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Royal Military College of Canada – Thomas Krause CRD 
 
CRD Title:  Comprehensive Model of Eddy Current Based Pressure 
Tube to Calandria Tube Gap Measurement 
 
 
Overview 
 
This project focuses on generating a comprehensive three 
dimensional (3D) finite element method (FEM) model of eddy current 
(EC) probe response to changes in gap between the pressure tube 
(PT) and calandria tube (CT) in a CANDU nuclear reactor fuel 
channel.  EC based gap measurement is used in predictions of time-
to-contact between PT and CT and is, therefore, important for safety 
and licensing of CANDU reactors.  Although gap measurement 
systems are presently being qualified by fuel channel inspection 
service providers, no comprehensive three dimensional (3D) model 
of transmit-receive EC response to changes in PT to CT gap is 
presently available. EC gap response has been analytically modeled 
in two dimensions (2D) using flat plate geometries, but these models 
do not accurately reproduce many of the factors that affect gap measurement accuracy.  In 
particular, a 3D model is required to incorporate effects of curved PT and CT geometry, local 
variations in PT diameter, ovality, PT wall thickness and resistivity, and probe lift-off and tilt.  A 
validated 3D eddy current model could be used as part of an inspection qualification program by 
inexpensively supplementing laboratory and field measurements and assisting in quantification 
of the effect of essential parameters on gap measurement accuracy. 
 
The objectives of this project are: 

1. Generate a comprehensive model of eddy current measurement of pressure tube to 
calandria tube gap beginning with a 2D analytical model followed by 3D FEM (COMSOL) 
modelling in order to quantify the effects of essential parameters on gap measurement 
accuracy (initiated).  

2. Assemble an experimental set-up for laboratory PT to CT gap measurement using actual 
transmit-receive eddy current probe technology (initiated).  

3. Acquire EC signals under variable PT and CT gap, PT resistivity variation, local pressure 
tube diameter and wall thickness variations, PT and CT ovality, and proximity of external 
structures such as LISS nozzles (initiated). 

4. Validate theoretical models with data obtained, first under laboratory conditions, 
simulating actual fuel channel geometries, and second, if available by examination of 
real in-channel inspection data (progressing). 

5. Use models to explore effects of variable in-reactor measurement conditions. 
6. Make recommendations for achieving improvements in accuracy within existing gap 

measurement systems and identify key parameters affecting PT to CT gap 
measurement accuracy with the goal of providing support for inspection qualification 
programs. 
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Program Results / Highlights 
 
This project was funded as of August 1, 2014. In the past 6 months progress was made towards 
objectives 1 to 6 above. A masters students began in September 2014. The student  initiated 
preparation of a 3D finite element method (FEM) model of pressure tube-to calandria tube gap 
measurement. Basic comparisons of the FEM model results with available 2D anlaytical model 
solutions and experimental data, as provided by Ontario Power Generation, were made.  A 
second student expressed interest in the program and will be starting as a summer student in 
May, 2015. 
   
CANDU® reactor fuel bundles are immersed in a heat transport coolant (~300 °C) within a 6 m 
long pressure tube (PT). A gas-filled calandria tube (CT) surrounds the PT and thermally 
isolates it from the heavy water moderator (~50°C) surrounding the fuel channels. Four annulus 
spacers separate the hot PT from the cool CT, with the goal of  preventing contact and 
consequent potential formation of hydride blistering on the PT, which can lead to cracking. As a 
consequence, ensuring that contact will not occur is a key nuclear regulator requirement. 
 
In-reactor gap monitoring is performed by inspection systems that deliver an eddy current (EC) 
probe, which is sensitive to the proximity of the CT from within the PT [1]. Figure 1 shows a 2D 
representation of the EC configuration to be modeled.  The parameter of interest is the 
separation between the pressure tube and calandria tube, which in 2D is approximated as 
distance between two infinite planes.The model is of a transmit-recieve eddy current probe, with 
one drive coil and two pick up coils, one located close to the drive coil and the other further 
away. The 2D model is only an approximation of the actual tube geometry, which is 
characterized by a nominal PT ID of 104 mm, PT wall thickness of 4.2 mm and 129 mm ID of 
the CT [1]. In addition, a copper sheet is present in order to shield the eddy current probe from 
moving ferromagnetic conducting components below it.  Parameters that will affect the 
measurement of PT to CT gap include variations in pressure tube wall thickness, PT resistivity, 
and distance of the EC probe from the PT surface (lift-off). These parameters can vary under in-
reactor conditions due to irradiation and pressure induced creep, which will increase the PT 
diameter, decrease the wall thickness and may alter the resistivity [1].  These variables 
complicate the accurate determination of EC measured gap under typical in-reactor inspection 
conditions. 
 
While 2D analytical solutions for EC amplitude response to changes in gap have been validated 
by experiments [2], the 3D properties of the PT and CT geometry, including tube curvature, wall 
thickness varying over the sensing area of the probe and lift-off of the probe due to local 
changes in PT curvature [3] motivate the generation of a 3D model for eddy current based PT to 
CT gap measurement.  
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Figure 1: 2D geometry for analytic and FEM models of EC PT to CT gap measurement.  

