous two sections, it was observed that the pick-up coil response was affected 

differently by wall loss and magnetite. It was seen that the wall loss affected the long decay time 

of the pick-up coil response, while magnetite affected the peak height, which is much earlier in 

the signal. Therefore, it can be expected that when observing wall loss in the presence of 

magnetite, the magnetite will not strongly affect the long transient decay times and the percent 

wall loss can be determined. Figure 48 compares the pick-up coil responses when observing wall 

loss both with unobstructed flow regions and flow regions completely obstructed by magnetite 

with a relative permeability of 1.9. Figure 48 (a) shows the simulated pick-up coil responses and 

Figure 48 (b) shows the experimental results. Solid points indicate signals when flow regions are 

obstructed and hollow points represent unobstructed flow region signals.  

  
(a) (b) 

Figure 48: Comparison of (a) simulated and (b) experimental pick-up coil responses when the flow 
regions are unobstructed and completely obstructed by magnetite. 

 

Similar to the results seen in Section 5.2, the decay time was decreased as the amount of wall loss 

increased. This was attributed to the characteristic length of the system. It can also be seen that 

the signals produced when magnetite was present appear to have a longer diffusion time, 
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particularly at lower wall loss. Although there is a difference between the pick-up coil responses 

due to obstructed and unobstructed flow regions, the measured difference may not be statistically 

significant when conducting experiments in reactor. These observations can be quantified by 

extracting the power law coefficient and exponent. Table 14 compares the power law coefficient 

from simulated and experimental pick-up coil responses when the flow regions are unobstructed 

and completely obstructed. Uncertainties were calculated using Microsoft Excel 2010’s LINEST 

function [69]. 

Table 14: Power law coefficient of pick-up coil response when observing wall loss in the presence of 
magnetite 

Power Law Coefficient (A) 

Wall Loss [%] 
FEM Experiment 

Unobstructed Obstructed Unobstructed Obstructed 
0 0.27 ± 0.01 0.283 ± 0.009 0.25 ± 0.02 0.27 ± 0.01 

20 0.24 ± 0.01 0.248 ± 0.007 0.20 ± 0.01 N/A 
40 0.17 ± 0.01 0.175 ± 0.003 0.18 ± 0.02 0.18 ± 0.02 
60 0.08 ± 0.03 0.09 ± 0.03 0.10 ± 0.02 N/A 
75 0.03 ± 0.008 0.031 ± 0.01 0.04 ± 0.01 0.03 ± 0.03 

100 9×10!! ± 2 4×10!! ± 2 7×10!!" ± 1 N/A 

 

In comparing the simulated results from unobstructed and obstructed results, all power law 

coefficients agree to one standard deviation. As the percentage of wall loss increases, the A 

coefficient decreases. A similar trend is exhibited by the experimental results. The coefficients 

agree within one standard deviation and the power law coefficient decreases as the percentage of 

wall loss increases. This phenomenon is shown in Figure 49. Figure 49 (a) compares the 

simulated coefficients and Figure 49 (b) compares experimental coefficients. Solid points 

connected by a solid polynomial line represent completely obstructed flow regions and hollow 

points connected by a polynomial dashed line represent unobstructed flow regions.   
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A comparison of the simulated results shows similar trends between unobstructed and obstructed 

flow region results however the coefficient is larger when the flow regions are obstructed. This 

effect is attributed to the increase in peak height of the pick-up coil response due to the presence 

of magnetite. It can also be observed that as the percentage of wall loss increased, the difference 

between the result from unobstructed and obstructed flow regions becomes smaller. This suggests 

that the effect of magnetite is larger when there is no wall loss.  

 
(a) (b) 

Figure 49: Comparison of (a) simulated and (b) experimental power law coefficient b extracted from 
pick-up coil responses to increasing wall loss when flow regions are unobstructed and fully 

obstructed by magnetite. 

 

The experimental results exhibit a similar trend. It can be seen that at higher wall loss, the 

coefficient is larger when the flow regions are obstructed.  However at 75% wall loss, the 

coefficient is smaller when the flow region is obstructed.  

These results can be explained by the results presented in Section 3.5.3. It was seen that when 

observing wall loss in the presence of magnetite, the flux was seen to be higher in the BSP 

ligaments when magnetite was present. It was observed that the increase in flux in the ligaments 

was larger when there was no wall loss in the BSP ligaments.  
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In addition to the power law coefficient, the power law exponent can be extracted from the power 

law line of best fit. Table 15 compares the simulated and experimental power law exponent when 

examining increasing wall loss when flow regions are unobstructed and fully obstructed by 

magnetite.  

