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Abstract. This paper presents a conductivity profiling technique of a graphite 
brick and a Finite Element (FE) model study of an eddy current (EC) probe, which 
may be used to inspect graphite bricks in an Advanced Gas-cooled Reactor (AGR) 
core.  This work was initially concerned with investigation and optimisation of EC 
probes in terms of their sensitivity to the conducting graphite, particularly with 
depth, followed by the implementation of an optimised probe prototype, which 
was used to validate the FE model. The graphite inverse problems in this paper 
were solved using the measured data from a sample graphite brick and adapting an 
iterative inversion technique. During the inversion process two different 
approaches have been adopted: constrained and unconstrained along with two 
different initial estimates. The FE-based sensitivity study results show an average 
of 43.7 % sensitivity improvement compared with an existing probe and 
reasonable agreement between the simulated and measured data. The inverse 
solutions in this work show negligible effect on the accuracy of the reconstructed 
profile when applying different initial estimates within the algorithm. It was found 
that the constrained profiles yield a minimum profile error of 3 % compared with 
the experimentally-determined graphite electrical conductivity values.  

Keywords. Advanced Gas-cooled Reactors, Graphite, Electrical conductivity 
Eddy current, Sensitivity, Inverse problem. 

1. Introduction 

The most dominant reactors in the United Kingdom are Advanced Gas-cooled Reactors 
(AGRs) that are located at seven different power stations. The AGRs use graphite 
bricks to moderate the fast-moving neutrons and maintain the lattice spacing between 
fuel assemblies and control rods, while using CO2 to cool the core structure and 
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transfer thermal energy to the boilers [1]. During the course of their lifetime, the 
graphite bricks within the AGR core suffer from irradiation and radiolytic oxidation, by 
which the graphite bricks within the core may develop cracks and undergo a reduction 
in brick density [2]. In the worst case scenario these two graphite ageing mechanisms 
could lead to brick distortion and reduced strength of the core structural integrity. 

The effects of the above ageing mechanisms are normally monitored regularly 
using various core inspection tools and techniques [3-6]. Specific to eddy current (EC) 
based AGR core inspection, the authors in [4] have developed two different types of 
EC probes (two symmetrical gradiometers and differential probes) and an associated 
tool that can be deployed into the bore of the AGR fuel channel to inspect the condition 
of the graphite bricks.  Dekdouk et. al [6] presented a study based on another EC probe 
configuration along with conventional Regularised Gauss Newton (RGN) inversion 
method to estimate the electrical conductivity profile of 100 mm thick layered graphite 
sections. Furthermore, Fletcher et. al [5] reported an extensive study of the detection of 
sub-surface slots in graphite using similar EC probes as in [4,6]. Later this study was 
extended to reconstruct the electrical conductivity profiles of sample graphite bricks.  

The EC probes discussed in [4] operate as they should, and very useful information 
about the AGR core is already being obtained using them during AGR inspections. 
However, as these probes were initially designed for sub-surface crack detection, they 
may lack the sensitivity required to solve the graphite inverse problem of determining 
the electrical conductivity as a function of depth.  

To solve the graphite inverse problem accurately, the sensitivity of the probes 
through the radial thickness of the graphite brick is crucial and it is often required to 
have probes that are sensitive enough to the entire radial extent of the graphite brick. 
Furthermore, the graphite defects are normally expected to initiate from the key-way 
corners and to grow inwards towards the bore, as the AGR gets older. These factors 
mean that a more sensitive EC probe to the entire volume of the graphite bricks is 
essential to allow the detection of small defects around the outer brick periphery. 

In this paper, various EC probe configurations have been studied and compared in 
terms of their sensitivity to the graphite brick sample. The EC probe that gave the 
highest sensitivity across the graphite brick radial thickness was then chosen and 
optimised to further enhance its sensitivity. A prototype for the optimised probe has 
been manufactured and validated against a 3D finite element (FE) model. The graphite 
conductivity profile was reconstructed using two initial estimates and the measured 
data from a representative test brick with known through-wall density variation. The 
reconstruction algorithm was developed extending the conventional iterative inversion 
techniques applied in various NDT fields and electromagnetic tomographic systems [5-
8]. 

