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Abstract

This report documents work performed at Pacific Northwest Laboratory on the effect of frequency domain equipment
interactions on the reliability of ultrasonic inservice inspection. The primary focus of this work is to provide
information to the United States Nuclear Regulatory Commission on the acceptability of equipment parameler
tolerances as given in the American Society of Mechanical Engincers (ASME) Boiler and Pressure Vessel Code
Section X1 Appendix VIIL

Mathematical models were developed for the entire ultrasonic inspection system including sound propagation through
the inspection sample. The models were used to determine worst-case inspection scenarios for thin sections (piping),
and these worst-case inspection scenarios were then used in sensitivity studies to determine the suitability of
equipment parameter tolerances. Ultrasonics literature was reviewed to find worst-case inspection scenarios outside
the scope of the model used, but none that were significantly worse were found. Experiments were performed to
confirm the important modeling results. Methods for reducing parameter seasitivity such as the use of a phase
insensitive receiver were also investigated.

The model predicted that ASME Code tolerances for equipment bandwidth are acceptable, but tolerances for center
frequency are too broad to provide reliable inspection of worst-case defects using narrow band systems.  Experiments
confirmed the basic treads predicted by the model, but the model seems to be conservative in that it shows greater
sensitivity than is found empirically.
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Executive Summary

The purpose of ultiasonic inservice inspection (UT/ISI)
of auclear reactor piping and pressure vessels is the
reliable detoction and sizing of material defects. Before
defects can be sized they must first be detected. This is
typically done by analyzing ultrasonic echo waveforms
from material defects. Studics performed at PNL and
clsewhere have shown that changing the components of
an ultrasonic inspection system can greatly affect echo
amplitude from a defect even when conventional
calibration procedures are used, thus reducing the
reliability of defect detection. To address this problem,
the American Society for Mechanical Engineers
(ASME) Section X1 Code Appendix VIII has provided
tolerance le-els for some equipment parameters (e.g.,
center frequency and bandwidth). The purpose of this
report is to evaluate the effects of frequency domain
equipment interactions for setting tolerances for
limiting UT equipment parameter variations. This
work will determine the acceptability of equipment
parameter tolerance requirements in the ASME Code.
The current ASME Code requirements are based on
ewgineering judgement (i.c., reasonable estimetes).

This report describes the mathematical models
developed at PNL (Mart and Doctor 1987, Green and
Mart 1989) to provide an anahvtical basis for
recommending operating tolerances to the ASME code.
The results of sensitivity studies (Green 1989)
performed to determine the effects of equipment
parameter changes are presented, and experimental
test results are shown to support the important
modeling results,

The concept behind the modeling effort is that the
amplitude changes between UT/ISI systems are due to
the frequency domain interaction of the UT/ISI system
spectrum and the material/defect frequency response.
The purpose of the models is to calculate equipment
spectra and defect/material frequency responscs and
combine them in sensitivity studies to determine the
effects of equipment parameter changes. Sirce this
approach provides great flexibility in iavestigating
equipment changes, this analysss is more rigorous than
wou'd be possible with experimental studies and can be
used to conduct a more focused experimental study to
validate the analytical resalts.

The studies presentod bere deal primarily with the
repeatability and thus the reliability of manual pulse-
echo inspection (45° and 60° shear wave) of thin

sections (i.¢., piping with wall thicknesses less than
three inches /76 mm); however, many of the concepts
are applicable to other inspection configurations.

Summary and Conclusions

The model work was very effective in providing
trending data to guide the empirical verification work.
This methodology provided a more cost effective means
to reach definitive conclusions concerning equipment
operating tolevances. The detailed summary and
conclusions reached in this study are.

® Model predictions were compared with data from
multi-frequency experiments, and the validity of the
model for predicting and calculating transfer
functions for specular reflection from worst-case
defects as established.

® The moder 1 used to calculate postulated worst-
case transfe unctions for seven different
combinations of transducer sizes, pipe wall
thicknesses, and defect angles. The transfer
functions were identified as worst case, because they
displayed distinct minima at the equipment center
frequency, and this feature produces sensitivity to
changing frequency domain equipment parameters.

@ An cquipment bandwidth sensitivity study was
performed using mathematical models for thin
sections (pwpiag) using postulated we-st-case
transfer functions, The resully indicate that the
ASME Code Section XI Appendix V1I/ bandwidth
equipmendt tolerance of 10% is sufficient to ensure 2
dB signal amplitude repeatability.