Table 15: Power law exponent of pick-up coil response when observing wall loss in the presence of 
magnetite 

Power Law Exponent (b) 

Wall Loss [%] 
FEM Experiment 

Unobstructed Obstructed Unobstructed Obstructed 
0 2.63 ± 0.03 2.56 ± 0.02 2.10 ±	  0.03 2.15 ± 0.03 

20 2.98 ± 0.03 2.94 ± 0.02  2.58 ±	  0.03 N/A 
40 3.58 ± 0.03 3.53 ± 0.09  3.36 ±	  0.05 3.36 ± 0.06 
60 4.0 ± 0.1 3.9 ± 0.1 4.15 ±	  0.08 N/A 
75 4.4 ± 0.3 4.6 ± 0.3 4.3 ±	  0.4 4.7 ± 0.6 

100 22 ± 3 22 ± 3 61 ±	  3 N/A 
 

When comparing the simulated results, it can be seen that the exponents do not agree within one 

standard deviation for all percentages of wall loss. When there is no wall loss, the slope is larger 

when the flow regions are unobstructed. At 75% the exponent is larger when the flow region is 

obstructed. When comparing the experimental results, the power law exponents agree within one 

standard deviation when comparing unobstructed and obstructed flow regions. The exponents for 

40% wall loss agree within uncertainty. 

These results can be visualized in Figure 50. Figure 50 (a) compares the simulated results, and 

Figure 50 (b) compares the experimental results. The 100% wall loss exponent was not included 

due to the large difference in magnitude attributed to the different physics which occurs when the 

BSP land is completely removed. Solid points represent results when flow regions are obstructed 

and hollow points indicate unobstructed flow regions.  
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A linear trend can be exhibited in both the simulated and experimental results. There is very little 

variation between the power law exponents when magnetite is present. This result suggests that it 

is possible to determine the percentage of wall loss independent of the presence of magnetite.  

 

  
(a) (b) 

Figure 50: Comparison of (a) simulated and (b) experimental power law exponents extracted from 
pick-up coil responses due to increasing wall loss when flow regions are unobstructed and completely 

obstructed by magnetite. 

 

In addition to the power law coefficients and exponents, an integration of the pick-up coil 

responses can be taken. Table 16 shows the integration values determined from simulated and 

experimental pick-up coil responses. 

Table 16: Integration of pick-up coil response when observing wall loss in the presence of magnetite 

Integration [𝑽 ⋅ 𝒔] 

Wall Loss [%] 
FEM Experiment 

Unobstructed Obstructed Unobstructed Obstructed 
0 345 366 345.3 ± 0.2 345.5 ± 0.2 

20 327 348 299.2 ± 0.2 N/A 
40 297 312 273.4 ± 0.2 314.9 ± 0.3 
60 243 254 258.5 ±0.2 N/A 
75 153 152 162.7 ± 0.4 164.8 ± 0.2 

100 86 85 74.7 ± 0.2 N/A 

 

From the table above, it can be seen that in both the simulated and experimental results, the 

integration is larger when the flow regions are obstructed and there is little to no wall loss. 
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Simulated 75% and 100% wall loss integration values are smaller by 1 𝑉 ⋅ 𝑠 when the flow 

regions are obstructed. These results suggest that magnetite could have an effect on the results 

and wall loss characterization. Figure 51 shows a visualization of the pick-up coil integrations. 

Figure 51 (a) compares the simulated results with solid blue squares representing fully obstructed 

flow regions and hollow blue squares indicate unobstructed flow regions. Figure 51 (b) compares 

the experimental results for fully obstructed, solid red dots and unobstructed (hollow red dots) 

flow regions.  

 
(a) (b) 

Figure 51: Comparison of (a) simulated and (b) experimental integration values of pick-up coil 
responses to increasing wall loss when flow regions are unobstructed and completely obstructed by 

magnetite. 

 

The integration values were fit with a polynomial line of best fit. By observing the simulated 

results, it can be seen that the 75% wall loss integration values do not agree with the rest of the 

results. This is attributed to meshing issues, further described in Section 5.5, due to the geometry 

of the flaw domains used to define wall loss. The simulated results show that the integrated value 

is slightly larger when the flow regions are obstructed by magnetite, 11% increase for the no wall 

loss case.  
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The experimental results do not have the same slopes when observing the trends of the integration 

values. However, the trends are consistent with the predicted values generated from the 

simulations. When the flow regions were obstructed by magnetite, the integration values were 

larger. These results suggest that the power law coefficient is very sensitive to the presence of 

magnetite, while the power law exponent is largely independent of magnetite and is more affected 

by wall loss. The integration values are affected by both the coefficient and exponent, suggesting 

the integral contains information about both magnetite and wall loss.  

