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ABSTRACT
The traditional approach to ID pit sizing involves the use of one variable, amplitude or phase angle to
depth, measurement curves. Industry experience has shown that these one variable techniques have
shortcomings when ID flaws vary in morphology.
Phase and amplitude of an eddy current signal are dependent on both the depth and the total
volume of ID pits. These two variables can be used to construct a two variable regression curve
relating to depth. A two variable curve should attenuate the effect of pit diameter on depth estimates.
Calibration data sets consisting of machined pits of various diameters and depths were acquired.
Two variable regression curves were used to estimate the depth of machined pits of various diameters
and depths. Traditional one variable curves were also used to estimate the depth of these indications.
The results of these analyses were evaluated to determine sizing accuracy using a standard regression
plot to document performance of the data against the “best fit”. Based on this analysis it was identified
that two variable regression analysis consistently provided more accurate ID pit sizing.
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INTRODUCTION AND BACKGROUND
This paper documents the results of a study undertaken to determine if ID pit depth sizing (by the ET
method) could be improved by utilizing two variable calibration curves. The central thesis of this
study was to ascertain if a single measurement curve, constructed using two variables, would provide
improved sizing performance on a variety of ID pit morphologies. The study was limited to copper
based alloys, 90/10 CuNi and SB-111, Admiralty Brass.
The traditional approach to ID pit sizing involves the use of one variable, amplitude or phase
angle to depth measurement curves. One variable measurement curves have provided less than
optimum results when sizing ID pit depths.
The phase and amplitude of an eddy current signal are dependent on the depth as well as the
total volume and shape of a flaw. This statement is validated by both eddy current theory and
observation. A two variable function relating signal amplitude and phase to depth should help to
attenuate the effects of pit volume.

Commercially available calibration curve functions in eddy current software packages do not
support the use of two variables. In order to construct the two variable calibration curves regression
analysis software was procured from NLREG.
The goal of regression analysis is to determine the values of parameters for a function that cause
the function to best fit a set of provided data observations.
In this study two types of regression analysis techniques were utilized:
1. Linear regression analysis was utilized to evaluate sizing performance of the afore-mentioned
ET analysis techniques.
2. Multivariate regression analysis was utilized for the development of the two variable (amplitude
and phase) curves.

METHODOLOGY AND TEST PERFORMANCE
The principal question addressed by this study was: Can a single measurement curve accurately depth
size ID pits of various morphologies? This study addresses this question by measuring ID defects
ranging in size from .0625” round to .250” X .125” elongated artificial defects; a smaller sample of
real world ID defects was also measured. All of these defects were measured using three separate
techniques – Vpp phase angle analysis, VertMax amplitude analysis, and two-variable analysis
(VertMax amplitude and Vpp phase angle). The results of these analyses were then evaluated for
sizing accuracy.

Study Overview
1. Construct two variable curves and develop a working model for ID pit sizing.
2. Perform depth sizing of available data using both two variable and traditional one variable
techniques.
3. Apply adequate rigor to test samples to assure representative pit sizes and morphologies are
evaluated. The data employed should contain defects of different morphologies (e.g. round pits,
elongated pits)
4. Evaluate depth sizing accuracy of two variable and one variable curves on a variety of pit
morphologies.

Software
The NLREG software requires the development of an initial equation in order to generate the
measurement curves. This equation used in this study contained three distinct elements:
• Independent Variables – Phase and Amplitude of Indications
• Dependent Variable – Depth of Indications
• Estimation Parameters – Parameters used during regression analysis to generate the “best fit”
curve
The equation was constructed so that the curve generated matched the data values of the control
set as closely as possible. The equation was developed using the following steps:
 Record phase, amplitude, and depth measurements from a control set of calibration standard
defects and field samples. This control set contained data from as many ID defects as possible.
 Experiment using various equations to determine the equation which best fits the control data set
as a whole. Examination of the regression output data generated during this process helped to
validate the equation.
A primary consideration was to validate that the equation and software generated the
measurement curve in the same general form whether all available defect data was included or only
selected data points were used.

The following tables are regression analysis output screens from the NLREG software depicting
results from an initial equation generated early in the study and also the final equation used. An
explanation of selected terms used in the analysis is also included.