® An cquipment center frequency sensitivity study was
conducted using mathematical models for thin
sections employing several combinations of worst-
case defects and equipm 3t bandwidth. The model
results indicate that none of the systems considered
would be repeatable to within 2 AB after a center
[frequency change of 20%. The results sugyest that a
center frequency tolerance of *10% is not sufficient
Jor inspection systems with bandwidths less than
150%. A tolerance of *5% appears appropriate for
systems with bandwidths between 100% and 150%. A
tolerance of 3.5% & indicated for systems with
bandwidths between 20% und 100%, Systems with

NUREG /CR-5871



Executive Summary

bandwidths less than 20% may be too sensitive o
cender frequency changes (o permii repeaiable
inspection of worst-case defects.

An experiment was performed to test the center
frequency sensitivity of worst-case defect
inspection. The experimental results were in
general agreement with the modeling results, bu.
the experimental results do not exhibit as much
sensitivity to equipment center frequency changes as
the modeling results. The experimental resulis
indicate that a center frequency tolerance of 5% is
required for systems with bandwidths less than 30%,
and a tolerance of +10% is required for sysiems

NUREG/CR-58T1

with bandwidths greater than 30%. A requirement of
2 20% is not sufficient to guaraniee inspection
repeatability to within 2 dB for typical inspection
systems. More work nceds to be done to determine
if the model is overly conservative in that it shows
greater sensitivity than is found empirically.

Calculaticas revealed that much of the frequency
domain cquipment parameter sensitivity was due to
phase cancellation along the receiving transducer
face. It is suggested that the receiving transducer
for dual element search units and tandem
configuration search units be made as small as
possible to reduce sensitivity to equipment changes,
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1.0 Introductinn

This report summarizes work poiformed as part of the
interaction matrix subtask of the NRC program entitled
“Evaluation and Improvement in the Noondestructive
Evaluation (NDE) Reliability for Inservice Inspection
('SI) of Light Water Reactors.” The purpose of this
subtask is to evaluate the effec's of frequency domain
equipment interactions for setting tolerances for
luniting UT equipment parameter variations. This
work will determine the acceptability of equipment
requirements in ASME Code Sectin X1 Appendix
VIIL. The requirements in the Code Appendix are
based on engincering judgement (i.c., reasonable
estimates). Results of this study are to used to improve
the reliability of piping and pressure vessel inspections.
Portions of this work have been published clsewhere
{Doctor et al. 1986a, Doctor ¢t a'. 1986b, Dactor et al.
1986¢, Doctor et al. 1987a, Doctor et al. 1987h, Doctor
et al. 1985, Doctor et al. 1989, Green and Mart 1989,
Mart and Doctor 1987, Green 1989, Treen 1990), but
this is the first comprehensive report on the work
performed on this subtask.

The purpose of ultrasonic in-service inspection
(UT/1SI) of nuclear ccactor piping and pressure vessels
is the rcliable detection and sizing of material defects.
Before defects can be sized they must first be detected.
This is typically done by analyzing ultrasonic echo
waveforms with an amplitude greater than a certain
percentage of that of a calibration reflector (ASME
Section X1, Appendix III) such as a 10% ne*ch, side-
drilled hole, or flat-bottomed hole.

Studies performed at PNL (Doctor et al. 1986a,
Posakony 1986) and elsewhere (Borloo et al. 1988,
Macbonald and Walker 1987, Gregor 1984) have shown
that changing the components of an ultrasonic
inspection system can greatly affect echo amplitude
from a defect even when conventional calibration
procedures (ASME Section X1, Appendix III) are used,
thus reducing the reliability of defect detection. To
agdress this problem, ASME Code Sectiva XI
Appendix VI has provided tolerance levels for some
equipment parameters (e.g., center frequency and
bandwidth). However, these code requirements are
based on engincering judgement and lack a strong
analytical foundation.

This report describes the mathematical models
developed at PNL (Mart and Doctor 1987, Greea and
Mart 1989) to provide an analytical basis for developing

improved recommendations for the ASME code. The

results of sensitivity studies (Green 1989) performed 1o
determine the effects of equipment parameter changes
are presented, and experimental test results are shown
to support the important modeling results.

The concept behind the modeling effort is that
amplitude changes between UT/ISI systems are due to
the frequency domain interaction of the UT/ISI system
spectrum and the material/defect frequency response.
The purpose of the models is to calculate equipment
spectra and defect/matenal frequency responses and
combine them in sensitivity studies to determine the
effects of equipment parzmeter changes. Since this
approach provides great flexibility in investigating
equipment changes, this analysis is more rigorous than
would be possible with experimental studies and can be
used to conduct a more focused experimental study to
validate the model predictions.

