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Abstract. Exact solutions for the electromagnetic response of a transmit-receive coil pair situated above two parallel
plates separated by a gap, were developed using the recently published general model of Desjardins et al. that accounts
for all electromagnetic interactions between the voltage-driven probe and the conducting samples. This model was then
compared to the well-known model developed by Dodd and Deeds, which assumes a constant amplitude sinusoidal
current and an open-circuit pick-up coil. Both models were compared with experimental results that measured the gap
profile for a Grade 2 Titanium plate (54 pQ-cm) over a SS-316 stainless steel second layer plate (74 puQ-cm). These
materials simulated the electromagnetic properties of a Zr 2.5% Nb pressure tube and Zr-2 calandria tube, respectively,
as found in the fuel channels of CANDU® reactors. It was observed that while the Dodd and Deeds’ model as applied to
this work achieved a good shape agreement with experimental data for excitation frequencies at 2 kHz, at the higher
frequency of 16 kHz good agreement was not achieved. In contrast, the model of Desjardin’s et al., adapted for a transmit-
receive probe configuration above two infinite flat plates, achieved an excellent shape agreement at both frequencies.

INTRODUCTION

In recent years, there has been a large demand for analytical models of Eddy Current (EC) probes to meet life
management requirements of layered conductive structures in aging nuclear, aerospace and petrochemical
infrastructure components [1, 2, 3]. The widely-used model developed by Dodd and Deeds [4, 5, 6, 7] is generally
implemented as a theoretical basis for modeling EC problems [1, 2, 3]. However, Dodd and Deeds’ [4, 5, 6, 7] model
is only valid for open-circuit pickup coils and a constant amplitude sinusoidal drive coil current [2, 8]. For voltage-
controlled systems, the constant amplitude sinusoidal drive coil current assumption is challenged as the coil currents
are constantly perturbed by the feedback effects from nearby conductors. The open-circuit pickup coil assumption is
also problematic because Dodd and Deeds’ model cannot accurately model an experimental apparatus where the input
impedance of the data acquisition system is not very large, resulting in a non-negligible current in the pickup coil.

The motivation for this paper was to compare Dodd and Deed’s [4, 5, 6, 7] model with the recently published
general model of Desjardins ez al. [9, 10] for a transmit-receive eddy current probe above a dual-layered plate structure
with finite coil impedances and a voltage control excitation. The model of Desjardins ef al. [9, 10] is valid for voltage
control and pickup coils with finite impedances. In addition Desjardins et al.’s model [9, 10] is also applicable for
modeling pulsed excitations, where the feedback on the excitation coil becomes significant (this is especially true for
ferromagnetic conducting materials [9, 10]).

THEORY

A transmit-receive probe typically consists of a non-coaxial drive and pickup coil pair. A time-harmonic voltage
is applied to the drive coil, which generates a time-varying magnetic field and induces ECs in the nearby conducting
materials [9, 10]. From Faraday’s law, an electromotive force (emf) is developed in the drive and pickup coils from
the changing magnetic flux arising from the drive coil source current [9, 10]. These forms of electromagnetic coupling
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are mathematically described as the self-inductance L and mutual inductance M of the probe, respectively [11]. The
self and mutual inductances are only dependent on the coil geometries and their relative spacing. Furthermore, the
time-dependent magnetic field generated by the coils induces eddy currents in the nearby conducting structure. These
ECs generate an opposing magnetic field that produces an additional emf in both coils as per Lenz’s law [11]. A lossy
self-inductance £ is generated by the coil coupling to the ECs it generates [9, 10]. Similarly, a lossy-mutual inductance
M is generated when a coil couples to the ECs generated by a neighbouring coil [9, 10]. These lossy terms are
complex-valued, frequency-dependent coefficients, which may be obtained by solving the boundary conditions
imposed by the conductive structure [9, 10]. As shown in Fig. 1, the assumptions required by Dodd and Deeds’ model
[6, 7, 5, 4] eliminate three of the six modes of electromagnetic coupling, thereby limiting the complete representation
of experimental conditions. The induced voltage signal in the pickup coil £,(w) can be expressed in terms of the drive
coil current I;(w).
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FIGURE 1. A visual presentation showing all electromagnetic interactions as addressed by (a) Dodd and Deeds’
model with constant amplitude sinusoidal drive coil current approximation, (b) Dodd and Deed’s model without the
constant amplitude sinusoidal drive coil current approximation (or Desjardins ef al.’s model with open-circuit
pickup coils) and c) the general model of Desjardins et al. NP is the near plate and FP is the far plate.