Table 1

Early Function
PIT SIZING ALGORITHM
Standard error of estimate = 23.5455
Average deviation = 18.7966
Maximum deviation for any observation = 37.3027
Proportion of variance explained (R^2) = 0.6127 (61.27%)
Adjusted coefficient of multiple determination (Ra^2) = 0.5804 (58.04%)

Table 2

Final Function
PIT SIZING ALGORITHM
Standard error of estimate = 2.50431
Average deviation = 1.53664
Maximum deviation for any observation = 6.22881
Proportion of variance explained (R^2) = 0.9956 (99.56%)
Adjusted coefficient of multiple determination (Ra^2) = 0.9953 (99.53%)

Table 3
Explanation of Analysis Terms
Average and Maximum Deviation
The "Average deviation'' is the average over all observations of the absolute value of the difference between
the actual value of the dependent variable and its predicted value.
The "Maximum deviation for any observation'' is the maximum difference (ignoring sign) between the actual
and predicted value of the dependent variable for any observation.
Proportion of Variance Explained
The "Proportion of variance explained (R2)'' indicates how much better the function predicts the dependent
variable than just using the mean value of the dependent variable.
Adjusted Coefficient of Multiple Determination
The "adjusted coefficient of multiple determination (Ra2)'' is an R2 statistic adjusted for the number of
parameters in the equation and the number of data observations. It is a more conservative estimate of the
percent of variance explained, especially when the sample size is small compared to the number of
parameters.

The following figures are curves generated from the NLREG software representing one variable
and two variable techniques.

Figure 1 - One Variable Curve

Figure 2 - One Variable Curve

Figure 3 - Three Dimensional Representation

Figure 4 - Two Dimensional Representation (Looking Down)

Measurement Methodology
Depth measurements of artificial defects of known depths and morphology were performed in order to
assess sizing accuracy. The following process was used:
• Data on phase and amplitude from the standard entries used for setup were recorded and input
into the regression analysis software to construct the two- variable, Amplitude & Phase vs.
Depth Curves.
• Traditional one variable curves were constructed in the ET analysis software.
• The following calibration curves were established:
o “Prime” Frequency
 (Vvm) Amplitude & (Vpp) Phase vs. Depth- Using a 0, 0, 0 point, various 100%
TWHs, and the ~50% defect measurements from the standards.
• The two variable curve was established using only the 0,0,0 point, the 100% TWH
signals and the 50% ID signals to simulate a typical field calibration methodology.
 (Vpp) Phase vs. Depth – Using 1/8” diameter pits
o Low Frequency (~F0/8)
 (Vvm) Amplitude vs. Depth – Using 1/8” diameter pits
• The above calibration curves were utilized to analyze the following ET data sets:
o .625”X.049” 90/10 CuNi tubing containing calibration standard entries with various pit
morphologies. Each standard was recorded four times and the standard was rotated ninety
degrees between pulls. This practice induced variations to the signal phase and amplitude
dependent on how the coil was affected by the ID defect.
o EPRI provided data set of .625”X.049” Admiralty Brass tubing containing standard entries
with various pit morphologies
o Data sets from field samples that had been removed from service and destructively
analyzed.

The following table shows a sample of data recorded during the measurement phase of the
study.
Table 4

The following table and figures detail a portion of the field sample tubes examined. Note the
variation in ID pit morphologies present.
Table 5
Tube
10-31

19-35

Pit
1
2
3
3A
4
4A
5
6
1A
1B
2A
2B
3

Description
Tight pit cluster, 1/8" diameter
Pit cluster, 1/4" diameter
Arc-shaped pit cluster, 1/4" axial extent
3/16" diameter pit
3/16" diameter pit
Two joined pits, 1/4" axial extent
Several discrete pit, deepest 1/8" diameter
Several discrete pit, deepest 1/8" diameter
1/16" diameter pit
Two 1/16" diameter pits
1/16" diameter pit
One 1/16" diameter pit, several smaller pits
3/32" diameter pit

