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PRODUCT DESCRIPTION

In the inspection of aging aircrafts, power plants, and gas transmission pipelines, it is important
to ascertain whether the inspection system actually meets the inspection requirements. In these
applications, the capability of an inspection system to detect critical flaws is quantified in terms
of its probability of detection (POD) and observed confidence bounds. Limitations of different
nondestructive inspection techniques and inspector variability often lead to false rejections and
false acceptance errors. Further, uncertainties in operational parameters such as lift-off, probe
wobble (offset), coil tilt, material properties, and flaw orientation lead to a spread in signal
strength for the same nominal flaw size. Quantitative knowledge of the signal spread caused by
these variables and uncertainties in inspection parameters can help operators rationalize their
decision strategy. The estimation of POD with a good confidence bound requires a significant
amount of experimental data. Very often, the experimental data are collected under near ideal
conditions, which can lead to false estimates of POD.

In this project, the simulation model developed through another project with a user interface is
used to generate a database and to conduct a systematic model-based study for calculating POD
of critical flaws in critical locations. Quantitative knowledge of uncertainties of experimental
parameters can be used in conjunction with numerical models to generate POD curves.
Quantitative assessments based on POD models can then be used to accurately evaluate the
performance of an inspection system under appropriate conditions.

Results and Findings

In this report, a model-based approach for POD calculation for steam generator (SG) tube
geometry is presented. The approach is first applied to perform a sensitivity analysis of the POD
with respect to different sources of variability in the eddy current SG inspection process. An
initial set of parameters representing the sources of uncertainty was identified with input from
the Electric Power Research Institute (EPRI). The concept was demonstrated using a probe/coil
offset parameter and its effect on the resultant POD. The approach can therefore be used to study
the effect of a single source of uncertainty on the resultant signal and subsequently to optimize
inspection setup and probe construction.

Challenges and Objectives

A variety of tube/defect geometries and inspection parameters can be simulated using the
SGTSIM3D software and the POD curves for various tube and flaw geometries, such as freespan,
tube support-center/edge, tubesheet, expansion transition-explosive/hardroll, anti-vibration bar
(AVB), sludge pile, loose part, and U-bend, can be generated as well as defect types such as
inside diameter (ID), outside diameter (OD), axial, circumferential, stress corrosion cracks
(SCCs), dents, manufacturing buff marks (MBMs), wears, and pits. POD curves for various
probe types—such as bobbin, pancake, +pt, and array probes—can also be generated.

Applications, Value, and Use

The effect of different sources of uncertainty on POD curves can be used in optimizing
probe/system design and operation. An uncertainty factor with a dramatic effect on POD can be
identified as a “sensitive” factor in the probe/system design.



EPRI Perspective

Physics-based computational models providing the solution to mathematical (integral or
differential) equations that describe the underlying physics of an inspection process can play a
significant role in the generation of POD curves. These models enable the visualization of field
and current distributions in the inspected parts, which in turn helps to optimize inspection
parameters and enhances the reliability of inspection procedures. Models have been used in
several industries as the way to study and trend the effects of uncertainties on signal strength.
After the statistical distribution of signal amplitude is established using numerical computations,
the POD and false calls can be estimated by integrating the signal distribution within the
acceptance range.

Approach

Researchers used computational modeling along with data from the field, such as noise
distributions, to replicate experimental data through computer modeling. Results are obtained in
much less time and with much less cost compared to experimental approaches.
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Probability of detection
Modeling

Steam generator
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1

INTRODUCTION

1.1 Steam Generator Tube

A steam generator is a typical heat exchanger used in nuclear power plants, as shown in Figure
1-1. Steam generators (SG) transfer heat from the primary loop to the secondary loop feedwater
circulating on the outside of the tubes to produce steam that drives the turbines.

Pressurized
Water

Electricity

Condenser

Containment Structure

Figure 1-1
Steam Generator in Nuclear Power Plant

It is critical that the radioactive primary coolant does not leak into the secondary side. The steam
generator tubes are continuously exposed to harsh environmental conditions including high
temperatures, pressures, fluid flow rates and material interactions resulting in various types of
degradation mechanisms such as mechanical wear between tube and tube support plates, outer
diameter stress corrosion cracking (ODSCC), pitting, volumetric changes, primary water stress
corrosion cracking (PWSCC), and inter granular attack (IGA). These flaws can result in tube
thinning and/or development of multiple crack-like flaws, thereby increasing the risk for
contaminating the fluids on the secondary side. Consequently the steam generator tubes in
nuclear power plants are required to be inspected periodically for degradation.

Eddy current inspection has proven to be a fast and effective way to detect and size most
degradation mechanisms that occur in steam generators. As the nation’s generators have become
older, more challenging forms of degradation have been observed that require more advanced
application of eddy current testing.
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1.2 Eddy Current Testing

The basic principle underlying such methods can be illustrated with a simple arrangement shown
in Figure 1-2. When a coil carrying an alternating current is brought in close proximity to an
electrically conducting test specimen, the alternating magnetic field causes induced currents in
the conducting test specimen in accordance with Faraday’s law of electromagnetic induction.
The induced currents are called eddy currents since they follow closed circulatory patterns that
are similar to eddies found in water bodies. The alternating eddy current, in turn, establishes a
field whose direction is opposite to that of the original or primary field. Consequently, the net
flux linkages associated with the coil decrease. Since the inductance of a coil is defined as the
number of flux linkages per ampere, the effective inductance of the coil decreases relative to its
value if it were to be suspended in air. The presence of eddy currents in the test specimen also
results in a resistive power loss. The effect of this power loss manifests in the form of a small
increase in the effective resistance of the coil. An exaggerated view of the changes in the
terminal characteristics of the coil is shown in Figure 1-3, where the variation in resistance and
inductance is plotted in the impedance plane. When a flaw or in-homogeneity whose
conductivity and/or permeability differ from that of the host specimen is encountered, the current
distribution is altered. Consequently, the impedance of the coil will be different relative to the
value observed for unflawed regions. Systems that are capable of monitoring the changes in
impedance can, therefore, be used to detect flaws in a specimen that is scanned by a coil.