The studies presanted here deal primarily with the
repeatability and thus the reliability of manual pulse-
echo inspection (45° sad o0® shear wave) of thin
sections (piping with wall thicknesses less than three
inches /76 mm), however, many of the concepts are
applicable o other inspection configurations.

Section 2 describes the equipmont models that were
developed, while Section 3 describes the defect model
‘hat modzls the propagation of the clastic sound field
from the transducer through all the intervening layers
to the defect and back to the receiving transducer.
Section 4 provides the fundamental concept for
determining worst-case changes that can . Cur in
ultrasonic signal amplitude that result from interactions
between the defect and the equipment. The worst-case
defects are defined in this section for the various
equipment wnd inspection conditions considered in this
study. Section § provides the details of the sensitivity
studies that were conducted for all parameters studied.
Section 6 delincates the summar: and conclusions that
can be derived from :his work, and Section 7 identifies
the future dir~ction of this work.

NUREG /CR-5871



2.0 Equipment Models

A generic ultrasonic inspection system is shown in
Figure 2.1, and Fig we 2.2 is the corresponding block
diagram. Scveral difficulties are encountered in
modeling this system. The puls'  output wavelorm
diffsrs depending upon the impee o ce of the cable and
transducer. The transducer input » apedance, though
nominally rated as 50 ohms, can .ary with frequency
from a few ohms to thousands of ohms, and the
impedance plots for different transducers can also vary

greatly in skape depending on transducer construction
and the tuning circuit employed.

Modeling of the transducer and pulser (Mart and
Doctor 1987) was approached in two different ways.
The first approach was 10 model the pulser using a
commercially availabie circuit analysis program and to
mode! the transducer using the KLM model (Silk 1984).
This approach was abandoned because the circuit
analysis program required discrete circuit componeats,
and the KLM model output wes a plot of the
transducer input impedance as a function of frequency.
Also, *he circust analysis program was not able to
accurately model the key semiconductor components of
the pulser because they behaved nonlinearly. The
second approach was to accuratcly measure the
transaucer transfer function (ratio of the sound
pressure produced to the applied voltage as a function
of frequency) and assume that the input impedance of
the transducer was large in relation to the pulser output
impedance. In effect, it was assumed that the
transducer input impedance would not affect
significantly the output of the pulser. This assumption
was not good, but no satisfactory modeling alternative
existed. The modeling work for the pulser and
transducer was never satisfactorily completed.

The receiver is a relatively simple instrument consisting
of attenuators, amplifiers, and simple filters. A well
designed instrument would have an laput impedance of
50 ohm over the measurement frequency range;
however, a wide range of values was observed between
receivers and on the same receiver as front-panel
controls were adjusted (Doctor and Mart 1987). The
recsiver was "modeled” in terms of measured input
imp~dance and gain as a function of frequency (i.e., the
receiver was replaced by its Thevenin equivalent).

Faced with the difficulties of modeling the individual

components, a simpler approach is used in the work
reported here. The electrical equipment is modeled as

a waveform that represents the response of the
inspection system for an acoustic system frequency
response of unity amplitude and zero phase. The
waveiorm represents the combined response of the
pulser, cables, piczoclectric transducers, receiver, and
video display. The Fast Fourier Transform (FFT) of
the waveform is taken to determine the equipment
spectrum, The cquipment spectrum is multiplied by the
acoustic system frequency response as calculated by the
defect model (both are complex) to obtain a response
spectrum which is inverse FFT'ed to yield the
inspection system echo response (A-scan) for a given
defect.

The representative waveform approach allows the
difficultics of modeling to be avoided. The issue of the
interaction of the pulser and the transducer is avoided
by considering them as a single system which provides
sound input o the acoustic portion of th ‘sspection
system. In other words, the pulser ar* * Lasducer
combined are a type o black box (nat produces motion
at the transmitting transducer face. In much the same
way, the receiving transducer and the receiver are
combined as a black box that produces voltage
depeading on the motion at the receiving transducer
face. To apply lincar control theory concepts it is
necessary to assume that the receiving black box and
the acoustica! system are lincar systems. This is a
reasonable assumption for normal ultrasonic inspection
as long as the receiver is being operated properly. It is
nol necessary to assume that the transmitting black box
is kncar as it only provides input to the other systems.
The acoustical system includes the effects of the
transmitting and receiving transducer directivity
patterns, time-of-flight delays, beam spread, material
attenuation, and flaw scattering. The waveform (A-
scan) produced by the ultrasonic inspection system is:

(1) = ple)+h, (1) *hy(1) 1

where p(t) is the transducer surface displacement
produced by the transmitting black box, h,(t) is impulse
response (response to a hypothetical unit impulse) of
the acoustic system, hy(t) is the impulse response of the

receiving black box, and * is the convolution operator.
In the frequency domain:

NUREG/CR-5871
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[ RECEIVER b—am

= =L

Figure 2.1. Generic Ultrasonic Inspection System

PULSER b —>4 TRANSDUC ER >4 WEDGE j—>{ SAMPLE Ll

Lo WEDGE e TRANSDUCERII M RECEIVERF> A-scan

Figure 22. Block Diagram of Ultrasonic Inspection Systems

S(w) = POWH (W)H,(w) @ S(w) = POw)H,(W)H (w) &
where S, F, H,, and H, are the frequency domain or
representations of s, p, by, and ively. The
angular frequency : 5'. ’ e S(w) = Hy(w)H (w) )
Now, the response can be rearranged as: where H, is the product of P and H,. Note that H, is

the equipment spectra of the system. The A-scan
waveform can now be written as:

NUREG/CR-5871 4
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Equipment Models

EQUIPMENT SYSTEM

>

ACOUSTICAL SYSTEM

- A-Scan

Figure 2.3. Block Diagram of Condensed Ultrasonic Inspection System

S() = hysh, ®

as represented in the block diagram in Figure 2.3, The
term hy is a waveform representative of the equipment
system (ie., the waveform that would be obtained if the
acoustic system had unity gaic at all frequencies).

The use of a representative waveform provides
tremendous flexibility, because the analysis can use
cither measured waveforms obtained using an ultrasonic
r_lect - with an approximately flat spectral reflectance
over the frequency range of irterest or hypothetical
waveforms of any type. For the studies presented here,
a cosine-squared-windowed sine wave with the window
centered on & positive going peak was used. The center
frequency is the frequency of the sine wave, and the
bandwidth depends upon the length of the windowing
function. The cosine-squared-windowed sine wave
closely approkimaies the waveforms of many inspection
systems both narrow and broadband. The spectrum of
the cosine-squared-windowed sine wave is a bell shaped
curve.

To limit the scope of the work presented bere, the
effect of varying equipment bandwidth and center
frequency using similarly shaped cquipment waveforms
was investigated. This approach presupposes that the
waveforms from different ulirasonic inspection
instruments are similar, This is not the case, but
measuring the effect of varying all possibie ultrasonic
test system variables (pulse rise time, pulse fall time,
pulse shape, cable construction, trarsducer impedance,
transducer construction, etc.) would require a program
of much larger scope. The representative waveloom
approach using cquipment model results could be used
for this expanded analysis. The waveforms from
different ultrasonic inspection instruments are helieved
to be similar enough that the approach used here which
models changes in the amplitude of the equipment
spectrum will indicate primary cffects while parameter
changes that affect the phase of the cquipment
spectrum will produce only secondary effects. The
actual effects of changes in the phase of the equipmen:
spectrum is an area where further research could be

performed.
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3.0 Defect Model
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Figure 3.1. Flow Chart for the Model Computer Program
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wave, ele, M Rm,. C(”‘n "»Nl“ ag ‘bt'
new and old radii g curvature and wavefront speeds.

When a ray reflects fram a bandary, the amplitude
and phase of the reflected ray that follows the path of
interest are calculated using the «flection cocllicients
per Krautkramer and Krautkramer (1983, p.60%) and
als Grall (1975, pp. 317-322) s in Egns. (15), (16),
A7), and (1. ). Like the transmission coefficients, the
reflection coelficients are modified slightly to make
them ratios of velocity amplitude rather than velocity
potential amplitude. 1t is assumed that the boundary
(bottom surface, defect, etc) is a lree boundary (ie, no
suesses). The radws of curvature is changed if o mode
sonversion ocours (e, the ray speed chango ) per Egn
(14). 1 is assumed that the eylindrical wavctront
remains cylindrical after reflection from a planar
surface both with and without mode conversion

i - w? sin2a, sin2a,-cos'da, P
O sinda sin2a,con2a,
R, - -2p 'sin2a cos2a, (16
» ‘sinda sinda scosda,
R, - b isinda
p % dasinde ecos2a, an
for ay < a,,
ko 0 (%)

Jor a2 a

A" r ‘u (19

Jor o, < a,

11
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Ry » 1+ @y

Jor a, 2 8,

20

where ay and a; are the angles measured from surface
normal for the transverse and lomuduul waves,
respectively, u= ¢ /oy, @, = Sin’ Hep/ey) s the critical
angle and the TL subseript iudicates reflection of a
transverse wave to a longitudinal wave, ete