 FEM Model Uncertainty 5.5

Physical effects that occur due to the one-third geometry may cause discrepancy in the simulated 

results. The four experimental BSPs, described in Section 4.3, are characterized by 1) no ligament 

wall loss, 2) 100%, 0%, 0% wall loss, 3) 75%, 40% and 0% wall loss and by 4) 60%, 20% and 

0% wall loss for each of the three ligaments. As shown in Section 3.6, the one-third model did not 

accurately represent the actual results for the100%, 0%, 0% wall loss sample. This was attributed 

to the total ligament wall loss in the BSP (100%, 100%, 100%), which would have severely 

reduced any interaction between the BSP and the probe. The comparison of the 100% wall loss 

one-third mode, the full BSP with one land missing and three lands missing showed that the full 

model with one land missing had the best agreement with experimental measurements on the 

100%, 0%, 0% wall loss sample. This indicated that there is an interaction between the drive coil 

and the BSP remaining material, which has an effect on the pick-up coil signal. Therefore, the 

remaining 3-fold symmetric simulations may have also have been modified by this affect when 

compared with results from the two experimental BSPs, with 3) 75%, 40% and 0% and 4) 60%, 

20% and 0% wall loss in each of the ligaments, respectively. 
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For the long-time simulations, the circuit representation of the amplifier circuit was removed. 

This was due to the instability that was introduced when the resistor was included and is further 

discussed in Section 3.4.2. The current in the pick-up coil, given by Equation 2-37, is dependent 

on the resistance of the total system. Neglecting the resistance likely has an effect on the decay of 

the pick-up coil response.  

Another source of uncertainty in the wall loss measurements arises from meshing the BSP lands. 

Flaw domains were created to avoid changing the mesh when increasing the percentage of wall 

loss. The domains were defined by the curvature of the far side edge of the BSP land and 

propagated inwards towards the near side of the land. This allows for very even mesh elements 

throughout. However, this is not entirely representative of the experimental wall loss, which was 

machined to be very flat.  

In addition to the mesh element size, another source of error may arise due to the relative size of 

the mesh elements compared to the wall thickness. Flaw domains were created to avoid errors that 

may arise due to the mesh changing as the wall loss was increased and all the domains were 

attempted to be meshed equally. When there is no wall loss, the elements can be larger to take up 

the larger volume because fewer nodes are required to determine the flux density. At higher wall 

loss, the same amount of nodes will be required, and therefore the element size must decrease. 

Using the domain method, the element sizes were uniform and did not decrease in size as the wall 

loss was increased.  

The effect of the uniform mesh was explored using the 75% wall loss one-third simulation to 

observe how increasing the number of mesh elements in the 75% wall loss domain would affect 

the pick-up coil response. The first simulation took approximately 2.5 hours to complete. The 

mesh element size was decreased and the simulation was run again, taking approximately 3.5 
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hours to complete. The element size was decreased again and the simulation took approximately 5 

hours to complete. The pick-up coil signal remained the same for all three simulations. This 

suggests that the mesh size in the wall loss domains is not causing discrepancies in the 

simulations, although meshing errors may still arise in other areas of the simulation, such as the 

air surrounding the probe or the SG tube.  

 Discussion 5.6

This probe design was validated in the short-time simulations when the probe was in air. 

Excellent agreement was obtained between the simulated and experimental results at early times 

when magnetite was present. It was observed that the peak height and decay times were in 

excellent agreement. The long-time simulations were only found to be in qualitative agreement. 

The reason for this is attributed to the amplifier circuit representation in the simulations. The 

circuit was included in the short-time simulations, but removed from the long-time simulations 

due to introduced noise. Additionally, the geometry of the simulated flaws was rounded and 

machined flaws were flat.   

The long-time simulation results suggested that magnetite has the largest effect on the no wall 

loss signal relaxation. As the amount of wall loss increased, the effect of magnetite on the signal 

was reduced and was no longer observable for the wall loss cases greater than 60%. The 

experimental results suggest this same trend for no wall loss or minimal wall loss, but due to the 

uncertainty in the signal due to noise, the presence of this effect could not be accurately observed.  

Effects of lift-off had a significant effect on the integration results, but had very little effect on the 

power law exponent. Combining these two techniques could be used as a more robust method to 

characterize wall loss and wall loss in the presence of magnetite. If required, compensation for 

lift-off using the early time signal amplitude could be investigated [35]. Under actual SG 



 

 

 

 

88 

inspection conditions, other forms of degradation, such as nearside wall loss in the BSP lands, 

flaws that are tapered or nonuniform distribution of magnetite could affect results. Exploration of 

these effects by simulation and laboratory measurements could provide further insight into the 

capabilities of the PEC probe developed in this work and is further discussed in Section 6.2.   