2. Probe Design and Operation  

The probe operates on the principle of electromagnetic induction. Injecting the exciter 
coil (Tx1) with an alternating current generates a time-harmonic primary field that 
penetrates into the graphite sample and induces closed-loop eddy currents. The induced 
eddy currents in turn generate an opposing secondary field, which can be detected 
using a pickup coil (PC). Since the PC and Backing-off (BC) coils are connected in 
series opposition the net output of the probe is the signal due to the graphite brick being 
inspected. The penetration depth of the field into the sample depends upon the graphite 



properties and the excitation signal frequency. For this reason, the probe was operated 
using multi-frequency signals to inspect the entire through-wall extent of the graphite 
brick.   

The design was implemented using three curved elliptic coils (Figure 1). The 
curvature of the probe was introduced into the design to increase the coil sizes whilst 
adapting to the cylindrical geometry of the AGR graphite bricks. This in turn allowed 
the probe to maintain a constant lift-off from the graphite bore surface whilst increasing 
the overall sensitivity with depth. The elliptical shape of the coils was chosen in order 
to fit the probe onto the existing “Prototype Eddy Current Inspection Tool (PECIT)” 
[4], which houses the coil array.  This gives the advantage of increasing the overall size 
of the relevant coils whilst minimising possible interference from the conducting 
components of the tool (Figure 1). 

 
 

 
Figure 1.(a) 3D CAD drawings of the proposed asymmetrical gradiometer probe geometry and (b) PECIT.  

 

Two of the coils were placed on the same cylindrical surface with 7.5 mm lift-off from 
the graphite bore and correspond to the PC and the Tx1. The BC was placed 17.7 mm 
above the PC and Tx1, and served to cancel the signal due to any background fields. 
Since the field gradient falls rapidly with distance from the source, the separation 
distance between the PC and the BC was chosen such that the BC receives only a small 
proportion of the EC signal, which in particular improved the received signal gain. As 
the two receiver coils had different sizes and separation distances from the Tx1, 
compensation for these differences was made by adjusting the turn ratio between the 
PC and BC to 1:6. 

2.1. Probe Optimisation and Finite Element Modelling  

Preliminary FE model studies of the stainless steel casing of the PECIT have shown 
that as the coil sizes increase above a certain value the effect of the steel casing on the 
received signal becomes significant. This is because a large coil size means extended 
field distributions around the coil region, and consequently the PECIT casing interacts 
more with the field. On the other hand reduction in coil size reduces the probe 
sensitivity to the graphite brick. Therefore, the aim of the initial study was to find 
combinations of coil parameters that gave maximum sensitivity whilst minimising the 
effect of the conductive tool components.  

When the probe was modelled as a circular asymmetric gradiometer the maximum 
PC diameter was limited to 72 mm at 7.5 mm lift-off due to the mechanical constraints 
imposed by the cylindrical geometry of the graphite brick and stainless steel casing of 
the PECIT. With this arrangement the effect of the stainless steel casing on the received 
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signal was negligible but the overall probe sensitivity was similar to the existing 
gradiometer probe. As the main objective of this study was to design a probe with an 
improved sensitivity to the graphite sample, the design was further modified and the 
coil was modelled as a curved elliptical coil. These arrangements allowed the available 
space on the tool head to be fully utilised and the design adapted to the cylindrical 
geometry of the brick.  

The PC and the Tx1 semi-axes were then fixed at 75 mm by 60 mm and 70 mm by 
55 mm respectively. The arrangement and parameters of the BC were then varied with 
the aim of finding the optimum coil parameter combinations that give the maximum 
possible sensitivity. The parameters varied during the optimisation process included the 
separation distance, the size of the BC and the turns ratio between the PC and BC. As 
these three parameters are dependent on one another, an extensive FE study was carried 
out to determine the parameter combination that satisfied the sensitivity requirement 
whilst maintaining the tool interference to a minimum and an integer turns ratio 
between the BC and PC. 