COMSOL Multi-Physics FEM Models 

Two 3D FEM models, using COMSOL version 4.4 (AC/DC module with frequency domain 
analysis), were prepared as shown in Figure 2. The first assumed the planar geometry used for 
analytic solutions [2] to Dodd and Deed’s equations [4] and the second used the actual curved 
tube geometry. Both models used the characteristics of 1) multi-turn coils with drive coil 
connected to a 1 A current AC-source (also used in analytic model [2]), 2) pickup coils 
constrained to be in an open circuit configuration, 3) PT-CT gap varied from 0 to 16 mm and 4) 
a 4 kHz excitation applied to the coils. 
 
Analytic Solution for Model Validation 

An analytic solution [2], which used Dodd and Deed’s equations [4] applied to the 2D planar 
geometry shown in Figure 1, was used to validate the FEM model for the planar geometry 
shown in Figure 2a. The analytic solution makes the approximations that coils are an integral 
sum of axially-symmetric Dirac-delta coils [4] and that the PTs, CTs and copper shielding are 
infinite parallel plates [2]. 

 

  

Figure 2: COMSOL models for a) 2D PT to CT geometry and b) 3D curved geometry.  
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Figure 3 . Preliminary experimental set up, including a) transmit-receive EC gap probe and b) 
PT-CT set up including simulated liquid injection safety system (LISS) nozzle. 
 

Experimental System for Model Validation 

An experimental set-up for EC based PT to CT gap measurement has been initiated. Figure 3 
shows the preliminary set up, including basic transmit-receive EC gap probe and PT-CT set up 
for variable gap measurements.  Preliminary resistivity and wall thickness of PT samples has 
been performed. Integrated multi-frequency dependence of EC response on PT to CT gap 
variation will be performed in up-coming months. 
 
Results 

Impedance plane displays of pickup coil response for gap changing from 0 to 16 mm are shown 
in Figure 4 for various PT wall thicknesses. Note that the origin corresponds to 0 mm gap, while 
data furthest from the origin corresponds to a 16 mm gap. For the close pickup, comparison 
between analytic, FEM method and experimental results (as presented in [2]), is shown in 
Figure 4a. Good agreement is observed. In this configuration coil separation is ~10% of the PT 
ID and therefore, planar simulations provide good representation for EC probe response.  
Experimental results for far pickup have not yet been obtained. Therefore, only a comparison 
between analytic and planar FEM model results is shown in Figure 4b.  Agreement is not as 
good as in the close pickup case. Note that for the far pickup coil, separation to the driver is 
~50% of PT ID, potentially making curvature and PT wall thickness variations more significant 
variables.    

 

Figure 4: Comparison between planar and 3D FEM and 2D analytic models with experimental 
data [2] for a) close pickup gap response, and b) between FEM and 2D analytic models for far 
pickup gap response. Gap, at various PT wall thicknesses (WTs) in mm, is increasing from 0 
mm at origin to 16 mm.  
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Conclusions 

Modeling of eddy current based pressure tube (PT) to calandria tube (CT) gap measurement 
has been initiated. Two and three dimensional finite element method (FEM) models have been 
generated and have been compared with 2D analytic results based on Dodd and Deed’s 
equations [2,4]. In the case of a near pickup coil, comparison with experimental measurements 
has also been performed. Good qualitative agreement between FEM models, analytic solutions 
and experimental data has been observed.  However, further validation and comparison with far 
pickup coil measurements, where pressure tube and calandria tube curvature and wall 
thickness variation may play a more important role, is required.  In the coming year FEM 
modeling, with requisite experimental validation, will be performed for cases of varying PT-CT 
gap, probe lift-off, PT wall thickness and PT resistivity.  
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Cases with Realized Outcomes to Industry  
 
N/A 
 
 
Research Facilities and Equipment  
 
Royal Military College possess an MS5800 eddy current system, the same used for in-reactor 
inspections and 3 COMSOL licences operated on dual-quad workstations with an average of 
100 GBytes RAM, each. Coil winding equipment and 3D printing capability. 
 
 
Current HQP 
 
One Masters Level student. 
 
 
HQP that Graduated 
  
N/A 
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Publications 
 
Conference Proceedings: 

[5]  M. Luloff, J. Morelli and T.W. Krause, ‘Finite Element Modelling of Eddy Current Probes for 
CANDU® Fuel Channel Inspection’, COMSOL Conference Proceedings, Boston, Oct. 8-10, 
2014.  

 
Conference Presentations / Poster (not repeated from above) 

[6]  M. Luloff, J. Morelli and T. W. Krause, ‘Finite Element Modelling of an Eddy  Current Probe 
for CANDU® Fuel Channel Inspection,’ UNENE Student Presentations, Marriott Hotel – 
Toronto Airport, Dec 15-16, 2014. Poster.  

 
 
Interactions / Consultations with Industry  
 
M. Luloff gave a presentation for the Electromagnetic NDE working group meeting in October 
2014, held at RMC. OPG representatives were present. 
 
[7]  M. Luloff, J. Morelli  and T.W. Krause, ‘Finite Element Modelling of Eddy Current Probes for 

CANDU® Fuel Channel Inspection using COMSOL Multi-Physics’, Electromagnetics NDE 
Working Group Meeting, Royal Military College of Canada, Kingston, ON, Oct. 20, 2014. 

 
  