Depth (mils)
16
17
30
25
36
27
30
19
22
na
16
na
16

Percent depth
32
35
61
51
73
55
61
39
45
na
33
na
33

Figure 5 - Tube 10-31, pit location #3

Figure 6 - location #3 section view

Figure 7 - Tube 10-31, pit location #5

Figure 8 - location #5 section view

Figure 9 - location #3 section view

Figure 10 - Tube 19-35, pit location #3

Figure 11 - Tube 10-31, location #6

Figure 12 - location #6 section view

SIZING PERFORMANCE RESULTS
Defect depth sizing was evaluated using the linear regression analysis technique. This technique was
used in the preparation of the EPRI Electromagnetic NDE Guide for Balance-of-Plant Heat
Exchangers, and many of the same parameters are utilized in this document. The Excel-based
spreadsheet for performing this analysis is available from EPRI.
This evaluation technique compares the depth measurements from the various techniques to the
physically measured depth of the defects. Three values are generated during the regression analysis
that can be used to gauge sizing accuracy: slope of the regression line, correlation coefficient, and root
mean square error (RMSE). A fourth value was also included during the evaluation – Maximum
Deviation. This value reflects the largest variance when depth sizing a specific defect in a data set.
Flaw depth sizing results improve as the correlation coefficient increases, the slope of the linear
regression line approaches one, and the RMSE and Maximum Deviation values decrease.

Value
Slope of Regression Line
Correlation Coefficient
RMSE
Maximum Deviation

Table 6
Minimum Criteria
>0.7 &<1.3
>70%
<20%
None Established

Ideal
1.0
100%
0%
0%

The following table summarizes the average sizing accuracy of the different measurement techniques
evaluated.

Slope of Regression Line
Correlation Coefficient
RMSE
Maximum Deviation

1 Variable
Amplitude
.802
74.6
22.54
54.66

Table 7
1 Variable
Phase Angle
.812
91.9
11.80
23.00

2 Variable
Amplitude & Phase
.852
97.9
6.49
12.66

Regression plots for each technique and each sample set used in calculating average sizing
accuracy are shown in Figures 13 through 21.

The following three plots reflect sizing accuracy on the EPRI provided Admiralty Brass data set.

Figure 13 - Low Frequency Amplitude vs. Depth Technique
Note: Maximum deviation, and RMSE

Figure 14 - Prime Frequency Phase vs. Depth Technique
Note: Maximum deviation, correlation coefficient and RMS are improved

Figure 15 - Prime Frequency Two Variable Technique
Note: Low maximum deviation, high correlation and low RMSE

The following three plots reflect sizing accuracy on the Wolf Creek 90/10 Copper Nickel data
set. Numerous calibration standards of various morphologies were utilized in this data set.

Figure 16 - Low Frequency Amplitude vs. Depth Technique
Note: Larger data set. Maximum deviation and RMSE are high

Figure 17 - Prime Frequency Phase vs. Depth Technique
Note: Maximum deviation, correlation coefficient and RMSE are improved over Figure 16

Figure 18 - Prime Frequency Two Variable Technique
Note: Low maximum deviation, high correlation and low RMSE

The following three plots reflect sizing accuracy on a data set of actual flaws in 90/10 Copper
Nickel tubes removed from service at Wolf Creek. This data set contained the fewest number of
defects.

Figure 19 - Results from a set of flaws from destructively analyzed tubes

Figure 20 - Results from a set of flaws from destructively analyzed tubes

Figure 21 - Results from a set of flaws from destructively analyzed tubes

The following two plots were not used in the overall average calculations. They are shown to
illustrate the performance of the two variable technique in specific situations.

Figure 22
NOTE - This plot is shown to illustrate the accuracy obtained using only 100% flaws of various
morphologies as calibration points

Figure 22
NOTE - Results of two variable technique when only round ID flaws are used for calibration and only
round ID flaws are depth sized

CONCLUSIONS AND RECOMMENDATIONS
Conclusions
1. Amplitude analysis was found to provide the lowest correlation and highest RMS error of the
techniques evaluated.
2. Phase angle analysis was found to provide better correlation and lower error (more accurate)
than the amplitude analysis.
3. Two variable analysis, using phase angle and amplitude, provided the best correlation factor and
lowest RMS error of all techniques evaluated.
4. Pit shape, or morphology, had an adverse effect on pit sizing in all three of the techniques
analyzed; two variable analysis tended to attenuate this effect.

Recommendations
1. Two variable measurement curves should be considered for integration into commercially
available ET analysis software.
2. Continued validation of the two variable measurement technique utilizing field data with
destructive analysis is warranted.