As the EC problem involves time-harmonic signals, the sensitivity study of the EC 
probe considered in this paper was performed using the frequency domain solver and 
the Magnetic-Field formulation available in the AC/DC module within the COMSOL 
Multiphysics software package. The models in this work were formulated by adapting 
the edge element formulations presented in [7-8]. The edge element formulation is 
essentially used to calculate the tangential component of the vector potential (A-field) 
along the edges of every element. The coils were modelled as a line loop assuming 
uniform current density distributions over the cross-section of the practical probe and 
the induced voltage was calculated by applying the line integral of the A-field around 
the loop as in Eq (1): 

𝐕!! − 𝐕!" = 𝑗𝜔 𝐀!"𝑑𝑙 − 𝑘. 𝑗𝜔 𝐀!"𝑑𝑙                                                           (1)                                        

 
where 𝑘  is the scaling factor of the detection coil turns-ratio, 𝐕!"  and 𝐕!"  are the 
induced complex voltages in the PC and BC respectively. 

Throughout the modelling work the graphite brick was discretised into 10 annular 
layers and a separate Ampere's law node was used for each.	This technique allowed 
control over the mesh density and local conductivity values so that they could be 
adjusted independently (Figure 2). The latter was mainly used during the inversion 
process to allow an iterative calculation of the conductivity values in each layer. 
Finally, the Tx1 was injected with a unit current and a parametric sweep of frequency 
was made over the range between 10 Hz and 10 kHz with 5 points per decade, giving a 
total of 16 complex data points over the three frequency decades. 

2.2. Sensitivity Calculation  

The sensitivity of each coil combination to the graphite brick was calculated using the 
E-fields estimated from the forward and adjoint models along with the so called E.E 
formulations adapted from [9], but in this case neglecting the velocity term. The E-
fields from the forward model were extracted at predefined points within each discrete 
graphite layer after running the model by injecting Tx1 with a unit current. Similarly, 
the fields from the adjoint model were extracted using the same technique but in this 
case by interchanging the current injections between the excite and receive coils; that is 



injecting PC with a unit current and injecting BC with a current that had opposite 
polarity and adjusted for the turns ratio. 

Once the values of the E-fields were evaluated, the sensitivity matrix was then 
simply computed using the dot product of the E-fields and integrating over each 
graphite layer with respect to each frequency point as illustrated in Eq (2) for a single 
column of the Jacobian matrix. 
 

𝑱 = 𝑉!!. (𝐄!"# .𝐄!"#)!!!!
!
!!! … (𝐄!"# .𝐄!"#)!!!!

!
!!!

!
                              (2)                                       

 
In the above equation each element of the single column sensitivity matrix 𝐉 
corresponds to the integrated value of the dot products of the fields (𝐄!"# .𝐄!"#) over 
the first graphite layer volume (𝑉!!), which has a conductivity value (𝜎!) for all 
frequency points (𝑓!), where 𝑝 is the number of points at which the E-fields are 
evaluated.  
 

2.3. Experimental Methodology  

An experimental probe was constructed using the optimum parameters determined 
from the modelling work. The former for the prototype was designed using the 
AutoCAD software package and 3D printed. The coils were wound in such a way that 
they exactly aligned with the curvature of the former. This was achieved by using 
adhesive to attach the wires to the former following each turn. 

Experimental work was performed using a half-graphite brick sample with 250 
mm height and radially drilled holes. The holes across the radial thickness of the brick 
were drilled to qualitatively replicate the density variation nature of a real oxidised 
AGR brick, so that the density at the bore region was lowest (holes closest together) 
and increased towards the periphery. Consequently, the through-wall electrical 
conductivity of this sample would be expected to vary between the bore and periphery 
in a linear fashion. The minimum and maximum conductivities of the sample were 
estimated experimentally as 79.3 kS/m and 102 kS/m respectively from the work 
carried out by [5]. Based on these estimates a model was created by increasing the 
conductivity value of each layer from bore to periphery by an increment of ≈ 2.52 kS/m 
up to 102 kS/m so that the model conductivity replicated the physical graphite brick 
through-wall electrical conductivity and allowed a direct comparison between the 
model and measured data.  

Throughout the experiment the prototype probe was aligned with the graphite bore 
using non-conducting supports situated at 125 mm from both ends of the brick edge 
and the probe input and output were then connected to a Solartron 1260 Impedance 
Analyser. A current was injected through the excite coil and the complex inductance 
response of the probe was measured multiple times giving multiple sets of complex 
inductance data for frequencies ranging between 10 Hz and 10 kHz with 5 points per 
decade, in accord with the FE model. Similarly, the probe was placed in free space and 
the same set of measurements was repeated. The measured data were then averaged 
over each frequency point to minimise random measurement errors. Finally, the free 
space data were subtracted from the graphite data to eliminate the background noise. 