The final amplitude and phase of a ray that intersects
the receiving transducer face is caleulated based on the
incident values and the appropriste Miller and Pursey
directivity functions (Egns. 6 and 7). 1t is assumed by
reciprocity that the Miller and Pursey dicectivity
functions are valid for recciving clements, % they are
for sending elements. The amplitude, paase, and
ntersection position of cach ray intersecting the
receiving transducer s recorded. To obtain the
pressure incident on the receiving transducer face due
1o a single sending transducer element, the recorded
intersection information for the element is examined.
In order 1o determing the incident pressure at regular
spacings along the receiving transducer face, values are
determined by linear interpolation of the irregularly
»esed recorded data. Mere it s required that the
angular spacing between the rays be close enough to
allow accurate lincar interpolation. Because all of the
recorded data are from the same path of interest (the
path of interest is selected by the analyst at the
beginning of the modeling calculation), 8 smooth curve
is farmed when plotted against position, and linear
interpolation is possible.

To determine the incident pressure at a point on the
receiving transducer face due to the entire sending
transducer, the interpolated pressures at the point for
cach sending t-ansducer element are added vectorially,
The receiving transducer has only a single output
voltage port, and the output voltage al this port is taken
10 be proportional to the integrated pressure over the
transducer face. Thus, the receiving transducer face s
assumed to be locally reactive (Chapman 1984). The
mtegration is performed numerically using the
trapezotdal rule, and both the amplitude and phase of
the pressure are used.

By reprating the above single frequency caleulations fos

a range of frequencies, the frequency response of the
path of interest is calculated. The frequency response

NUREG/CR-5571
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of the entire acoustical system is caleulated by adding

vectorially the frequency responses of the significant
paths of interest.

3.2 Model Assumptions and
Limitations

Several assumptions are made in the sample modol

1. Diffraction effects are ignored (i, only specu’ar
reflection from the defect 1s consdered). The
specular reflection assumption is valid for specular
reflection from delects larger than approximately
three wavelengths, The specular reficction
assumption is ¢ specially for specular
refllection from smooth defects that are lar oo than
the ultrasonic beam width. The specular reflccnon
assumption is an important limitation, because
diffraction scattering can be important in the
detection and sizing of small defects, rough delects
such as itergranvlar stress corrosion cracks, and
large smooth cracks at nonspecular angles. In
defense of the mode!, it predicts the behavior of
large cracks which are generally a greacer
structural integrity concern than small cracks.
False cails of small cracks tend to be more a
financial concern rather than a structural integrity
concern. A more extensive discussion of the
weaknesses of the elastodynamic Kirchhofl theory
(which is s'milar to the theory used in this model
except that it weakly estimates diffraction effects)

is given by Chapman (1984),

2. The model is two-dimensional. To reduce
com putation time, . propagation of sound
thro, gh three-dimensional media is modeled in
two ¢ mensions. Errors associsted with this
assae ption do not seem to be great for defocts
longe. than the beam width as evidenced by the
result. presenied in the model validation section.
However, the model does not account for deleet
skew (only defect til), and this is a lnitation,
bowever, weld cracks are typicaily either
circumferentially or longitudinally oricned.
Furthermore, since the model is trying (o
determine worst-case defects, the changes resuliing
from skew should not produce equipment
interaction results worse than those resulting from
tilt.

NUREG/CR-5871
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1 The defect is assumed to be flat, smiooth, traction
Ireg, and the two sides of the defect are assumed
ool fo be in contagt, A discussion of assumptions
relating 1o the defeet is given by Chapman (19%4)

w. The acoustic system is assuced lincar a4 invanant
so that the principle of superposition and b ansler
tunction theory (Goodman 1968) cai be applicd.
This is & reasonable first assumption for UT /181

5 The receiving (ransducer is assumed (o be locally
reactive. The effeet of this assumption is not
believed to be large Tor typical UT transdues <
This assumption would tend to overestime
degree of constructive and destructive inte o e
possible at the transducer face, thus, makih  + .
scoustic system transfer function slopes | et ‘han
those possible in real systems. The result is an
exaggeration of the effects of equipment parameter
changes making the model conservative in this
respe

6. At ihis stage of development, the model can only
consider reflection from planar boundaries. This
presents the modeling of reactor nozzes. Fulure
work will include modifying the model to include
curved houndaries,

7.1 is assumed that the eylindrical wavefront remains
eylindrical after refraction from one material to the
next wnd alter reflection with mode conversion,
Geomet:ical constructions show that this
assumption is reasonable except when the angle
“com surface normal is highly obligue. This limits
the model to inspection angles of 60° 5V o less.

