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Abstract. A finite element method (FEM) model was used to simulate the 
electromagnetic response of a transmit-receive coil pair in the presence of two 
parallel plates separated by a gap. The work is towards developing a model of eddy 
current based pressure tube to calandria tube gap measurement in CANDU® nuclear 
reactors. The FEM model was used to characterize the effect of variations in probe 
liftoff, conductor resistivity, plate wall thickness and plate-to-plate gap. The model 
was compared with laboratory measurements performed on a variety of 
nonferromagentic conducting plates. Good qualitative agreement between the FEM 
model and experimental data was observed across a large range of resistivity (1.72 
to 174 cm), conductor wall thickness (1.1 to 4.85 mm), and plate gap (0 to 12.9 
mm) at an excitation frequency of 1.9 kHz.  The model is a first step in modelling 
eddy current response to variations in pressure tube to calandria tube gap.   

 

1. Introduction  

In recent years there has been an increased demand for validated finite element method 
(FEM) models of eddy current (EC) probes to meet life management requirements of 
layered conductive components in aging petrochemical, nuclear and aerospace components 
[1, 2, 3]. In particular, this layered geometry arises in the fuel channels of CANDU® 
nuclear power plants. Each of the ~400 fuel channels is made up of a six metre long Zr 
2.5% Nb pressure tube (PT) that contains 12 nuclear fuel bundles. The PT is contained 
within a larger diameter Zircaloy-2 calandria tube (CT). A gap is maintained between the 
PT and CT by four spacers located at ~1 m intervals along the channel. Monitoring is 
required in order to avoid contact conditions, which may result in delayed hydride cracking 
of the PT [4, 5].  

Although EC testing using a transmit-receive probe (two horizontally offset coils) has 
proven to be effective for in-reactor inspection, multiple experimental parameters such as 
probe liftoff, PT resistivity and PT wall thickness (WT) can affect the EC-based PT-CT gap 
measurement [2]. While the PT WT can be measured by ultrasonic techniques [6], there is 
no known procedure to obtain a direct measurement of the probe liftoff and PT resistivity. 
Therefore, a rigorous model is required to perform a sensitivity analysis of these variables 
on gap measurement [7, 8]. To date, no one has developed and validated a FEM model 
using experimental data that addresses these variables. 

Mathematical models using analytic solutions developed by Dodd and Deeds [9, 10, 
11, 12] have been employed by Shokralla et al. for this purpose [2, 13]. As shown in Figure 
1, the analytical solutions were simplified by approximating the PT and CT as two infinite 
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planar sheets. The simulated PT and CT are denoted as the near-plate (NP) and the far-plate 
(FP), respectively. This geometric approximation of the fuel channel is valid because the 
coils, which are separated by ~11 mm are positioned ~2 mm away from the inner diameter 
face of the PT. Therefore, the relative radius of the PT and CT as seen by the coils is large 
in comparison to the coil-to-coil spacing and the dimensions of the coils [2]. From 
Shokralla et. al. [2, 13]  the validity of this approximation on the total amplitude response 
has been confirmed experimentally for excitation frequencies greater than 4 kHz [2]. 
However, a limitation of the analytical solutions is that the model approximates the 
transmit-receive coil as a reflection probe configuration, where the coils are axially-
concentric [2]. The non-coaxial pickup coil was approximated as two concentric pickup 
coils, whose cross-sectional areas overlap the cross-sections of the actual pickup coil as 
shown in Figure 1 [2]. In addition, the formalism of Dodd and Deeds, which was used as a 
framework for the model [2, 13], is only valid for invariant current [14] rather than 
invariant voltage excitation, which is the actual physical condition. Therefore, a FEM 
model may be used to overcome these limitations of the analytical solutions. 

The finite element model described in this paper solves the boundary problem 
directly and thus circumvents the limitations of existing analytical solutions [2, 13]. 
Therefore, this new model can be used to accurately model a wide range of non-destructive 
testing applications in the nuclear, oil and aerospace industries, with the particular target of 
pressure-tube-to-calandria-tube gap measurement in CANDU® fuel channels. The model 
was compared against experimental data using a Near Plate (NP) to simulate the PT and a 
series of Far Plates (FPs), simulating the CT, over a range of conductivities that vary over 
two orders of magnitude. 

 

 
Figure 1: A cross-sectional view of the eddy current probe below a conducting layered structure. In the case 

of a CANDU® fuel channel, the near-plate is the pressure tube and the far-plate is the calandria tube. 