Eddy currents exhibit a unique phenomenon known as the “skin effect” which causes the current
density at a particular depth to decrease with an increase in the frequency of excitation. Skin
depth (), also called standard depth of penetration, is defined as the depth at which eddy current
density has decreased to 1/e of the surface value. The skin depth can be computed as follows:

o= !
o
Equation 1-1

Where f is the excitation frequency of the circuit, {1 is the magnetic permeability of the target
material, and o is the electrical conductivity of the target material. The skin depth is often used
as a guideline to select the excitation frequency for testing a given specimen.

The variations in coil impedance caused by discontinuities in the test specimen are often very
small in comparison with the quiescent value of the coil impedance. The detection and
measurement of the small changes are often made possible with the use of bridge circuits.
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Figure 1-2
Eddy Current Generation and Flow in a Conducting Specimen

& Coil iy air

B: Coil over a defective
nonferromagnetic specitmar
C: Coil over a defect-free
nonfetromagnetic specimen

Figure 1-3
Impedance-Plane Trajectory of a Coil over a Conducting Test Specimen

Factors that influence the eddy current field, and therefore coil impedance are:

Separation between the coil and specimen surface, called lift-off
Electrical conductivity of the specimen

Magnetic permeability of the specimen

Frequency of the AC

Design of the eddy current probe

Specimen geometric factors

Discontinuities, such as cracks, corrosion, pitting

Successful detection and characterization of flaws can benefit from a clear understanding of
field/flaw interaction and effects of various probe signal operational parameters. Correlations
between operational parameters and signal features help in signal processing design procedures
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to compensate for these effects and eliminate undesired responses. Correlations between defect
parameters and signal features can help in designing more accurate detection and
characterization algorithms. In particular, these correlations can be used to select features that
maximize the Probability of Detection (POD) of defects in different locations of the steam
generator.

1.3 Need for POD Study

In the inspection of aging aircrafts, power plants and gas transmission pipelines, it is important to
ascertain that the inspection system actually meets the inspection requirements. In these
applications, the capability of an inspection system to detect critical flaws is quantified in terms
of its POD and observed confidence bounds. Limitations of different nondestructive inspection
techniques and inspector variability often lead to false rejections and false acceptance errors.
Further, uncertainties in operational parameters, such as lift-off, probe wobble (offset), coil tilt,
material properties and flaw orientation lead to a spread in signal strength for the same nominal
flaw size. Quantitative knowledge of the signal spread due to these variability and uncertainties
in inspection parameters can help operators rationalize their decision strategy. However, the
estimation of POD with a good confidence bound requires a significant amount of
experimental data. Very often, the experimental data is collected under near ideal
conditions. These can lead to false estimates of POD.

Physics based computational models providing the solution to mathematical (integral or
differential) equations that describe the underlying physics of an inspection process can play a
significant role in generating POD curves. These models enable the visualization of field and
current distributions in the parts that are inspected, which in turn, helps in optimizing inspection
parameters and enhances reliability of inspection procedures. Models have been used in several
industries as the means by which effects of uncertainties on signal strength are studied and
trended. Once the statistical distribution of signal amplitude is established using numerical
computations, the probabilities of detection and false calls can be estimated by integrating the
signal distribution within the acceptance range.

In this project the simulation model developed under EPRI contract with a user interface is used
for database generation and conduct a systematic model based study for calculating POD of
critical flaws in critical locations. Quantitative knowledge of uncertainties of experimental
parameters can be used in conjunction with numerical model to generate POD curves.
Quantitative assessments based on POD models can be used to accurately evaluate performance
of an inspection system under appropriate conditions.



1.4 Review of Prior EPRI POD Work

Previous EPRI POD work is based on either empirical POD or MAPOD approach. Three of the
reports generated were studied in this section, a brief summary of work conducted under the
Tools for Integrity EPRI projects is presented.

Report 1 - Updates on the tools for integrity assessment project [1]

In this report, the multiple NDE analyst performance tests are conducted to obtain POD and
NDE sizing uncertainty correlations. Ten analysis teams for detection and sizing testing were
used, with the conclusion that 5 teams are sufficient for data sufficiency requirements.

Report 2 - Measuring and monitoring noise in steam generator tubing eddy-
current data for tube integrity applications [2]

In this report, the methodologies to measure and monitor eddy current data for noise that could
affect the performance indices are developed. Noise measurement consists of reporting noise
amplitude data in each region of interest (ROI) and constructing noise amplitude cumulative
distributions. Noise monitoring consists of reporting only those amplitudes which exceed a pre-
established voltage threshold. (It should be noted that the cumulative distributions of
measurement noise are not Gaussian and zero mean as assumed in the MAPOD software in
POD calculations).