3.3 Maodel Validation

As @ first step i» validating the ray tracing model, single
frequency scand ficld measurements were made along
the bott<m centerline of an acrylic wedge as shown in
Figu ¢ 3.6 and compared against model predictions. A
tone burst was used as input 1) the transducer. A 1.0+
inch (25-mm) diameter transmitting transducer was
wsed for the S00-kMz and 1-MHz experiments, and a
1/4-inch (bmm) diameter transmitting transducer was
uscd at 2 MHz and § MHz. The pressure field along
the wedge bottom was measured using a PNL

e e e ———
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Battelle L Wave
Microprobe

+ X

Figure 3.6, Configuration for Measuring the Single Frequency Ultrasonic Sound Field
along the Centerline of an Acrylic Wedge

constructed longitudinal wave microprobe consisting of
a 00104nch (0.25-mm) diameter piczoelectric elemen

The results «t 500 kHz, 1 MHz, 2 MH:, and 5§ MHz are
shown in Figures 3.7 through 3.10, respectively. These
results were normalized to a peak velue of 1.0,
Agreement between the experimental and calculared
sound fields is good at all frequencies, The results are
good considering the fact that the circular-taced
transducers are modeled ia tw. dimensions as long

strips.

In the second test of the model's validity, modcl
predictions were compared with results from a number
of single-frequency experiments. The first experiment
was a %0° corner reflection measurement at 5 MHz
Figure 3.11 shows the variation. in signal amplitude of &
45° SV, pulse-echo probe as a function of distance from
a %" corner in a 20 8-mm-thick steel bock. The corner
reflection signal was made up of ultrasound from two
different paths within the block - the transducer/end/
bottom /transducer and transducer /bottom /end/
transducer paths. Agieement between the model

and experimental measurement was
excellent. The excellent agreement was especially

significant, since it showed that under certain conditions
4 two-dimensional model can be used to mode! more
complex three-dimensional inspection configurations
such as this measurement in which a circular transducer
wat used.

In the next set of single-frequency, validation
experiments, the centerline beam patterns of 45° longi-
tudinal and 45° SV (ransmission through a 133-mm-
thick steel block were measured at 1| MHz. An
immersion setup was used with a non-focused probe for
excitation and PNL L-wauve and S-wave microprobes
(Good and Green 1989) for Lowave and S-wave recep:
tion, respectively. The comparisons between model
predictions and experimental measurements for the two
cases are shown in Figures 3.12 and 3 13. The com-
parison for 45° L-wave transmission was excellent for
both the main lobe (centered at 110 mm) and the
secondary lobe (centered at 16 im). The comparison
for 45° SVe-wave transmission was good but nat
excellent. It was believed that differences Letween
mode] and experiment results were doe to
measurement errors related o the directivity pattern of
the S-wave microprobe.
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Figure 1.7, Predicted Versus Messured Sound Field slong the Wedge Centerline at 500 kM2
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Figure 38, Predicted Versus Measured Sound Field along the Wedge Centerline at 1 MHz
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38 b — e aperiment
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0 -l
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100 150 200

Distance Along Block Centeriing, mm

Figure 313, Predicted Versus Measured through Transmission Sound Field for 45° Transverse
Wave Transwission through o 133mm Thick Steel Block at 1 Mz

Fxperimental data from an independent source was
used for the final set of single-frequency comparisons
PNL obtained tandem-probe inspeciion data taken al
Risley and Harwell UKAEA laboratories (Murgatroyvd
et al. 1987) for the PISC-11 program. Comparisons
were made for specular reflection from the three defeat
types shown below in Table 3.1

Table 3.1. Risley/Harwell Lab Defect Types

25-mm diameter re-entrant

machined flat-bottom hole 0 Smooth 314
10 x 50-mm strip 0°  Smooth 313
25 x 125-mm strip 0*  Smoath 306

17

Comparisons for the strip delects were very {avorable
with only small offsets caused by small difterences in
prove angle. The model versus experiment comparison
wis not scceptable for the 25-ma flat-bottom hole

The 2-D PNL model performs well for specular
reflection from strip defects, but it is not valid for
defects whore length is smaller than the beam wadth,

To summarize, it was shown thai o a single fregquency
the model is valid for specular reflection from
essentially two-dimensional defects such as strip defects
and % cormers, The model did not prove to be valid
for small ercular defects.