The resultant data were then scaled by the number of turns and compared with the 
model data as shown in Figure 3(a). 
 

 
Figure 2. Experimental setup and the FE model geometry of the graphite brick 

2.4.  Results 

Although many different probe geometries and parameter combinations were 
investigated throughout this work, for brevity only the results from the proposed and 
the existing probes are presented in this paper. Figure 3 (b) shows the absolute and 
normalised sensitivity values of the two probes against the graphite radial dimension. 
The sensitivity of the proposed EC probe is significantly higher than the existing probe. 
This is the direct effect of the magnitude of the EC density generated by a larger Tx1 
and the ability of the PC to capture a greater flux due to its increased coil diameter and 
curved geometry. The proposed EC probe offers an average of 43.7% sensitivity 
improvement compared with the existing probe, and five times higher sensitivity at a 
maximum depth when each value is normalised with its corresponding sensitivity 
calculated in the graphite layer closest to the probe.   

This is one of the most important features of the proposed probe, which may allow 
the detection of key-way root cracks and the reconstruction of the radial conductivity 
profile of the brick with an improved degree of accuracy.  

Figure 3 (a) shows the real and imaginary parts of the inductance for both model 
and experimental data. It is apparent that the two curves show reasonable agreement 
between one another except for the small differences seen at the high end of the 
frequency range. These small differences may be attributed to the approximation of the 
multi-turn coil, which has different inner and outer sizes, by a line loop in the FE 
model, based on the assumption that the physical probe exhibits uniform current 
density over its cross section. A possible solution for this is to calibrate the model and 
the measurement system to take into account the differences between the model and 
physical probe parameters. Alternatively the probe could be modelled using cylindrical 
geometries, but with the penalty of computational cost as this technique requires a finer 
mesh density within the coil volume. 

 



 
Figure 3. (a) Simulated and measured inductance response of the proposed probe and (b) Absolute and 
normalised sensitivity of the existing and proposed probe.  

3. Graphite Conductivity Profiling 

Conductivity profiling of the graphite brick was approached by initially developing a 
forward model that represents the physical and electromagnetic properties of the 
graphite brick and the measurement system. This was then followed by a calibration of 
the model with the measurement system. Once the forward model and the physical 
systems were calibrated, a succession of iterative inverse problems was solved using 
two different approaches, namely unconstrained and constrained formulations along 
with two different bulk conductivity initial estimates. 

3.1. Inversion Algorithm  

The EC inverse problems are normally regarded as ill-posed problems. The ill-
posedness comes from the fact that the eddy currents inside the conductive object 
decay in an exponential like fashion due to the skin effect, resulting in the Jacobian 
being badly conditioned. As the inverse problem involves inverting the Jacobian matrix, 
this will make the solution unstable and very sensitive to modelling error and 
measurement noise. Consequently, a small measurement or modelling error could 
result in a very large change in the reconstructed conductivity profile.  Implementing 
regularisation techniques that involve an additional penalty terms and a smoothing 
parameter usually mitigate this problem.  

The work carried out by Dekdouk et al [6] was based on a conventional RGN 
algorithm that allowed a penalty term and smoothing parameter to be used throughout 
the inversion. Although this study was made on flat graphite sections, it provided 
confidence for further development and refinement of this technique. Fletcher et. al [5] 
extended this study to reconstruct the electrical conductivity profiles of cylindrical 
graphite bricks demonstrating the practical feasibility of the method. Even though these 
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studies have demonstrated the ability of the RGN algorithm in solving a graphite 
inverse problem using two measurement systems, in both cases the accuracy of the 
reconstructed profiles were much lower than the accuracy achieved from the work 
presented in this paper.  

In this paper, the RGN method was further extended to overcome the ill-posedness 
of the graphite inverse problem. Initially, the problem was formulated as a discrete 
problem that sought to minimise the discrepancy between the model and the measured 
data with respect to the conductivity values in the least squares sense, such that the 
objective function of the problem was expressed in the generalised Tikhonov form: 

 

𝝈∗ = 𝑎𝑟𝑔𝑚𝑖𝑛
𝝈

!
!
𝒓 𝝈  ! + !