Report 3 - Tools for integrity assessment project technical report [3]

In this report, recommended examination scope for noise measurement and monitoring and
implementation examples for baseline noise measurements, noise monitoring, and current outage
noise measurements are provided. Software for measuring and monitoring noise are discussed.

All industry pulled tube data were gathered for ODSCC in the area of interest and procedures
and protocols were used in a peer review to develop five data sets: three bobbin coil and two plus
point (+pt) coil data sets. A performance demonstration was conducted, as well as POD and
sizing. Summary of the tools for integrity program uncertainties were evaluated for the five data
sets. The appendices of this report document the results of the pilot project.

1.5 Limitations of Prior Work

Traditional POD evaluation methodologies are entirely empirical. In this approach, flaw signals
and their variability are determined using large number experimental measurements from
samples. The experimental data are used to estimate the POD of the flaw. Unfortunately the
determination of the POD requires a rather extensive set of measurements to obtain statistically
sound estimates. In general, this approach for generating POD curves is time consuming and
expensive. It involves the manufacturing of the defects in a large number of samples and requires
a large number of operators, which may delay or prevent a new probe or new technology from
being implemented.

The limitations of the empirical POD are overcome by Model assisted POD (MAPOD),
incorporating numerical modeling and statistical approach to reduce the number of samples



required. MAPOD is based on a logistic regression statistical model and has been successfully
implemented in many NDE applications. Some of the limitations of MAPOD approach are listed
below.

Primarily, there are the mandatory requirements for a valid regression model [4]. If the
requirements are violated, the resulting regression model will be invalid and the conclusions
based on it will necessarily be in error.

There are mandatory requirements for ordinary regression and all four must be satisfied:

Linearity of the parameters.
Uniform variance (homoscedasticity)

Conditionally uncorrelated observations

b=

Normal distributed errors

The most often violated requirement is the normally distributed errors. In the model based POD
(MBPOD) approach proposed in this report the above limitations are overcome by using Monte
Carlo simulation procedure for estimating the probability density function (pdf) which is
integrated to estimate the POD. Hence there are no requirements 1-4 in the proposed MBPOD
approach.

1.6 Research Objectives

The objective of this project is to use the computational model developed in the EPRI sponsored
Simulation Model project to initiate the studies necessary for calculating POD curves relevant
for SG inspection.

These geometries include:

e Dirilled support structures

e Top of tube-sheet (TTS)

e Free span

e Defect geometries (e.g., dents, dings, MBM’s, bulges, and foreign objects)

The probes include absolute and differential bobbin, pancake and +pt rotating probes.

The POD of critical flaws varies with location largely by virtue of different sources of
uncertainties in each scenario. The objective of this project is to systematically identify the
sources of uncertainties and generate a POD map of critical flaws in different locations.
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MODEL BASED POD

2.1 Introduction

Reliability of nondestructive testing techniques is of considerable concern to the NDE
community. In general, signals generated by identical flaws are usually different under practical
testing conditions thereby affecting the accept/reject decision. Repeated inspections of a specific
flaw can produce different magnitudes of response because of minute variations in setup and
calibration. Different operators may make different decisions when analyzing the same signal.

POD models constitute a powerful tool for quantifying the reliability and assessing the
applicability of a selected NDE technique. The POD model accounts for the variability that
affects the output signal and generates a distribution of the signal around its mean value. This
section describes a model based POD evaluation method, which is then used to optimize
experiment setup.

2.2 Sources of Variability

The first step in computing probability of detection is to find out the sources of variability.
Typical sources of variability of an NDE system include [5]

e Human factors

e Variations in specimen geometry, such as surface roughness and defect shape and
dimensions

e Variations in excitation source such as current or voltage value
e Variations in material property, such as permeability, conductivity
e Variations in experimental parameters such as probe wobble (offset), gain, frequency

e Instrumentation/measurement noise

2.3 POD Concepts

The POD of a particular flaw of a given size using a given measurement system can be
determined by generating conditional probability density functions (pdf) of the measurement
signal. Figure 2-1 shows a typical conditional pdf of the peak signal value in the absence of a

flaw, p(Yy| X,), and in the presence of a flaw, p(y|X;), wherey is the peak value and X, and X
represent the “no-flaw” and “flaw” situations respectively.



pdf

T Measurement (1)

Figure 2-1
Typical Distributions of Flaw/no Flaw Signals

Choosing a threshold (T) as shown, all signals above the threshold is classified as flaw signals
and signals below the threshold are interpreted as noise. Hence POD is determined by

POD=[" d
-[f PCY )y Equation 2-1

If the pdf of flaw signal and noise overlap, as shown in Figure 2-1, the data interpretation based
on threshold detection will involve two types of errors:

e Probability of False Alarm (PFA): The component without flaw is rejected due to incorrect
interpretation of noise as a flaw indication and is determined by

PFA= [ d
'[f PCY %)y Equation 2-2

e Probability of False Acceptance (POFA): The component with flaw is accepted due to
incorrect interpretation of a small flaw signal as noise fluctuations and is determined by

T
POFA= X, )d
LO PCy[ % )dy Equation 2-3

POFA is related to POD by
POFA=1-POD Equation 2-4

The Relative Operating Characteristic (ROC) shows the relationship between POD and PFA.
Hence there is a trade-off between a high POD and a low PFA. Figure 2-2 shows a typical ROC
curve.