Multifrequency pulse-echo measurements (more
commonly known as ultrasonic spectroscopy
measurements) were made on & set of gluminum blocks
with the ends cut at various angles between 40° and 49°
as shown in Figure 317 A very broadband ultrasomc
system was used in conjunction with the computer-
based ultrasonic spectroscopy system described in
Dogtor, et &l (1988) to determine transfer functions for
ihe blocks. The block measurements represent specular
rel cetions from large (100% through-wall), smooth
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L™ 1 ' Ol " 4 l ‘.
0 20 a &0 B8O oo 120 140
()

Tandem Probe Position (mm)

Figure 3.14. Predicted (Circles) Versus Measured Tandem Probe Scan Results for o 28-mm
Flat-Bottorwed Hole in u 193-mm Thick Stee! Block at 2.25 MHz
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Figure 115, Predicted (Circles) Versus Measured Tandem Probe Scan Results for a 10-mm
Strip Defect in 8 193-mm Thick Steel Block at 2.28 MHz
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\ e Meoasured

o
40 - - e Pradicted

Figure L18,

Frequency MMz

Predicted Versus Mensured Acoustic System Transfer Functions for
40° Aluminum Block Normalized with Resect (o the 45° Aluminum Block

1.0

08

Normalized Amplitude, arb. units

\ 41 i - e Predicted

\ w— Measured

Figure 3.19,

Frequency, MHz

Predicted Versus Measured Acoustic System Transfer Functions for
41° Aluminum Block Normalized with Resect to the 45° Aluminum Block
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Figure 320, Predicted Versus Measured Acoustic System Transfer Functions for
42° Alumisum Block Normalized with Resect to the 45° Aluminum Block
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Figure 321.  Predicted Versus Measured Acoustic System Transfer Functions for
43° Aluminum Block Normalized with Kesect to the 45° Aluminum Block
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4.0 Worst-Case Defects with Respect to Equipment Parameter Sensitivity

Colfey and Chapman (1983) and Coffey et al (1952)
cunsidered what speciel proparties a defect would have
10 have in order v er -2 detection by ulirasonic
inspection. In this report, a slighily diflerent question

ing 10 ultrasoni” inspection reliability is
considered, namely, what defect properties aflect the
repeatability of an ultrasonic nspection”

The acoustic systems associated with cortain material
defects can have frequency-domain characteristicn thal
cause the echo amplitudes to difter significantly for
ultrasonic inspection equipment of different bandwidihs
and conter frequencies even when conventional
calibration procedures are used. These differences
reduce the reiiability of defect detection and sometimes
defect sizing (depending on the sizing method uscd).

The effects of defect orientation, shape, size, roughness,

and location on the acoustic system transfer function
are discussed from the perspective of how they impact
inspection reliability. Acoustic systems with
characteristics that strongly reduce inspection
repeatabitity [hereatter referred 1o as worst-case defedt
acoustic systems (WCDASs)] are identificd, and
strategies {or idendifying WCDASs and reducing their

impact on ultrasonic inservice inspections are presented.

Later in tLis report, WCDASs aie used for the
equipment parameter sensitivity studies (0 ensuie thal
conservative tolerances are developed.

The problem of ideatifying WCDASs s a formidablc
one. The approach of modeling all possible acoustic
systems and performing sensitivity studies 1o identily
WCDASSs is impractical as s the » yproach of collecting
samples of ail possible defects wud performing
experimental studies.  Thus, two aliernate approaches
were taken, The ray tracicg model was used to model
acoustic systems within its scope (large, smoath,
specular reflection). Also, the available hiterature was
searched for data on acoustic systems that were (0o
complicated for the model. This was done by looking
at the expected frequency-domain interaction of the
and the acoustic system. Muny papers haw
been written dealing with the ultrasonic frequency
domain response of materials and defects This ficld i
known as ultrasonic spectroscopy, a fairly
comprebensive review of this subject can be found in
Fitting and Adler (1981). These papers deal primandy
with the use of altrasanic spectroscopy as a toal lor
defect and material characterization; howeve,, the
plotted spectra are also approximations of transler

functions of the acoustic systems. Spectra tuken from
the available lnerature are used 1o estimate how those
acoustic systems might interact with ultrisonic
mspection cquipment

The effccts of the variation of phase with frequency are
ignored in this simple analysis. This decision was maue
for two reasons: 1) to sinplify the analysis and 2)
because almost no data exist in . ; literature on phase
versus frequency for material defects. Admittedly,
phase interaction between the equipment system and
the acoustic system may preve to be significant
(especiatly for rough defects), but phase interaction i
not addressed n this report.