2. COMSOL ® Multi-physics Model  

A COMSOL® version 5.1 FEM model was developed using the Magnetic Fields (mf) and 
the Electrical Circuit (cir) interfaces. The model utilized two-fold symmetry by applying a 
magnetic insulation boundary condition to the plane of symmetry, which cuts through the 
centre of both coils. This significantly reduced the required computational resources 
without a loss of accuracy. To reduce the computational cost, linear instead of quadratic 
elements were used. One of the major challenges with FEM models is that a changing 
geometry (and thus a changing mesh) may introduce numerical errors. As shown in Figure 
2, a stack of far plates were created and a material sweep was used to set a desired plate to 
have the material properties of the far plate and the remaining plates to have the material 
properties of air. In this way, the material sweep was designed to change the plate-to-plate 
gap without changing the mesh. The drive and pickup coils were connected electrically in 
series with 100 Ω and 11 kΩ resistors to account for the input impedances of the eddy 
current instrument [15].   
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Figure 2: A screenshot of the COMSOL® model showing the “stacked” approach to modelling the variable 
near plate (NP) to far plate (FP) gap.  

3. EXPERIMENTAL TECHNIQUE  

The following section describes the experimental apparatus and procedures used to take 
measurements of the EC PT-CT gap profile. These measurements were performed with 
multiple samples of different conductivity simulating the PT (Near Plate) and CT (Far 
Plate) to rigorously test the FEM model over a large range of electrical resistivity and 
conductor WT. The EC probe was operated at 1.9 kHz.   
 

3.1  Probe Specifications  

A list of the measured probe parameters is shown in Table 1. It should be noted that 
COMSOL® consistently predicted lower values for the resistance, self and mutual 
inductance of the coils because they were not wound perfectly. To compensate for this 
discrepancy, the number of turns in the coils and the coil-to-coil spacing were adjusted. 

3.2    Sample Characterization  
 

Eight metal sheets consisting of pure copper, brass, aluminum, non-ferromagnetic 316 
stainless-steel (SS) and Grade 5 6AL-4V Titanium were used for the far plate of the 
conducting layered structure. The SS316 had a similar wall thickness and resistivity as that 
of Zircalloy-2 CT material (1.4 mm and 73 µΩ∙cm, respectively).The near plate was a sheet 
of grade 2 (commercially pure) titanium, with resistivity of 54 µΩ∙cm at 20 C, that 
simulates the ~52 µΩ∙cm resistivity of the actual Zr 2.5% Nb PT material. Samples were 
chosen to give a large range of material resistivity and wall thickness for the evaluation of 
the FEM model. 

The thicknesses of the samples were measured with a standard ultrasonic technique 
using ½” 5 MHz ultrasonic transducer [16] and TecScan™ ultrasonic inspection 
equipment. Ultrasonic measurements were calibrated against plate edge thicknesses 
measured with a high precision ball micrometer. 

 
 



4 

Table 1: A list of measured probe dimensions 

Dimension Description Measurement  Model Parameter 
ODd Outer diameter of 

the drive coil 
14.93 ± 0.01 [mm] 14.93 [mm] 

ODp Outer diameter of 
the pickup coil 

5.96 ± 0.01[mm] 5.96 [mm] 

LOd Absolute drive 
coil liftoff 

1.9±0.3  [mm] 1.9 [mm] 

AWGd Wire gauge of  
the drive coil 

36 [AWG] 36 [AWG] 

AWGp Wire gauge of 
the pickup coil 

47 [AWG] 47 [AWG] 

IRd Inner radius of 
the drive coil 

0.64 [mm] 0.64 [mm] 

IRp Inner radius of 
the pickup coil 

0.64 [mm] 0.64 [mm] 

Hd Height of drive 
coil 

3.05 ± 0.01  [mm] 3.05 [mm] 

Hp Height of the 
pickup coil 

3.20 ± 0.01  [mm] 3.20  [mm] 

Nd Number of turns 
in the drive coil 

860 893 

Np Number of turns 
in the pickup coil 

4500 5112 

p Drive-to-pickup 
spacing 

10.55 ± 0.05  [mm] 10.94 [mm] 

 
The resistivities of the samples were measured with a Nortec EC pencil probe and 

accompanying Nortec 19e Eddy Current Flaw Detector against known resistivity standards. 
The liftoff profiles for calibration samples of known resistivity and the sample under 
investigation were displayed on the eddy current instrument. The pencil probe was operated 
at high frequencies (~10 kHz-500 kHz) to eliminate the effect of a sample’s finite wall 
thickness. The liftoff profiles (the trace made on an impedance plane display when the 
probe’s liftoff is varied) of the different samples were collected. The phase was rotated 
such that the effect of liftoff was contained in the horizontal direction [17]. As the samples 
were non-ferromagnetic, the vertical offset between the measured liftoff profiles of 
different samples was attributed to their relative differences in electrical resistivity [17]. 
Interpolation between the vertical offsets of the liftoff profiles of the known calibration 
samples provided the measurement of an unknown sample’s resistivity [17].  