2-2



Comparing ROC Curves
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Figure 2-2
Typical ROC Curve

2.4 Selection of Thresholds

The threshold T can be selected using an appropriate criterion. Various criteria for selecting the
threshold are:

1. Set PFA to a constant

In many practical applications it is desired to keep the PFA as low as possible. The PFA is
independent of the pdf of the flaw signal and dependent only on the pdf of the background noise.
The threshold is selected such that the PFA is a constant.

2. Set POD of the critical flaw size to a constant

This scheme is useful when the inspection system is expected to detect only flaws that are bigger
than a critical size. The threshold is chosen such that the critical flaw is detected with a specified
POD.

3. Minimization of the total signal classification error

In this scheme, the threshold is selected to minimize the sum of the overall error in signal
classification, which is given by

EM) =] p(ylx)dy+ [ p(y|%,)dy

Equation 2-5

where P is the prior probability of a flaw being present in the test specimen.

In this report, we using method based on the first method to select threshold. Threshold is
selected so that POD of 10% defect = 0.75.



2.5 Model Based POD Approach

A schematic of the overall procedure for estimating the probability density functions is
illustrated in Figure 2-3. A finite element model predicts the signals using the tube and defect
geometry and values of selected variability parameter, such as probe offset. A family of curves
are generated for increasing defect depths for each value of of probe offset. A family of
regression models is generated using simple curve fitting procedure. These functions establish
the relationship between signal magnitude vs. the selected variability parameter (probe offset) for
each defect size. A Monte Carlo procedure then maps values of the variability parameter, with
some distribution (input pdf), to generate the conditional prabability density functions of the

signal magnitudes (output pdf’s), p(y|X,) in the absence of flaw and p(y|X,;) in the presence
of a flaw, corresponding to the pdf of the perturbed parameter.

E
Teat Forward ‘ O T

Geometry T
Model -
Variability (FEM)
Parameter '
X
Inputpdf
(parameter)
Eg.liftoff
Figure 2-3

Procedure for Generating Conditional Probability Density Functions

Once the conditional pdf’s are generated, the probability of detection can be evaluated using
Equation 2-1 with appropriately selected threshold.
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APPLICATION OF MODEL BASED POD

3.1 Introduction

The first step in POD calculation is to determine the sources of variablities, which affect the
measured signal. In EPRI SG tube eddy current inspections, typical sources of variablities
include: tube geometry, structure influence, foreign object influence, deposit influence, tube
noise, probe construction (type and size), material variations, defect parameters, etc.

In Table 3-1, we list some of the variabilities considered.

Table 3-1
Uncertainties in SG Tube ECT
Data Numerical model (SGTSIM3D)

Tube Geometry freespan, tube support-center/edge, tube sheet, expansion
transition, explosive/hardroll, AVB, sludge pile, loose part, U-
Bend

Defects ID-, OD-, axial-, circ-, SCCs, dents, MBMs, wears, pits

Probe bobbin/ pancake/ +pt / array

Parameters tube noise (use distributions generated by noise monitoring
project), coil lift-off, probe wobble (offset), probe tile,
frequency, tube material property (permeability, conductivity),
sludge material, defect parameters (depth, length), loose part
parameters and material properties

Besides the variabilities listed above there is also measurement noise which varies in different
locations in the tube as described in the EPRI Report on measuring and monitoring noise in
steam generator tubing eddy-current data for tube integrity applications [2]. Once the
parameters are identified the range of the parametric variation is determined as listed in Table 3-
2. The underlined value of the parameter is the default value used in steam generator tube
inspection setup.
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Table 3-2

Range of Parameters for Bobbin Probe

Parameters

Range of values for parameters

Defect orientation

ID/Ax, OD/AXx, ID/Circ, OD/Circ

Defect depth

0%, 20%, 40%, 60%, 80% and 100%

Defect length (inch)

0.15,0.23,0.3,0.4,0.5

Probe coil ID (inch)

0.46, 0.47, 0.48, 0.49, 0.50, 0.51, 0.52

Probe coil OD (inch)

0.57, 0.58, 0.59, 0.60, 0.61, 0.62, 0.63

Probe coil Height (inch)

0.057, 0.058, 0.059, 0.06, 0.061, 0.062, 0.063

Probe coil Spacing (inch)

0.057, 0.058, 0.059, 0.06, 0.061, 0.062, 0.063

Probe wobble/offset (inch)

-0.08, -0.06, -0.04, -0.02, 0, 0.02, 0.04, 0.06, 0.08

Probe tilting (degree)

-5,4,-3,-2,-1,0,1,2,3,4,5

Operating frequency (kHz)

100, 150, 200, 250, 300, 350, 400, 450, 500

Conductivity of tube (S/m)

7.5e5, 8e5, 8.5e5, 9e5, 9.69e5, 10e5, 10.55e5, 11e5, 11.5e5

Tube dimension: inner diameter (inch)

0.700, 0.720, 0.740, 0.760, 0.775, 0.800, 0.820, 0.840, 0.860

Tube dimension: outer diameter (inch)

