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Abstract:

A pulsed Eddy Current (EC) probe, which uses
the transient response to a step function voltage,
is being developed for in-reactor inspection of
CANDU® fuel channels. Pulsed EC has the
intrinsic advantage of generating a spectrum of
discrete  frequencies, which allows the
simultaneous collection of data from a range of
depths (i.e. takes advantage of multiple skin
depths) that is unachievable by conventional EC,
which can only use a limited number of
frequencies obtained from separate time
harmonic excitations. A COMSOL multi-
physics model was created to characterize the
effectiveness of a conventional EC probe and
these results were compared against analytic
solutions with a simplified (planar) geometry. It
was shown that in general, the COMSOL model
made predictions similar to the analytic
solutions, providing confidence for the efficacy
of the COMSOL model. Another COMSOL
model was made to incorporate the real geometry
of the fuel channel, and it was discovered that
the fuel channel curvature manifests itself as a
phase rotation of the EC data. This phase
discrepancy is not accounted for by the analytical
model.
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1. Introduction

As shown in Figure 1, CANDU® reactor fuel
bundles are immersed in a heat transport coolant
within a Pressure Tube (PT) [1]. Surrounding the
PT is a gas-filled Calandria Tube (CT), which
thermally isolates the PT from the moderator
surrounding the fuel channels [1]. Four annulus
spacers separate the hot PT (~300 °C) from the
cool CT (~50°C) to prevent hydride blistering of
the PT, which could occur under contact
conditions [1]. Hydride blistering has been
known to lead to cracking in the PT. For
inspection purposes, a non-destructive probe is

necessary to evaluate the following the PT-to-CT
gap however the probe response is sensitive to
the probe liftoff, PT resistivity and PT wall-
thickness. The qualification of an inspection
system is a crucial step in evaluating a system’s
capabilities against its inspection specification
requirements and is a nuclear operator regulator
requirement [3]. Thus rigorous numerical models
of the probe function are required to evaluate the
effects of additional experimental parameters
that may affect the inspection outcome [4].
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Figure 1: A schematic of a CANDU® fuel channel
assembly (top) a schematic of an individual fuel
channel (bottom) modified from [2].

As shown in Figure 2, the EC probe consists of a
drive coil and a receive coil mounted in plastic
casing designed to fit inside the PT. A spring
system connects both halves of the casing to
ensure the probe is surface riding on the inner
face of the PT. The drive coil is excited from a
power supply, while the pickup coil is
electromagnetically coupled to the drive coil via
the ECs in the test-piece.
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Figure 2: A schematic of the experimental EC probe

2. Use of COMSOL Multiphysics

The following sections describe two Finite
Element Method (FEM) models created in
COMSOL to simulate the probe for conventional
EC. The models differ in geometry. However,
both models use a frequency domain analysis to
obtain the steady state response. According to
the COMSOL solver [7], both models solve
“Ampere’s Law” in the CT, PT and air between
the components as given by Equations 1-2:
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where « is the circular angular frequency of
excitation, 4 is the permeability of free space, #
is the relative permeability, ¢ is the material
permittivity, o is the material conductance, A is
the magnetic potential vector, J is the current
density in a medium and B is the magnetic flux
density. According to the COMSOL solver [7],
Equation 1 is constrained by Equation 3 for the
calculation of the currents in the individual coils:
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Where N is the number of coil turns, lg, is the
current in the coil, A is cross-sectional area of the
coil turns and e is the unit vector of the current
direction. In contrast to the analytic model, these
COMSOL models account for the internal
geometry of the coil and thus have finite
impedances and are susceptible to the skin effect.

2.1. 3D COMSOL model with planar
geometry

As shown in Figure 5, a FEM model with planar
geometry was created to approximate existing
analytic models. It should be noted that to keep
a consistant mesh for a variable PT-CT gap
parameter sweep, a stack of CTs was created. At
any given gap measurement, only one of these
CTs were made of the CT material, while the rest
were air. Thus activating the CTs would generate
the PT-CT gap response without changing the
mesh. Similarly, the coils were cut up into fifths
and connected in series inside the Electrical
Circuit interface. Only five of the coils were
activated or connected to a pull up resistor while
the other fifth-coils were shorted out with a pull-
down resistor.  Similarly, turning five of the
fifth-coils at a time developed the probe liftoff
profile. This model applied a magnetic insulation
boundary condition at the extremities of the
model and along the plane of symmetry to
reduce computational resources.