 

 

 

 

89 

 

 
Chapter 6 

Conclusion 

 Conclusions 6.1

The motivation of this work was to develop a technique using PEC to be combined with current 

inspection methods that could detect degradation in CANDU® SGs, focusing on inspections of 

BSPs with trefoil shaped holes. Specifically, this work focused on detection and characterization 

of wall loss on the far side of the BSP lands, and wall loss in the presence of magnetite. Detection 

and characterization of these degradation modes can be used to prolong the life of the SG when 

combined with preventative maintenance programs.  

A PEC probe was developed to include one drive coil with six surface pick-up coils that were 

aligned with the lands of the trefoil shaped hole in the BSP. The probe was able to detect a 

minimum of 20% wall loss and was capable of detecting up to 100% wall loss. Magnetite could 

be detected and characterized using this probe design and the effect could be separated from the 

effect of wall loss.  

A method to characterize the relative permeability of magnetite that accumulates in the flow 

regions of BSPs was created, based on the peak height of the pick-up coil signal. Two methods 

were presented to characterize the amount of wall loss on the far side of a BSP land. Using a 

power law line of best fit, the power law coefficient (A) and exponent (b) could be extracted. 

Information about magnetite and lift-off are contained in the coefficient, while information about 

the percentage of wall loss in contained in the exponent. The second method utilizes an 
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integration of the pick-up coil signal. Using this method, information about lift-off, magnetite and 

wall loss can be extracted.   

The integration method presented in this work is believed to be a more robust analysis technique 

than the extraction of the power law coefficients and exponents. The integration does not require 

a semi-logarithmic scale to show small changes in the pick-up coil signals and no filters are 

required to reduce the amount of noise in the signals. However, the integration technique is more 

sensitive to effects such as lift-off and magnetite, whereas the power law exponent was largely 

unaffected by lift-off. Combining the two techniques may provide the most robust method for 

characterization of wall loss in BSPs. 

Preliminary validations were completed to generate reliable pick-up coil signals. All short-time 

simulations found excellent agreement between simulated and experimental results. These 

simulations include the probe in air and effects due to magnetite. Long-time simulations were 

found to be only in qualitative agreement. Although the model cannot be used to exactly predict 

pick-up coil responses, the models exhibited similar trends and could be used as a method to 

explore effects that would be difficult or time consuming to produce in an experimental setting.  

 Recommendations 6.2

As discussed in Section 3.6, the one-third simulated models may not accurately represent the 

actual experiment, which is a source of discrepancy between the simulated and experimental 

results at high wall loss. Expanding the simulations to the full model with a more refined mesh 

would provide more reliable results, which would lead to a more robust predictive tool.  

The removal of the circuit in the long-time simulations also provides a source of discrepancy. 

Developing a model that can precisely represent the amplifier circuit without introducing 
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instabilities in the simulation would generate a representative model of the probe and 

measurement equipment, providing more reliable simulation of pick-up coil signals.  

Performing a mesh convergence analysis, which determines the quality of the FEM mesh, could 

also be beneficial to further evaluating the simulations as a predictive tool. Observing areas of 

low element quality could provide additional insight into some of the disagreement between FEM 

simulations and experimental results.  

Simulations and experiments were designed to include wall loss on the far side of the land, to 

include magnetite fully obstructing the flow regions or to include both wall loss and magnetite. A 

number of assumptions were made about these degradation modes, such as wall loss having no 

taper and flow regions fully obstructed by magnetite. These assumptions were made to reduce 

complexity however they may not be representative of degradation in SGs. Wall loss may be 

tapered, which could be observed using coil pairs that are on either side of the drive coil, or be on 

the near side of the land, which could be explored using the lift-off results presented in this work. 

Additionally, different geometries of magnetite build-up could be explored. Magnetite begins to 

accumulate at the bottom of the BSP hole and progresses upwards [10]. Detecting different 

volumes and geometries of magnetite could be beneficial to the advancement of this inspection 

technique.  