!
𝜆 𝐋(𝛔 − 𝛔!"#)

!
                                        (3)  

 
where 𝝈∗ ∈ ℝ! are the discrete solution of the conductivity vector corresponding to 𝑛 
graphite layers (𝝈∗ = (𝜎!,𝜎!,𝜎!… .𝜎!)!), 𝒓 𝝈 = 𝑭 𝝈 −𝑴 ∈ ℝ! are the residuals 
between the forward model 𝑭 𝝈  and the data 𝑴 measured at  𝑚 frequency points,  
𝛔!"# is the user-defined reference conductivity value, 𝜆 and  𝐋  are the regularisation 
parameter and regularisation operator matrix respectively.  The solution to the problem 
is found by generating a succession of conductivity vectors 𝝈!,𝝈!,𝝈!… ,𝝈∗  that 
eventually minimise the objective function 𝑔 𝝈 . 
 
Following Eq (3), the RGN method in its iterative form can be expressed as:  
 

∆𝛔 = −(𝐉!! 𝐉 !+𝜆𝐋
!𝐋)!𝟏𝐉!! 𝐅 𝛔! −𝐌 +  𝜆𝐋!𝐋(𝛔! − 𝛔𝒓𝒆𝒇)                (4)  

 
The conductivity profile of the problem domain can then be updated iteratively as: 

 

𝛔!!! = 𝝈! + ∆𝛔                                                                                             (5) 

 
where .! is the number of the iteration and  𝝈!and 𝐉 ! are the conductivity and the 
Jacobian computed on the kth iteration respectively. For the work presented in this 
paper, applying a condition at which the iteration of the RGN is terminated attains the 
final solution to the problem. The condition for continued iteration is that the objective 
function of the next iteration must be smaller than the previous iteration (𝑔 𝛔!!! <
𝑔 𝝈 ), otherwise the algorithm terminates. 
 

3.2. Inversion Methodology   

The unconstrained and constrained inverse problems of the graphite brick were solved 
using the second-order Difference operator (DF) operator matrix along with appropriate 
regularisation parameter determined via the L-curve method [10]. The DF is essentially 



a difference operator matrix between neighbouring graphite layers, such that: 𝐿!" = −1 
for adjacent   𝑖 and 𝑗, 𝐿!" = 𝑑𝑖𝑎𝑔 𝑢!  for 𝑖 = 𝑗 and 𝐿!" = 0 otherwise, where 𝑢! being 
the order of the operator. 

 The unconstrained inverse problem has a standard RGN form as in Eq (4) and Eq 
(5), whereas the constrained problem is formulated with an additional condition by 
which the algorithm forces the solution towards a monotonic profile. This condition is 
set based on the a priori knowledge we infer about the drilled graphite brick through-
wall density variation and most importantly from unconstrained inverse solutions, these 
are: 

 
i. The drilled graphite brick electrical conductivity increases monotonically 

starting from the bore towards the periphery. 
ii. The unconstrained problem always estimates the bore conductivity with a 

reasonable degree of accuracy.  
 

Based on this information the inverse problem given in (4) is modified as: 
 

𝝈∗ = 𝑎𝑟𝑔𝑚𝑖𝑛𝝈
!
!
𝐅 𝝈 −𝐌 ! + !

!
𝜆 𝐋(𝛔 − 𝛔!"#)

!
   𝑓𝑜𝑟  𝜎!!! >  𝜎!        (6)  

 
where the subscript .!  indicates the discretised layers of the graphite brick, which 
corresponds to the estimated local conductivity of the brick through its radial thickness. 
The condition in Eq (6) can be enforced using various functions within the inversion 
algorithm depending on the available a priori knowledge. However, only the solutions 
associated with a linear function constraint are presented in this paper even though 
different constraint functions were investigated throughout this work. 