0.800, 0.820, 0.840, 0.860, 0.877, 0.900, 0.920, 0.940, 0.960

3.2 POD with respect to Offset of Bobbin Probe during a Scan

During scanning, the probe/coil should be set at the center of the tube (offset equal to zero). In
Figure 3-1, we show the two-dimensional (2-D) cross section view of the tube, with a defect.
Figure 3-1 (a) shows the case when the offset value is zero, Figure 3-1 (b) shows the case when
the offset value is positive (probe closer to defect) and Figure 3-1 (c¢) shows the case when the
offset value is negative (probe farther from defect).

|
I
I~ 061"

0.775" +—

(a)

Figure 3-1

|
|
B =
:
|
|
(b)

2-D Cross Section of Tube Geometry with Probe Offset (a) Zero Offset (b) Positive Offset (c)

Negative Offset
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SGTSIM software is used to predict signal for the given test geometry. The test geometry and
model parameters are listed in Table 3-3. The defects are rectangular, ID axial defect. The length
and width of the defect are 0.5 and 0.005”, respectively. The defect depths are 0 (defect-free),
20%, 40%, 60%, 80%, 100% (through-defect). The variability parameter is probe/coil offset
ranging from -0.08” to 0.08”. The material of the tube is inconel 600, with permeability equal to
1.01 and conductivity equal to 969000. The probe is 0.610” HF bobbin coil. The operation
frequency of the excitation current is 300 kHz. The impedance plane trajectory plots are
generated and the signal features based on the trajectory plots are extracted for calculating the
POD.

Table 3-3
Test Geometry

Geometry Free Span
Defect Rectangular, ID, axial, angle (90),

depth (0, 20%, 40%, 60%, 80%, 100%),
length (0.5”), width (0.005”)

Material Tube (inconel 600 with permeability equal to 1.01 and
conductivity equal to 969000)

Probe 0.610” HF bobbin coil

Operation frequency 300 k

For each defect depth, the signal is stronger, when the probe/coil is close to the defect (positive
offset). For 0% defect, the measured signal is the random noise.

3.2.1 Selection of Signal Features

Features in the signal are used to generate the a vs. a curve. In this report, two different features
are considered and evaluated using POD as measure for effectiveness. These are the maximum
signal magnitude (Feature I) and magnitude of projected signal (Feature II) as explained in the
following sections.

3.2.1.1 Maximum Signal Magnitude

Figure 3-2 illustrated the definition of maximum signal magnitude based on the trajectory plot of
the bobbin probe signal. Feature I is plotted as a function of defect depth and different probe/coil
offsets in Figure 3-3. A 3™ order polynomial curve is fit to this data and serves a functional
model of the 4 vs. a curves.

Assuming the probe/coil offset variations is distribution Gaussian, the corresponding conditional
pdf’s of the signal magnitudes for defects of different depths are obtained using Monte Carlo
simulation and the functional model. Since the functional models are non-linear (3rd order
polynomial functions), the conditional pdf’s of feature I are not necessarily Gaussian. The
resulting conditional pdf curves are plotted in Figure 3-4.
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From Figure 3-4, the threshold is selected so that the POD of 10% defect is 75%. The cumulative
PDF is obtained by integrating to the right of the threshold to estimate the POD of each defect.
The POD curves for different probe offsets are similarly calculated and plotted in Figure 3-5.
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Figure 3-5
POD vs Defect Depth Curves for Different Probe Offsets

3.2.1.2 Magnitude of Projected Signal

The bobbin probe signal includes both real and imaginary parts. A projected signal which
combines the two parts is calculated and used to compute feature II. Equation 3-1 describes the
mathematical definition of the projected signal at angle « .

S =S, -C0s(@)+ S, -sin(a) Equation 3-1

project « imag

Feature II is the maximum signal magnitude of the projected signal and is a function of the
projection angle a. The signals at angles «, and «, are plotted in Figure 3-6. An optimum
projection angle (OPA) can be selected to maximize the POD.

LN A %10
T T T - - - T 5

(a) (b)

Figure 3-6
Feature Il with Different Angle &, and «,
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In Figure 3-7, Feature II at various defect depths and probe/coil offsets are plotted at o = 90°.
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o . e
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Probe Offset (inch)

Figure 3-7
Projected Magnitude at & Equal to 90°

The POD and the corresponding PFA curve for each angle a are calculated using a procedure
similar to that used with Feature I. The Optimum Projection Angle (OPA) is determined by
plotting the ratio POD/PFA versus various angle  as shown in Figure 3-8. From the peak value
we conclude the OPA is equal to 108°. Once the OPA is selected, the POD curves for various
probe/coil offsets is estimated and plotted as seen in Figure 3-9.
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Figure 3-8
POD/PFA for Various &
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3.2.2 Effectiveness of Features

The effectiveness of features I and II can be quantified in terms of the POD values. POD
obtained with feature I (maximum signal magnitude) vs. POD using feature II (maximum
projected signal magnitude) is plotted in Figure 3-10 which clearly demonstrates Feature II is
more effective in detecting defects than Feature 1.

POD - OMA 108 degree

0 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

POD - Magnitude

Figure 3-10
Comparison between POD from Feature | and Feature Il
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POD CALCULATION USING EXPERIMENTAL NOISE

4.1 Introduction

In this section we combine the simulation model generated signal together with measurement
noise reported in the EPRI Report Measuring and monitoring noise in steam generator tubing
eddy-current data for tube integrity applications [2], to estimate a POD curve for the procedure
used in the ETSS # 27905.

This section explains how Model-based POD can be used to generate POD curves for any tube
geometry, defect type, probe type, frequency in a fast and inexpensive manner.