An equivalent circuit model for the two-coil probe and experimental apparatus used in this work is shown below
in Figure 2. For this work, a MS5800 [12] EC instrument was used as a power supply for the drive coil and as a data
acquisition system for the pickup coil. The predicted signal in the pickup coil obtained from Dodd and Deeds’ model
with and without! the Constant Amplitude Alternating Current (CAAC) approximation, and the general model of
Desjardins et al. are shown below in Table 1.

I'This is equivalent to Desjardins ez a/’s [12, 13] general model with open circuit pickup coils.

110004-2

9¥'8€'¥1 G20C 4890100 0}



MS5800 Drive Circuit M35800 Data Acquisition Circuit
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FIGURE 2. Equivalent circuit model for a driver-pickup eddy current probe. V; and V> are the power supply
voltage, and the output of the data acquisition system, respectively. R, L, and L are the coil resistance, self-

inductance and lossy self-inductance, respectively. The subscripts d and p denote drive and pickup coil, respectively.

Vrer 1s a reference voltage to offset the data, which is chosen by the experimenter. M and M are the mutual and
lossy mutual inductances between the two coils, respectively.

TABLE 1. A comparison of the three general EC models. CAAC and OC denote Constant Amplitude Alternating
Current and Open Circuit, respectively.

Model & (w) I;(w)

Dodd and Deeds V(w)
. jiw(M + M)I Y S —
[6] with CAAC. joM + M)la(@) (R'y + joLy)

Dodd and Deeds V(w)
[6] without jw(M + M)I;(w) 7 ;
CAAC ! ‘ (R'q +jo(La + La))
Desiand l jo(M + M) @) V(w)
esjardins ef al. — 7 ~llw 2 2
[13] 1+1‘"(LP—I+LP) (R'g +jo(Lg + Lg)) + ,w (,M+M)
R, (Rp +jo (L, +Lp))

In Table 1, R; and Ry, are the effective resistances of the drive and pickup coil, respectively. Ry is the sum of the drive
coil resistance and the input resistance of the power supply (100 Q) that excites the drive coil, and Ry, is the sum of
the pickup coil resistance and the input resistance of the data acquisition system (11 k). In many cases (generally
with low-inductance pickup coils and non-ferromagnetic test pieces), Dodd and Deeds’ model [6, 7, 5, 4] yields
excellent agreement with experiment and has been used to successfully model a number of EC problems [14].
However, it is not widely known when the Dodd and Deeds model [6, 7, 5, 4] will be less accurate. As a first step
Desjardins et al. [15] derived the following inequality, which when valid, predicts when Dodd and Deeds model

(without the CAAC) [6, 7, 5, 4] will become less accurate due to the assumption of an open-circuit pickup coil.
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“M > 1. (1)

R

p

EXPERIMENTAL METHOD

As described in Ref. [15], the self-inductances of the probe were measured using a B&K Precision 878B LCR
meter. The mutual inductance was measured by injecting a controlled AC current into the drive coil using a Keithley
6221 current source and measuring the resulting voltage in the pickup coil using an Agilent DSO-X 2012A digital
oscilloscope.

An Olympus NDT Multi-scan MS5800 [12] instrument was used to perform the EC tests. This instrument was
chosen because it has an internal power supply, a data acquisition system, and a user-friendly software interface to
perform data manipulation and can communicate with most computers. Furthermore, the MS5800 automatically
determines the phase and amplitude of the reference signal Vzgr required to null each channel on a known calibration
standard, and can perform digital filtering without the need for additional electronics. The input resistance of the data
acquisition system MS5800 is finite (11 k), which will test the limitations of Dodd and Deeds’ model.

In order to obtain the response of the eddy current probe to a change in gap, the probe was first fixed to the NP,
which was a 3.18+0.01 mm thick sheet of Grade 2 Titanium (53.9£0.5 pQ-cm). The probe was then nulled. The probe
and near-plate were separated from a 1.20+0.01mm thick sheet of non-ferromagnetic SS-316 stainless steel (74.5+0.7
pQ-cm) by up to thirteen 1.02+0.05 mm thick plastic shims to create a precise air gap. Shims were progressively
removed to measure the plate-gap profile (13 mm to 0 mm) for the probe.