LY —
004 p02 5 -0.05

Figure 5: A screenshot of the 3D COMSOL model
assuming fuel channel consisted of planar geometry
for a conventional probe modelled from [3].

2.2. 3D COMSOL model with tubular
geometry

As shown in Figure 6, a 3D FEM model with
tubular geometry was created to obtain an
accurate model for the probe by using the actual
probe dimensions and thus validate the
assumptions made by the analytic model.
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exact dimensions of a conventional EC probe
modelled from [3].

3. Results/Discussion

As shown in Figure 7, one can clearly observe
that the eddy currents in the PT are confined to a
small area above the drive coil. Therefore the
assumption of a localized electromagnetic field
spread is confirmed, providing confidence to the
assumptions made by the analytic model. The
PT-CT gap was allowed to vary from ~ 0 to 20
mm for a 4 kHz excitation and the real and
imaginary components of the pickup coil
responses were plotted. Note that the origin
corresponds to a ~0 mm gap while data furthest
from the origin corresponds to a ~20 mm gap. As
shown in Figure 8, the effect of curvature
manifests itself a phase rotation of the PT-CT
gap—an interesting result. The procedure was
repeated for different PT resistivities (45-60
uohm*cm) and PT Wall Thicknesses (WT)
(3.76-4.38 mm). As shown in Figure 9, the
variance of PT resistivity results in a linear offset
of the PT-CT gap response while a variance in
PT WT rotates and compresses/stretches the PT-
CT gap response.
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Figure 7: The PT eddy current distribution from a
conventional EC probe operated at 16 kHz. Colour
axis given in units of A/m?,
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Figure 8: The pickup coil response from a 4 kHz
excitation predicted from the three models.
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=== LO=1.9 mm, pPT= 60, uOhm®em, PT WT= 3.48 mm
== LO=1.9 mm, pPT= 60, uOhm*cm, PT WT= 3.76 mm
== | O=1.9 mm, pPT= 60, uOhm*cm, PT WT= 4.36 mm
LO=1.9 mm, pPT= 56.9, uQhm*cm, PT WT= 3.48 mm
== LO= 1.9 mm, pPT= 56.9, uOhm*cm, PT WT= 3.76 mm
we o LO=1.9 mm, pPT= 56.9, uOhm*cm, PT WT= 4.36 mm
----- LO= 1.9 mm, pPT= 52.4, uOhm*cm, PT WT= 3.48 mm
== LO=1.9mm, pPT= 524, uOhm*cm, PT WT= 3.76 mm

== LO=1.9mm, pPT=52.4, uOhm*cm, PT WT= 4.36 mm
-== LO=1.9 mm, pPT= 45, uOhm*ecm, PT WT= 3.48 mm
=+= LO=1.9 mm, pPT= 45, uDhm*ecm, PT WT= 3.76 mm
== L O=1.9 mm, pPT= 45, uOhm*em, PT WT= 4.36 mm
LO= 1.9 mm, pPT= 49, uOhm*cm, PT WT= 3.48 mm
LO= 1.9 mm, pPT= 49, uOhm*em, PT WT= 3.76 mm
LO= 1.9 mm, pPT= 49, uDhm*cm, PT WT= 4.36 mm

Figure 9: The 4 kHz PT-CT gap response of the probe
from varying PT resistivity and PT wall thickness.
Note this model assumed a planar approximation.

5. Conclusions

FEM solutions were obtained for an EC driver-
receive coil configuration within a multi-layer
flat plate geometry and for the actual physical
tube-within-tube configuration. Modeled probe
responses due to changing gap between PT and
CT were compared against analytic solutions for
infinite plate geometry. It was found that the
curvature of the fuel channel manifests itself as a
phase rotation in comparison to the flat-plate
approximation and thus at present, the existing
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analytical models do not account for this
discrepancy.  Furthermore, the FEM models
indicate that the different experimental
parameters (PT WT, PT resistivity, etc) have a
unique effect on the observed PT-CT gap
response, which may allow one to develop
techniques to measure or account for these
parameters.
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