
For a coaxial driver-pickup arrangement encircling a tube, the complex inductances are:
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where 𝜆 is the Fourier cosine transform parameter and 𝜇0 is the
permeability of free space. Driver and pickup coil functions 𝜒1 𝜆 and
𝜒2 𝜆 are defined as
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with 𝑁, 𝑎, 𝑏, 𝑙 denoting the coil’s number of turns, inner radius,
outer radius and length, respectively, and 𝑑 is the distance along the axis separating the centers of
the coils. Finally, the tube function is defined as
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with the following definitions:
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Thus, all quantities are described and the solution can be plotted for tubes of different σ, 𝜇𝑟 and 
wall thickness.

SIMULTANEOUS EVALUATION OF MATERIAL PARAMETERS 
USING ANALYTICAL TRANSIENT EDDY CURRENT MODELS

D.P.R. Desjardins1,2, T. W. Krause2 and L. Clapham1

1.   Department of Physics, Engineering Physics and Astronomy, Queen’s University, Kingston, ON, Canada, K7L 3N6

2.   Department of Physics, Royal Military College of Canada, Kingston, ON, Canada K7K 7B4

Abstract

Recent analytical eddy current models, which correctly account for each of the
electromagnetic coupling effects arising in inductive circuits that contain a conducting and even
ferromagnetic sample, have been used to develop algorithms for the simultaneous evaluation of
material parameters. In particular, the electrical conductivity and magnetic permeability of
different material and thickness tubes have been extracted from single transient eddy current
signals. Simple Laplace and Fourier transform rules are used to generate an arbitrary number of
independent equations relating experimental data and theory. These equations are
simultaneously solved to determine the material parameters of interest. Furthermore, results
computed from these equations can be tabulated and implemented in a lookup-table scheme
for an ultra-fast multi-parameter characterization of material properties.

Forward Problem

In driver-pickup pulsed eddy current applications, a square wave excitation with amplitude 𝑣0
and period 𝑃 is applied to a driver coil. The general solution for the transient current response of
the pickup coil [1] is written as
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where L1 and L2 are the coils’ self-inductances, R1 and R2 are the total driver and pickup circuits’
resistances, and M is a mutual inductance coefficient. Additionally, ℒ1 and ℒ2 are complex
inductances arising from the self-coupling of the driver and pickup coils through the sample, ℳ
is a complex mutual inductance coefficient arising from cross-coupling between the coils through
the sample, and s, the Laplace transform parameter, is a complex frequency.

Inverse Problem

The frequency domain differentiation property of the Laplace transform [2], written as
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provides a simple method of generating linearly independent correspondences between theory
and experiment. Multiple relationships can be drawn from a single measured TEC signal. A first
equation, n=0 and s=0, relates the area under the pickup current signal and theory
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Using a measured value for A0, the equation may be solved numerically for 𝜇𝑟. A second
equation, n=1 and s=0, relates the area under the pickup current signal scaled by t and theory
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where the prime denotes the derivative of the function ℳ 𝑠 with respect to complex
frequency 𝑠. This second equation, together with a measured value of A1, may be analytically
solved for σ.

For example, consider a carbon steel tube with an outer radius of 3/8” and a wall thickness of
0.12”. The area under the measured transient pickup signal 𝑖(𝑡) is found to be 36.078 10-3,
whereas the area under the same signal scaled by time, 𝑡 ∙ 𝑖(𝑡), is measured to be 6.573 106.

Experiment

The circuit diagram of the experimental apparatus, and the geometrical and electrical
properties of the coaxial driver-pickup probe, are presented below:

Summary

A novel approach for the simultaneous characterization of a material’s magnetic permeability
and electrical conductivity has been developed. The inverse method was demonstrated on
tubes, but is applicable to different geometries such as multilayer tubular or plate structures,
provided that the expressions for the complex self- and mutual inductances can be obtained. A
model-based approach, such as this, is useful for the interpretation of multivariate transient
eddy current inspection data.

Coil : 1 - Driver 2 - Pickup

Number of turns N : 838 887

Wire gage [AWG] : 36 36

Length l [mm] : 9.01 11.09

Inner radius a [mm] : 10.73 10.71

Outer radius b [mm] : 12.54 12.26

Resistance R [Ω] : 88.3 92.4

Self-Induct. L [mH] : 17.4 17.6

Distance d [mm] :

Mutual Induct. M [mH]:

13.85

3.73

Properties μr and σ are evaluated as 138.3 and 6.57 MSm-1, respectively.

Transient pickup signals
are acquired for a
variety of ferromagnetic
and non-ferromagnetic
conducting tubes, all
with nominal outer
radius of 3/8”, but each
having different wall
thicknesses. Measured
areas A0 and A1, along
with calculated values
of 𝜇𝑟 and 𝜎 , are
presented in the table
on the right. As a
confirmation, these
values are substituted
into the full transient
solution and plotted
alongside the
experimental PEC signals in the time domain.
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