During the computation of the constrained solution the conductivity values 𝝈! at 
the kth iteration were first calculated using the RGN algorithm given in Eq (4) and Eq 
(5), and it was then checked to see if the solution satisfied the desired constraint in Eq 
(6). If 𝜎!!! >  𝜎! then the  unconstrained solution was accepted and the iteration was 
continued until the exit condition was satisfied 𝑔 𝛔!!! > 𝑔 𝛔! . However, if 
𝜎!!! <  𝜎!   then the monotonicity condition was not maintained, and hence the 
estimated local conductivity value was rejected and replaced with a linear function 
increment to satisfy the condition  𝜎!!! >  𝜎! . These values were then used for the 
next iteration and checked to see if the objective function 𝑔 𝛔!!!  was minimised. If 
𝑔 𝛔!!! < 𝑔 𝛔!  the iteration was continued with the new conductivity values, while 
otherwise the algorithm was terminated and the conductivity values estimated at the 
current iteration were considered as the final solution.  

 

3.3. Results 

Figure 5 shows the inverse solutions for both the constrained and unconstrained 
problems when the profiles are reconstructed using two different homogenous initial 
estimates (𝛔!"# = 72 𝑘𝑆/𝑚   and  𝛔!"# = 45 𝑘𝑆/𝑚). The value of the regularization 



parameter was determined by reading the approximate corner of the L-curve (Figure 4) 
constructed from the experimental data inverse solutions (𝜆 = 1.7×10!!"). 

As can be seen in Figure 5, the unconstrained solution near the graphite bore (at 
4.63 mm from the bore) shows reasonable agreement with the true profile regardless of 
the initial estimates, showing 3 % and 0.2 % profile errors for 𝛔!"# = 72 𝑘𝑆/𝑚   and 
𝛔!"# = 45 𝑘𝑆/𝑚   respectively compared with the true bore conductivity values. 
However, the overall profile errors of the unconstrained inverse solutions are 11.2% 
and 13.6% for the profiles reconstructed using initial estimates of 𝛔!"# = 72 𝑘𝑆/𝑚   
and 𝛔!"# = 45 𝑘𝑆/𝑚 respectively. 
In contrast the constrained profiles of the graphite inverse solutions show much more 
accurate profiles with a similar trend to the true profile and profile errors of 3% and 
4.8% for the two initial estimates respectively. 

The reason that the unconstrained solutions produce less accurate results could be 
that the algorithm becomes trapped within a local minimum during the computation of 
the solution. This often results in excessive iterations whilst showing negligible 
reductions in the profile error, which is the case seen in Figure 5.  On the other hand, 
the constrained solutions have reduced the number of iterations required to obtain the 
final solution to a maximum of 4 iterations, compared with the unconstrained solutions 
which required at least 12 iterations. This means that the overall computational cost of 
the problem was reduced by about 66% and 75% for the two initial estimates 
respectively. The reduction in the computational cost is the direct effect of the 
constraints imposed on the solutions, which force the algorithm to move towards a 
monotonic profile whilst preventing it from becoming trapped at a false minimum.   
 

 
Figure 4. The L-curve plot of the inverted profiles using different regularisation parameters 
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Figure 5. Reconstructed profiles of the drilled graphite brick sample. (a) and (b) show the profiles using 
𝛔!"# = 72 𝑘𝑆/𝑚 along with their corresponding profile errors and  (c) and (d) show the reconstructed 
profiles using 𝛔!"# = 45 𝑘𝑆/𝑚 along with their corresponding profile errors. 

 
Since the real AGR graphite brick density varies in an approximately monotonic 

fashion from the graphite bore to periphery, the combination of the developed sensor 
and the reconstruction technique presented in this paper may improve the estimation of 
the electrical conductivity profile of the graphite bricks in the AGR core, provided that 
appropriate constraint functions are used. 

4. Conclusion  

One of the safety case requirements for continued operation of the 14 AGRs in the UK 
is to have sufficient knowledge about the conditions of the graphite bricks in their core.  

This paper has presented a novel EC probe design specifically optimised for 
characterisation of the graphite bricks in the AGR core and has extended the 
conventional RGN reconstruction algorithm so that it can be used to accurately 
estimate the through-wall electrical conductivity profile of a graphite brick as a 
function of depth from the graphite bore. Validation of the design against a 3D FE 
model has been presented along with the inversion result of the inductance data 
measured from a representative graphite sample.  

The results from this work show a significant improvement in the probe sensitivity 
and demonstrate that inclusion of a priori knowledge in the algorithm by means of an 
appropriate constraining technique improves the accuracy of the reconstructed profile 
and computational cost by a substantial amount.  
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