RESULTS AND DISCUSSION

The gap profiles for the Grade 2 Titanium NP and SS-316 FP were calculated from the different analytical models
and compared with experimental measurements at 1.9 kHz and 16 kHz, respectively. Figure 3 shows the predicted
amplitude and phase of the 2 kHz gap profile calculated from Dodd and Deeds [6, 7, 5, 4] model with the CAAC and
Desjardins et al.’s general model [9, 10] with and without open circuit pickup coils. Figure 4 shows the predicted
amplitude and phase of the 16 kHz gap profile calculated from Dodd and Deeds model with the CAAC approximation
[6,7,5, 4], and Desjardins et al.’s [9, 10] general model with and without open circuit pickup coils. Figure 5 compares
the predicted 1.9 kHz and 16 kHz impedance plane displays of the gap profiles for the three different models. Figure
6 and Figure 7 compare the predicted impedance plane display of the 1.9 kHz and 16 kHz gap profile calculated from
Desjardins et al.’s [9, 10] finite-impedance model and Dodd and Deeds [6, 7, 5, 4] solutions against experimental data.
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FIGURE 3. Predicted amplitude (left) and phase response (right) of the 1.9 kHz plate gap profile.
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FIGURE 4. Predicted amplitude (left) and phase response (right) of the 16 kHz plate gap profile.
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FIGURE 5. Predicted impedance plane display of the 2 kHz (left) and 16 kHz (right) plate gap profile.
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FIGURE 6. Impedance plane display comparing the analytic models and experimentally measured 1.9 kHz gap
profiles. Gap increases from left to right from ~ 0 mm to 13 mm. The data was nulled at 0 mm gap and 1.9 mm
liftoff. The Dodd and Deeds model without the CAAC was not plotted, because after a scaling and rotation
operation, achieved a near-perfect match to the general model of Desjardins et al.
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FIGURE 7. Impedance plane display comparing the analytic models and experimentally measured 16 kHz gap
profiles. Gap increases from left to right from ~0 mm to 13 mm. The data was nulled at 0 mm gap and 1.9 mm liftoff
The Dodd and Deeds model without the CAAC was not plotted because after a scaling and rotation operation
achieved a near-perfect match to the general model of Desjardins et al.

As shown above in Fig. 3, at low frequencies (1.9 kHz), there is virtually no difference between the different
models’ prediction of the amplitude response of the gap profile. Fig. 5 confirms that the Dodd and Deeds model
(with and without the CAAC) [6, 7, 5, 4] is a reasonable approximation of experimental measurements at low
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frequencies. In the high frequency regime (16 kHz), there are large discrepancies between the predicted amplitude and
phase responses between the three models. It was found however, that for both the 1.9 kHz and 16 kHz experimental
data, the Dodd and Deeds model without the CAAC could be scaled and rotated to match the Desjardins et al. model
without a significant loss of accuracy. For this reason, the Dodd and Deeds model without the CAAC was not plotted
in Fig. 5 and Fig. 6. However, as shown in Fig. 6, Dodd and Deeds [6, 7, 5, 4] model with the CAAC cannot achieve
a shape agreement with experimental data, while the general model of Desjardins ef al. [9, 10] yields an excellent
match. It would seem that because the drive coil has a small impedance (~10% Q), its source current is highly
susceptible to its lossy self-inductance as described by Eqn. (1). In the low frequency regime, the drive coil lossy self-
inductance has a negligible response and therefore, the Dodd and Deeds [6, 7, 5, 4] model with the CAAC is a
reasonable approximation.

CONCLUSIONS

This paper compared Dodd and Deeds’ [6, 7, 5, 4] and Desjardins et al.’s [9, 10] models for the application of a
transmit-receive EC probe in a layered planar geometry, consisting of Grade 2 Titanium (54+1 pQ-cm), and non-
ferromagnetic SS-316 stainless steel (74.5+£0.7 pQ-cm). It was observed that at low frequencies (~2 kHz), there was
no detectable difference between the different models’ prediction of amplitude response to changes in gap between
the plates. However, comparison with experimental data showed that Dodd and Deeds’ model as applied to this work
could not achieve a good shape agreement with experimental data for excitation frequencies of 16 kHz. In contrast,
the general model of Desjardins et al. [9, 10] yielded an excellent match with experimental data for both excitation
frequencies tested. Limitations in Dodd and Deeds [6, 7, 5, 4] model, including the assumption of a constant amplitude
alternating current for voltage driven probes and approximating the pickup coil as an open circuit, were considered as
the factors that confounded good agreement of the model and experimental results.
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