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Abstract: A wide variety of problems in computational electromagnetics has been successfully
solved using a volume-integral approach along with conjugate-gradient methods. In the arena
of quantitative nondestructive evaluation (NDE) of nuclear-power and aerospace structures, the
problem of modeling pitting and corrosion phenomena is particularly challenging. Based on real
corrosion pits in heat-exchanger tubes in nuclear power plants, and manufactured pits in aircraft
structures, we develop general models that are suitable for analysis using vIC-3DO , proprietary
volume-integral code. Based on these models, we develop the notion of model-based inversion, and
apply it to the NDE of corrosion and pitting phenomena.

Keywords: volume-integral equations, electromagnetic nondestructive evaluation, corrosion and
pitting phenomena, model-based inversion

1. Introduction

The nuclear power industry faces the serious challenge of convincing a skeptical public and regu-
latory agencies that it can operate safely and efficiently. Nondestructive evaluation (NDE) plays a
significant role in this task, and computer modeling is playing an equally significant role in NDE.
The industry now realizes the value of using such modeling to replace expensive experimental
tests, as well as to design equipment, and interpret results. Eddy-currents have a traditional place
in the inspection of heat exchanger tubing [1][2], and the industry seeks improved tools for such
inspections.

In this paper we develop the idea of model-based inversion, that is based on the volume-integral
code, VIC-3D©, and is briefly described in Section 2. We then develop models for real pits
that have been isolated in heat-exchanger tubes in Section 3, and apply model-based inversion to
these pits. The ideas are extended to pitting in aircraft structures in Section 4, and comments and
conclusions are made in the final section of the paper.
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2. Model-Based Inversion

2.1 VIC—3D©, A Volume-Integral Code: The foundation of model-based inversion is VIC-
3D©[3] [4], a volume-integral code for eddy-current NDE. The unknowns in the volume-integral
algorithm that VIC-3D'= uses are anomalous electric and magnetic currents, the latter occur-
ring when either the host or anomaly (flaw), or both, are ferromagnetic with a relative magnetic
permeability greater than unity. The kernels of the volume-integral functionals are vector Green
functions that are computed for layered media with a variety of electromagnetic properties. The
anomalies can be randomly structured, or even homogeneous, but in the latter case, we do not
resort to surface-integral equations.

Embedded in VIC-3D©s post-processing filter library is NLSE, the tool that drives the
‘inversion-engine’ for model-based inversion. The inversion process is described mathematically in

(1),

Measured Data Model Data

Ry +.7X1 = fl(plap27p3a""pM)
Ry +.7X2 = f?(plap23p3a"'7pM)
R3 +.]X3 = fl(plap23p3a""pM)
Ry +jXn = fn(p1,p2,D3,...,0M) , (1)
where the left-hand side is a vector of measured impedances, and p1,...,pys are parameters to be

determined; e.g., length, width, height of a corrosion pit. The optimization step in NLSE: Minimize
IR+jX—f(p)|| over p using Gauss-Newton iterations. The process requires VvIC-3D© generating
the model data on the right-hand side in the form of an interpolating ‘look-up’ table for p.

2.2 Summary of Model-Based Inversion: The following summarizes model-based inversion:
e introduces ‘Probability of Inversion’

— how many parameters are to be inverted?

— how large is the interpolation table for each parameter?

e does not use a variety of reference calibration blocks, with a variety of edm notches, for a
variety of probe orientations

e is objectiveno ‘operator/inspector calls’ based on a priori raw data
e gives an q posteriori estimate of sensitivity of each parameter

e gives an a posteriori estimate of harmful noise level

e gives a constructive reconstruction algorithm

e is based on a system of support algorithms, such as clutter removal, noise reduction, ‘fast’
models, etc.

e is robust, efficient, mathematically rigorous, and reliable.
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3. Pitting Models

3.1 Pitting in a Heat-Exchanger Tube: Figure 1 show photomicrographs of actual pits in the
inner-radius of Exelon PowerLabs’ Braidwood Unit No. 2 heat-exchanger tube. From this, and

Figure 1: Photomicrographs of actual pits in Exelon’s Braidwood Unit No. 2 heat exchanger tube.

similar photomicrographs, we infer that a reasonable model of such pitting are three-dimensional
semi-ellipsoids that originate in the inner-radius of tube walls. Figure 2 illustrates the model,
together with its three defining parameters, the semi-axes, A, B, and C.