The implementation procedure is summarized in the following steps:

1. The SGTSIM3D software is used to predict the signal from a selected probe, tube geometry
defect geometry and location. Model predicted signals for different defect sizes are obtained
by varying the defect depth during the simulation.

2. PDF (probability density function) from the measured noise obtained experimentally from
the same tube geometry is numerically calculated.

3. A decision threshold corresponds to a 1% false call (PFA) is determined and the POD values
corresponding to each defect is estimated.

The implementation of each step is presented in the following section. The POD results for flat
wear volumetric defects are presented. A schematic of the methodology is shown in Figure 4-1.

i e
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Figure 4-1
Application of MBPOD for Wear Flaws
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4.2 Simulated Signals for Volumetric Wear Geometry

The simulation geometry for volumetric wears described in the ETSS sheet 27905 is shown in
Figure 4-2. The geometry, probe, defect and operational parameters in the ETSS sheet were input
to the simulation model to generate the noise free signals from a pancake coil probe at 300 kHz.
The signal features Vpp and Vmax are used to generate POD curves.

Figure 4-2
Simulation Geometry (ETSS Sheet 27905)

The simulated defect depth ranges from 0%, 30%, 45%, 60%, 75%, 90%, and 100%, which is
the same as the ETSS sheet 27905. And the simulated signal is calibrated using the same
standard as used in ETSS sheet. The comparison of signal feature values reported in ETSS sheet
27905 and that predicted by the simulation model is listed in Table 4-1. The signal matches very
well, which validated the numerical model.

Table 4-1
The Comparison between ETSS and Simulation Signal for Pancake Probe with Feature of Vpp and
Vmax

Vpp Vmax
ETSS (volts) Simulation (volts) ETSS (volts) Simulation (volts)
100% 20 20 20 20
90% 18 18.4 11.7 13.4
75% 13.1 13.6 9.9 9.9
60% 7.9 8.3 6.9 6.89
45% 4.2 4.6 4.0 4.32
30% 22 3.2 22 2.73

The a vs. a curve, which is the signal feature vs. defect depth can therefore be obtained using the
model and is plotted in Figure 4-3. The signal for an arbitrary defect depth from 0 to 100% can
be estimated from these plots.
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Simulation Signal vs. Defect Depth for Pancake Probe with Feature of (a) Vpp (b) Vmax

4.3 Measurement Noise

The measurement noise data is extracted from the document of “Performance Demonstration
Database — Appendix [ ETSS # 128411”. The original noise data is shown in Table 4-2 and the
distribution of the noise is statistically analyzed in Figure 4-4. The noise distribution is not a
normal distribution with zero mean as assumed in the logistic regression method (MAPOD) for
POD calculation.

35

Figure 4-4
Statistical Distribution of the Measurement Noise in Table 4-2
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Table 4-2

Data of Measurement Noise

Vpp Vmx Cum Prob Vpp Vmx Cum Prob Vpp Vmx Cum Prob
0.14 0.02 0.007519 0.35 0.14 0.338346 0.62 0.29 0.676692
0.15 0.02 0.015038 0.35 0.14 0.345865 0.62 0.34 0.684211

0.15 0.03 0.022556 0.35 0.15 0.353383 0.63 0.34 0.691729
0.15 0.04 0.030075 0.35 0.15 0.360902 0.64 0.34 0.699248
0.15 0.04 0.037594 0.36 0.15 0.368421 0.67 0.35 0.706767
0.15 0.04 0.045113 0.37 0.16 0.37594 0.69 0.37 0.714286
0.16 0.05 0.052632 0.38 0.16 0.383459 0.69 0.37 0.721805
0.17 0.06 0.06015 0.38 0.17 0.390977 0.69 0.37 0.729323
0.17 0.06 0.067669 0.38 0.17 0.398496 0.73 0.38 0.736842
0.19 0.06 0.075188 0.38 0.17 0.406015 0.73 0.38 0.744361

0.19 0.06 0.082707 0.38 0.17 0.413534 0.73 0.38 0.75188

0.19 0.06 0.090226 0.39 0.17 0.421053 0.76 0.38 0.759398
0.19 0.07 0.097744 0.39 0.17 0.428571 0.76 0.38 0.766917
0.2 0.07 0.105263 0.39 0.18 0.43609 0.77 0.38 0.774436
0.2 0.07 0.112782 0.41 0.18 0.443609 0.77 0.38 0.781955
0.25 0.07 0.120301 0.41 0.19 0.451128 0.77 0.38 0.789474
0.25 0.08 0.12782 0.41 0.19 0.458647 0.77 0.38 0.796992
0.26 0.08 0.135338 0.41 0.2 0.466165 0.77 0.4 0.804511

0.27 0.08 0.142857 0.41 0.2 0.473684 0.77 04 0.81203

0.27 0.09 0.150376 0.43 0.22 0.481203 0.77 04 0.819549
0.27 0.09 0.157895 0.43 0.22 0.488722 0.77 0.42 0.827068
0.28 0.09 0.165414 0.43 0.22 0.496241 0.77 0.42 0.834586
0.28 0.09 0.172932 0.43 0.22 0.503759 0.77 0.42 0.842105
0.29 0.09 0.180451 0.43 0.24 0.511278 0.77 0.43 0.849624
0.29 0.09 0.18797 0.43 0.24 0.518797 0.77 0.46 0.857143
0.29 0.09 0.195489 0.46 0.24 0.526316 0.78 0.46 0.864662
0.29 0.09 0.203008 0.46 0.24 0.533835 0.78 0.47 0.87218