In addition to developing a broader spectrum of experiments for wall loss and magnetite, 

investigating how strong of an effect magnetite has on the wall loss measurements is important 

for implementing this technique. Both the FEM and the experimental results indicated that 

magnetite does have an effect on the wall loss measurements and determining the extent of this 

effect is important for interpreting PEC signals.   
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During the experimental stages of this thesis, the author broke and built three probes for various 

reasons. The major source of failure in the probes is caused by the 44 AWG wire breaking within 

the probe body due to too much handling. The excitation coil also caused problems and could not 

supply the appropriate voltage required for the experiments, causing it to burn out. Designing a 

probe that is more robust and that could supply a higher wattage would be beneficial for future 

tests. Developing the probe to include 12 surface pick-up coils, as opposed to the six used in this 

work, could also aid in advancing this design to be used as an inspection technique.  

This PEC technique could be applied to other applications for inspections of ferrous structures 

from within a tube. This could extend to other areas within a CANDU® reactor, such as the 

calandria, as shown in Figure 1. Other areas, such as oil and gas, could also explore possibilities 

for the technique to be used to inspect oil and gas pipelines. 
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Appendix A 

The following gives the derivation for the peak height and time at which the peak height occurs 

for the pick-up coil response given in Section 2.6.2. The current in the coil is given in Equation 

2-37 and again below by Equation A-1. 

𝑖! 𝑡 =
𝑀V 𝑒!!!! − 𝑒!!!!

(𝛼! − 𝛼!)(𝐿!𝐿! −𝑀!)
 

A-1 

Where  

𝛼!,𝛼! =
(𝐿!𝑅! + 𝐿!𝑅!) ± 𝐿!𝑅! + 𝐿!𝑅! ! − 4𝑅!𝑅! 𝐿!𝐿! −𝑀!

2(𝐿!𝐿! −𝑀!)
 

A-2 

Taking the time derivative of the current, given by Equation A-1, and solving for when the 

current is equal to zero the location of the peak can be determined. The derivative is given below, 

by Equation A-3.  

𝑑𝑖! 𝑡
𝑑𝑡

= 0 =
𝑀V (−𝛼!)𝑒!!!! − (−𝛼!)𝑒!!!!

(𝛼! − 𝛼!)(𝐿!𝐿! −𝑀!)
 

A-3 

This equation can be reduced to Equation A-4: 

0 = 𝛼!𝑒!!! − 𝛼!𝑒!!! A-4 

Equation A-5 is achieved by rearranging A-4. 

𝛼!
𝛼!

= 𝑒 !!!!! ! A-5 

Taking the natural logarithm of both sides yields Equation A-6. 

ln
𝛼!
𝛼!

= 𝛼! − 𝛼! 𝑡 
A-6 

The solution for the time of the peak response is given as: 
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𝑡 =
1

(𝛼! − 𝛼!)
ln

𝛼!
𝛼!

 A-7 

To determine the peak height, the time must be substituted into the original equation for the 

current. Therefore, the peak height is given by Equation A-8. 

𝑖 =
𝑀𝑉 𝑒!

!!
!!!!!

!" !!
!! − 𝑒!

!!
!!!!!

!" !!
!!

(𝛼! − 𝛼!)(𝐿!𝐿! −𝑀!)
 

A-8 
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Appendix B 

Sample BSP dimensions 
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Appendix C 

Numerous materials were used to develop FEM simulations of the PEC probe developed for 

inspection of SG tubes and components. Additionally, understanding material characteristics can 

be useful for interpreting experimental data. Table 17 summarizes the material properties and the 

application for each material used in the simulations. The values for relative permeability 

presented below are the initial relative permeability.   

Table 17: Material properties used in FEM simulations 

Material 
Relative 

Permeability 
Electrical 

Conductivity [S/m] Application 
Air 1 1 Air 
SS410 50 1.7×10! Stainless steel BSP 
A516 100 5.9×10! Carbon steel BSP 
Alloy-800 1 0.93×10! SG tubes 
Magnetite 1 1.9 1×10!! Weak magnetite 
Magnetite 2 2.3 1×10!! Medium magnetite 
Magnetite 3 2.7 1×10!! Strong magnetite 
Copper 1 5.5×10! Coil windings 

 

A comparison of the material composition of A516 carbon steel and SS410 stainless steel is given 

in Table 18 [72].  

Table 18: Material composition of A516 carbon steel and SS410 stainless steel 

Material Composition A516 [%] SS410 [%] 
Carbon 0.27 – 0.31 0 – 0.15 
Chromium N/A 11.5 – 13.5 
Manganese 0.79 – 1.30 0 – 1 
Silicon 0.13 – 0.45 0 – 1 
Phosphorus  0.035 Max 0 – 0.03 
Sulphur 0.035 Max 0 – 4.1 
Nickel N/A 0 – 0.75 
Molybdenum N/A 0 – 0.5 
Iron 97.87 – 98.81 81.57 – 88.1 

 