By modeling the pit in this manner, we hope to simplify the ‘inverse problem,” which is to
determine the size of the pit (especially its depth) from measured data. In this case, we hope
to determine the three semi-axes, thereby solving the inverse problem. Clearly, C determines the
depth of the pit. From the lower photomicrograph of Figure 1, we see that the pits appear to be
circular, when looking into the inner surface of the tube, with a nominal radius of 0.0625 inch.
Hence, we model these pits by setting A and B equal to 0.0625. We then choose C to be equal
to the difference between 0.049 inch (the nominal wall thickness) and the minimum measured wall
thickness, as given in the photomicrographs.

A tube is inspected by inserting a coil co-axially to the tube (a ‘bobbin coil’) and then drawing
it through the length of the tube. This is done over many tubes, comprising a scan of several
thousand feet. The measured data are the change in impedance of the coil as it is scanned through
the tube. In executing the inversion problem, we simulate measured impedance data by using model
data generated by VIC—3D©, which were then submitted to NLSE. The output of the estimator
is an estimate of the semi-axes, A, B, and C of the ellipsoidal pit, as displayed in Table 1. It only
takes a few minutes to compute a table for the inversion algorithm, which is then used for all pits.
Subsequently, it takes about 2-4 seconds to compute the results for each pit.

The results displayed in Table 1 indicate that the alogrithm for nonlinear estimation is reliable
and robust. The maximum error occurs in A for Indication No. 8, and is only 10%, which is quite
tolerable for this dimension (the width of the pit). The important point to be made from this study
is the reliability in reconstructing C, the semi-axis that determines the depth of the pit. Indeed,
the results of the algorithm indicate that the computation is more sensitive to depth then to the
lateral dimensions, which is exactly what we’re looking for!
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TUBE AXIS

TUBE WALL

INNER SURFACE
OF TUBE WALL

Figure 2: Illustrating a model of pits as three-dimensional semi-ellipsoids that originate in the
inner-radius of a tube wall. The ellipsoid is defined by its three semi-axes, A, B, and C. A typical
tube is made of copper-nickel, with o = 5.277 x 10S/m and s = 1. The outer diameter is 0.75inch,
and the wall thickness is 0.049inch.

Table 1: Estimate of A, B, and C for the semi-ellipsoidal representation of the pits labeled Indication

No. 3-9.
Indication Original Model Data (in) Reconstructed (Inverted) Data (in)
No. 3 A=0.0625, B=0.0625, C=0.026 A=0.0643, B=0.0634, C=0.0263
No. 4 A=0.0625, B=0.0625, C=0.034 A=0.0644, B=0.0639, C=0.0325
No. 5 A=0.0625, B=0.0625, C=0.029 A=0.0645, B=0.0637, C=0.0285
No. 7 A=0.0625, B=0.0625, C=0.033 A=0.0645, B=0.0639, C=0.0316
No. 8 A=0.0500, B=0.0700, C=0.034 A=0.0550, B=0.0686, C=0.0328
No. 9 A=0.0625, B=0.0625, C=0.032 A=0.0645, B=0.0639, C=0.0309
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3.2 Inversion of a Complex Pit. Figure 3 illustrates a complex pit, comprising three intersecting
semi-ellipsoids. The A and B semi-axes are 0.0625 inches, as before, and the C semi-axes are 0.029,
0.026 and 0.034 inches. In this exercise, we assume that the A and B semi-axes are known, as well as
the locations of the centers of the semi-ellipsoids, and the job is to determine the profile-in-depth of
the pit, that is, to determine the three C-axes. We use VIC-3D©-generated input data to NLSE
at six frequencies, 10kHz, 20kHz, 40kHz, 70kHz, 200kHz, and 700kHz, with the results shown in
Table 2. The interesting result is the average over the six frequencies. Clearly, the reconstruction

Table 2: Estimation of three C-axes for the complex semi-ellipsoidal pit model. The row labeled
‘Freq. Avg.’ is the average of the results over the six frequencies.

Freq (kHz) Result
10 (0.026, 0.022, 0.032)
20 (0.026, 0.023, 0.032)
40 (0.026, 0.023, 0.032)
70 (0.028, 0.023, 0.033)
200 (0.032, 0.026, 0.036)
700 (0.033, 0.030, 0.037)
Freq. Avg. | (0.029, 0.025, 0.034)
True | (0.029, 0.026, 0.034)

in depth is robust, especially when frequency scanning is incorporated along with spatial scanning.
The middle lobe, which is effectively lost in the presence of its two larger neighbors, is still quite
accurately reconstructed.