0.29 0.09 0.210526 0.46 0.24 0.541353 0.78 0.47 0.879699
0.29 0.1 0.218045 0.48 0.24 0.548872 0.82 0.47 0.887218
0.29 0.1 0.225564 0.48 0.24 0.556391 0.82 0.48 0.894737
0.29 0.11 0.233083 0.48 0.25 0.56391 0.82 0.48 0.902256
0.29 0.11 0.240602 0.51 0.25 0.571429 0.85 0.5 0.909774
0.29 0.11 0.24812 0.51 0.25 0.578947 0.85 0.57 0.917293
0.29 0.11 0.255639 0.53 0.25 0.586466 0.86 0.61 0.924812
0.29 0.12 0.263158 0.53 0.25 0.593985 0.86 0.61 0.932331

0.3 0.12 0.270677 0.53 0.27 0.601504 0.87 0.62 0.93985

0.31 0.12 0.278195 0.53 0.27 0.609023 0.87 0.62 0.947368




4.4 POD Calculations for Volumetric Wear Geometry

The signal pdf’s, generated by combining the simulation signal feature and measurement noise
pdf, is shown in Figure 4-5. A decision threshold corresponding to 1% PFA is determined from
the noise pdf and used in calculation of PODs of each defect and plotted in the POD curve in

Figure 4-6.
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4.4 Conclusion

This section shows how the proposed method can be used to produce POD curves for different
defect and tube geometry in a fast and inexpensive way. The simulation model is implemented to
generate the 4 vs. a curve. The noise distribution is statistically analyzed from the experimental
noise data sheet. The approach yields accurate values of POD even when the noise is not zero
mean or Gaussian.

The various tube/defect geometries and inspection condition can be simulated with the
SGTSIM3D software, so that the POD curves for various tube geometries can be generated, such
as freespan, tube support-center/edge, tube sheet, expansion transition-explosive/hardroll, AVB,
sludge pile, loose part, U-Bend. Also the POD curves for various defect types can be easily
generated, such as ID, OD, axial, circ, SCCs, dents, MBMs, wears, pits. Also, the POD curves
with various probe types can be generated, such as bobbin, pancake, +pt, and array probes.
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CONCLUSION AND FUTURE WORK

5.1 Conclusion

In this report, a model based approach for POD calculation for SG tube geometry is presented.
The model-based approach is first applied to perform a sensitivity analysis of the POD with
respect to different sources of variability in the eddy current SG inspection process. An initial set
of parameters representing the sources of uncertainty was identified with input from EPRI. The
concept was demonstrated using probe/coil offset parameter and its effect on the resultant POD.
The approach can therefore be used to study the effect of single source of uncertainty on the
resultant signal and thereby be used to optimize inspection setup and probe construction.

The POD was estimated using two different features (magnitude, projected signal magnitude).
By comparing the results of the two POD curves, one can also determine the effectiveness of
signal features for crack detection.

The model based approach was then used in combination with measured noise data available in
the EPRI Tools project to generate POD curves for wear flaws. The simulation model is
implemented to generate the & vs. a curve. The noise distribution is statistically analyzed from
the experimental noise data sheet.

A variety of tube/defect geometries and inspection parameters can be simulated using the
SGTSIM3D software, and the POD curves for various tube and flaw geometries can be
generated, such as freespan, tube support-center/edge, tube sheet, expansion transition-
explosive/hardroll, AVB, sludge pile, loose part, U-Bend and defect types such as ID, OD, axial,
circ, SCCs, dents, MBMs, wears, pits. POD curves for various probe types such as bobbin,
pancake, +pt, and array probes can also be generated.

5.2 Future Work

The proposed work has several potential applications as listed below.

5.2.1 Multi-variant POD algorithms

Generation of POD contours that combining two features simultaneously and extension to
multiple features. This would have relevance to Auto analysis projects.

5.2.2 Sensitivity analysis for probe/system design by POD model

Effect of different sources of uncertainty on POD curves can be used in optimizing probe/system
design and operation. An uncertainty factor with dramatic effect on POD can be identified as a
“sensitive” factor in the probe/system design.



5.2.3 Transfer function

This approach uses empirical data and numerical models to transfer POD measured on EDM
notches to real cracks thereby providing a process by which POD curves for natural defects in
complex geometries can be generated.

The transfer function steps are as follows:

Generate artificial flaws in geometry of interest
Generate artificial flaws in flat plate

Generate cracks in flat plate

b=

Establish relationship between cracks and EDM notches for flat plate using well-controlled
lab studies

W

Determine variability through POD study of EDM notches in geometry of interest

6. Utilize relationship from flat plates (step 4) and variability data from notches (step 5) to
generate variability data for cracks in geometry of interest

7. Generate POD vs. crack size curves for the geometry of interest
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Programa de Gestion de Generadores de Vapor:
Probabilidad de deteccion basada en modelos
de las indicaciones de inspeccion de
generadores de vapor por corrientes inducidas
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DESCRIPCION DEL PRODUCTO