 
Table 2: An overview of the physical and electromagnetic properties of the test samples. 

 
Sample Description Thickness 

[mm] 
to 2σ 

As Measured  
Resistivity 

[µΩ∙cm] 
at 20.0±0.5 ºC 

I Grade 5 Ti-6Al-
4V Titanium  

3.80±0.08 174±2 

II  Grade 5 Ti-6Al-
4V Titanium 

4.26±0.08 174±2 

III  Brass (unknown 
alloy) 

3.30±0.04 6±1 

IV Copper  1.65±0.04 1.72 
V Aluminum 

(unknown alloy) 
4.85±0.02 4.6±0.5 

VI SS316 Stainless 
Steel 

1.20±0.01 74.5±0.7 

VII Grade 5 Ti-6Al-
4V Titanium 

4.64±0.01 174±2 

VIII Grade 2 Ti-6Al-
4V Titanium  

3.18±0.01 53.9±0.5 
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3.3    Plate Gap Measurements at Different Far-Plate Resistivities and Wall Thicknesses  

The probe was fixed to Sample VIII (Grade 2 Titanium). The probe and near-plate were 
separated from any one of the FP samples by (up to thirteen) 0.99 mm thick plastic shims to 
create a precise air gap. Shims were removed to measure the plate gap profile for the probe. 
As the gain settings of the eddy current instrument were unknown, the low resistivity FEM 
predictions were calibrated to Sample IV (copper) and the high resistivity FEM predictions 
were calibrated to Sample VI (SS316). These samples were chosen because their measured 
gap profiles lie at the extremities of the measured data set. First, the FEM model amplitude 
prediction of zero to infinite (no FP) gap response was scaled to match the measured gap 
response for the appropriate calibration sample. Then the phase angle was adjusted to 
match the measured gap profile for the same calibration sample.  

4. Results and Discussion 

As shown in Figure 3 and Figure 4, good shape agreement is observed between the 
experimental data and FEM model over large variations of far-plate resistivity and far-plate 
WT. It is notable that the resistivity of the far-plate varies over two orders of magnitude 
(1.72-174 cm). However, it is apparent that the FEM model consistently predicts a 
larger phase response than the experimental data. This discrepancy is attributed to the 
inability to accurately measure some of the probe dimensions (especially the coil-to-coil 
separation and absolute coil liftoff), measurement error in the sample’s resistivity and non-
linearity in the eddy current instrument’s response, for example due to drift. The phase 
discrepancy is largest for high FP resistivity samples (>74 cm), where the effects of 
drift would have been greatest due to the small signal amplitude response.  

 
Figure 3: Impedance plane display of the experimental data and finite element predictions. The data was 

normalized and rotated to match the gap profile of Sample IV (copper). Plate gap increases from left to right. 
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Figure 4: A close up (30 magnification in horizontal direction and 4.7 magnification in the vertical relative 
to Figure 3) of the measured impedance plane display. The data was normalized and rotated to match the gap 

profile of Sample VI (SS316). Plate gap increases from left to right.  

 
The FEM model provides a means of simulating the eddy current measurement of 

pressure tube to calandria tube gap as two layered plates and shows good shape agreement 
with experimental measurements. This model will be examined in future work with a 
comparison to experimental data under variable gap conditions in the real curved PT and 
CT geometry. 

5. Conclusions 

The FEM model described in this paper simulates a non-coaxial, transmit-receive EC probe 
in layered planar geometry, consisting of two non-ferromagnetic parallel plates. These 
parallel plates simulate the pressure tube (near plate) to calandria tube (far plate) gap 
condition in the fuel channels of CANDU® nuclear reactors. It was found that the FEM 
model yields a good shape agreement with experimental data. A small phase discrepancy is 
attributed to the inability to accurately measure some of the probe dimensions and 
nonlinearities in probe response at small signal amplitudes. This phase discrepancy 
prevented a single scale factor from being found. This agreement indicates that the model 
makes a good representation of experimental EC data over a large range of far plate wall 
thicknesses (1.1 to 4.85 mm), far plate resistivities (1.72 to 174 µΩ∙cm) and plate gap (0 to 
12.9 mm) when the probe is operated at 1.9 kHz.  
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