3.3 Quantifying Corrosion Topology in Aircraft Structures—A Validation with Exper-
imental Data: Figure 4 illustrates a corrosion topology problem that Victor Technologies was
involved with for the Air Force Aging Aircraft Program. In this project actual data were taken on
manufactured pits, and we developed model-based inversion algorithms to reconstruct the pits. An
interpolating grid that is suitable for polynomial-spline interpolation up to order four in the two
parameters, Radius and Height of the corrosion pit, is populated with ‘blending functions’ that are
computed using VIC—3D©, and play the role of hardware standards in analog-based inspection.
There is no use for hardware standards, analog instruments or operator intervention/interpretation
in model-based inversion.

In the current inspection paradigm, in which ‘Probability of Detection’ ideas are used, one might
be concerned about uncertainties in the host (aluminum) conductivity in Figure 4, or perhaps in
the lift-off, or even tilt-angle of the probe. In model-based inversion, these ‘uncertain parameters’
are lumped into the unknown p’s on the right-hand side of (1), and then determined along with the
height and radius parameters of interest. Furthermore, NLSE will give a measure of the sensitivity
of the solution to each of these variables, which is a partial-indicator of the quality of the solution.

3.4 An Algorithm for Improving Reconstructions: We have developed an algorithm that
simultaneously updates the noisy measured resistance data while solving the inverse problem. The
algorithm, which is illustrated in Figure 5, ultilizes the notion of projections onto convex sets
(POCS).

The algorithm proceeds iteratively through a series of steps that sequentially calls NLSE to
perform an inversion, VIC-3DO1o perform a direct calculation, and an orthogonal projection to
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Tube Axis

Bobbin

Coil

‘0.0625in | 0.0625in | 0.0625in | 0.0625in |

Figure 3: Illustrating a complex pit that comprises three intersecting semi-ellipsoids, whose dimen-
sions are shown.

6.35mm

Figure 4: Quantifying corrosion topology in aircraft structures. PH1 denotes the height of a pit
lying in the upper-half of the workpiece.

(PH2,PD2) 5

(PH2,PD2),,

Figure 5: Illustrating the idea of projections onto convex sets (POCS) for improving resistance
data during the inversion process.
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return the impedance computed by VIC-3D®back to the straight line, X = Xmeas, thus assuring
that all further input data to NLSE will always have X = Xyeas as its reactance data. This ensures
that the algorithm will be grounded in the more reliable component of the original measured data.

The results of running the POCS algorithm on the problem of a pit lying in the bottom-half of
Figure 4 are listed in Table 3.

Table 3: Results of applying the POCS algorithm to a pit lying in the bottom-half of Figure 4.
Bo is the scale factor relating the impedance after the first iteration to the original data, 81 is the
scale factor relating the impedance after the second iteration to that after the first, and S is the
scale factor relating the impedance after the third iteration to that after the second. We do not go
any further because (3, is very close to unity. The ’Error’ is between the final computed geometry
and the ‘Nominal’ (experimentally determined) geometry.

NLSE STEP | (PH2,PD2) B
0 (2.052,1.24) | 0.98757 — j0.072423
1 1.7884,1.3052) | 0.98852 — j0.013285
2 1.5528,1.3660) | 0.99960 — j0.014508

( )
( )
3 (1.2625,1.4891)
(1.3386,1.5265)

Nominal

Error: (6.0%, 2.5%)

The input impedance data generated by the POCS algorithm are shown in Figure 6. Note that
the resistance data approach the ‘model’ with each iteration. The reactances behave in a similar
manner, but do not change as strongly from iteration to iteration. Only the measured reactance
data are used in each iteration. It is clear that the improvement in the reconstruction is due to
the improved resistance data during the iterations. Finally, we stress that we never use the ‘model’
data because the model is not known to us a priori. Indeed, determining the model is the reason
for doing the inversion in the first place.

4. Comments and Conclusions

Model-based inversion, which is playing an increasingly important role in the development of ad-
vanced techniques of electromagnetic NDE, depends crucially on the rapid solution of forward
problems, and on the development of accurate models of anomalies that can be described with a
few parameters. We have shown that the volume-integral approach works well within this frame-
work, and that sophisticated inversion algorithms can be generated through the volume-integral
formulation. The promise, therefore, is that model-based inversion will evolve quickly into a reliable
tool for the analysis of pitting and corrosion phenomena in areas as diverse as nuclear power plants
and aerospace structures.
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Figure 6: Input impedance data generated by the POCS algorithm applied to ph2-50, i.e., a pit
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