En la inspeccion de las tuberias de transmision de gas, centrales eléctricas y aviones antiguos, es
importante determinar si el sistema de inspeccion realmente cumple los requisitos de inspeccion.
En estas aplicaciones, la capacidad de un sistema de inspeccion para detectar defectos
importantes se contabiliza en términos de su probabilidad de deteccion (probability of detection,
POD) y en los umbrales de confianza observados. Las limitaciones de las diferentes técnicas de
inspeccion no destructiva y la variabilidad de inspectores a menudo producen rechazos erroneos
y falsos errores de aceptacion. Ademas, las incertidumbres en los parametros operativos, tales
como la orientacion de errores, las propiedades de los materiales, la oscilacion de bobinas, la
oscilacion (desajuste) de sondas y la elevacion conducen a una difusion de la fuerza de la sefial
para el mismo tamafio de defecto nominal. El conocimiento cuantitativo de la difusion de la sefial
causado por estas variables e incertidumbres en los parametros de inspeccion puede ayudar a los
operadores a racionalizar sus estrategias de decision. La estimacion de la probabilidad de
deteccion con un buen umbral de confianza requiere una cantidad importante de datos
experimentales. En muchas ocasiones, los datos experimentales se recopilan en condiciones casi
idealizadas, por lo que es posible que se produzcan calculos erroneos de la probabilidad de
deteccion.

En este proyecto, el modelo de simulacion desarrollado a través de otro proyecto con una interfaz
de usuario se ha utilizado para generar una base de datos y dirigir un estudio basado en un
modelo sistematico para calcular la probabilidad de deteccion de defectos graves en ubicaciones
criticas. Se puede utilizar el conocimiento cuantitativo de las incertidumbres en los parametros
experimentales junto con los modelos numéricos a fin de generar curvas de probabilidad de
deteccion. Asimismo, se pueden utilizar las evaluaciones cuantitativas basadas en modelos de
probabilidad de deteccidon para evaluar con precision el rendimiento de un sistema de inspeccion
bajo las condiciones adecuadas.

Resultados y conclusiones

En este informe se presenta un enfoque basado en modelos sobre los calculos de probabilidad de
deteccion para la geometria de los tubos de los generadores de vapor. En primer lugar, este
enfoque se aplica para llevar a cabo un andlisis de sensibilidad de la probabilidad de deteccion
con respecto a las diferentes fuentes de variabilidad en el proceso de inspeccion de generadores
de vapor por corrientes inducidas. Con ayuda de informacion procedente del Electric Power
Research Institute (EPRI), se ha identificado un conjunto inicial de parametros que representan
las fuentes de incertidumbre. El concepto se demostré6 mediante un pardmetro de desajuste de
sonda/bobina y su efecto en la probabilidad de deteccion resultante. También se puede utilizar
este enfoque para estudiar el efecto de una fuente individual de incertidumbre en la sefial
resultante y, posteriormente, para optimizar la configuracion de las inspecciones y la
construccion de sondas.

Desafios y objetivos

Se puede simular una variedad de parametros de inspeccion y geometrias de defectos/tubos
mediante el software SGTSIM3D vy las curvas de probabilidad de deteccion para diferentes
geometrias de defectos y tubos, tales como huecos, borde/centro de soporte de tubos, placa
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tubular, transiciéon de expansion (explosiva/rodamiento), barra antivibraciéon (AVB), pila de
sedimentos, pieza suelta y curva en U, ademas de tipos de defectos tales como, grietas por
corrosion debido a la tension tanto circunferenciales, axiales, como de didmetro interior (DI) y de
diametro exterior (DE), abolladuras, marcas de fabricacion, desgaste y picaduras. Se pueden
generar curvas de probabilidad de deteccion para diferentes tipos de sondas como, por ejemplo,
sondas matriz, +pt, pancake y de bobina.

Aplicaciones, valor y uso

El efecto de las diferentes fuentes de incertidumbre en curvas de probabilidad de deteccion se
puede utilizar para optimizar el funcionamiento y el disefio de los sistemas y sondas. Un factor
de incertidumbre con un efecto dréstico en la probabilidad de deteccion se puede identificar
como factor “sensible” en el disefio de los sistemas/sondas.

La perspectiva de EPRI

Los modelos computacionales que ofrecen la solucién a las ecuaciones matematicas (integrales o
diferenciales) y que describen la fisica subyacente de un proceso de inspecciéon pueden
desarrollar un papel importante en la generacion de curvas de probabilidad de deteccion. Estos
modelos permiten la visualizacion de las distribuciones de corriente y de campo en las partes
inspeccionadas, lo que a su vez contribuye a optimizar los pardmetros de inspeccidon y a
fortalecer la fiabilidad de los procedimientos de inspeccion. Los modelos se han utilizado en
varias industrias como método para estudiar y modificar los efectos de las incertidumbres de la
fuerza de la sefial. Una vez que la distribucion estadistica de la amplitud de la sefial se ha
establecido usando calculos numéricos, la probabilidad de deteccion y los falsos positivos se
pueden calcular mediante la integracion de la distribucion de la sefal dentro de los limites de
aceptacion.

Enfoque

Los investigadores utilizaron modelacién computacional junto con datos recopilados en el campo
como, por ejemplo, las distribuciones del ruido, para reproducir los datos experimentales a traveés
de la modulacion computacional. Los resultados se han obtenido en un tiempo menor y con un
coste inferior en comparacion con los enfoques experimentales.

Palabras clave
Probabilidad de deteccion
Modelacién

Generador de vapor
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