4.1 Frequency-Domain Interaction of
Ultrasonic Inspection Equipment
and the Acoustic System

To determine what feaures make an acoustic system a
WODAS, the interactions of the ultrasonic inspection
cauipment and the defect specimen are examined here
in detail using simple, hypothetical transfer functions,
The interactions of typical ultrasonic equipment-system
specira with several hypothetical acoustic-system
transfer functions are illustrated in Figure 4.1 The
following four cases are considered:

Cuse A - & peried rotch Aler

Case B - a low-pass filter

Case € - a rapidly oscillating sinusoid (| sin(x) |)
Case D - a sine funetion (| sin(x)/x])

The calewlated peak time-domain amplitude response
from cach of the combinations is summarized in Table
41,

As shown in Figure 4.1, the hypothetical perfec notch
transler function (Case A) interacts very differently with
cach of the threo equipment systems in this example,
producing responses with peak amplitudes ranging from
1o <348 dB (sce Table 4.1). From an equipment
interaction point of view, Case A is a WCDAS. This
type of transfer is highly sensitive to crnter-frequency
and bandwidth changes for equipment systems with
significant spociial content within the rejection band.
Fortunately, acoustic system transfer functions like Case
A do ot exist in reahistic inspection environments;
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Table 4.1,

Equipment und Acoustic System fnteractions for Four

Hyputhetical Acoustic Systems

Broadband
Low Frequenc, dB

Nurrow Band
Low Freguency, dit

Nuirow Band
High Frequency, dB

A - perfect aotch filter 40

00

2.2

B - low-pass filter

5.2

C - |sin(x)|

39

4.0

<108

D - |sin(x)/x|

however, acoustic system transfer functions simiar (o
those for Cases B, C, and D do exist, as will be seen
latet in this report.

The low-pass filter transfer function (Jase B) s
sensitive to center-frequency changes (the amplitudc
dropped from 2.2 10 -5.2 dB in the cxample given in
Table 4.1) The degree of centor-frequency sensiivity
depends on the slope of the transfer function, There i
very little sensitivity to equipment bandwidth changes.
In general, acoustic systems with smooth, continuous,
and gently sloped transler functions such as this are nat
WCDASs from an equinment-intersction point of view
However, they would be WCDASs, when the slope oi
the transfer function is steep.

The rapudly varying |sin(x) | transfer function (Case C)
is insensitive ' “oth equipment bandwidth and center-
frequency cnanges (see Table 4.1). Acoustic systems
with transfer functions that vary rapidly (at least twice
per equipmant bandwidth) and that have a gentle
variation in smoothed amplitade are not WCDASs

The Case D transfer function (|sin(x)/x|) s
moderately sensitive to bandwidth changes (changed
from -21.7 dB for narrow band to <108 dB o
broadband in the example given in Table 4.1) The
amplitude response of nsrrow-band equipment systems
varies with frequency as the transfer function varies,
therefore, narrow-band cquipment systems would

experience significont cemter-frequency sensitivity for

acoustic systems with this type of transfer function,
especially when the equipment wenter frequency is at or
near a null in the tre isfer function. The cente-
frequency sensitivity decreases with increasing
equipment bandwidth. An acoustic system with this

NUREG/CR-5871
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type of transler function s a WODAS, Later in this
report, an scoustic svaem with a transfer function of
this lorm will be dentified.

1.2 Frequency-Domain
Characteristics of Variens Defect
Types

4.2.1 Defect Size and Angle and Probe
Position

The changes ia the acoustic system (ransfer functions
due to defect orientation (til), deeect swze, and probe
positivn were investigated using the simple ray-tracing
model described carlier. The results are for specular
reflection from smooth, planar defects, so the acoustic
system transfer functior variz ions are due to directivity
of the piczogle.  ic source element, the receptivity of
the receiving element, and cubtle geometrical effects
and not the defect directivity patterns. The modeled
vonfiguration is shown in Figure 4.2,

la Figure 4.3, the acoustic system transfer functions are
platted for corner reflection froum vanious sizes of
verlical defects (crack angle = 90°%). The amplitude at
€ equency s proportional 1o the defect size until
the weleet becomes larger than the v onifying beam,
and none of the defeets are worst ~ase.

In Figure 4.4, acrw stic system iransfer functions are
ploited for corner reflection from various cizes of
nonvertical defeats {erack angle = 85°). The amplitude
at cach frequency is no longer proportional ta the
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from one equipment system to another. To
maximize repeatability with WCDASs, the
inspector might:

® use a replacement transducer of the same
size and shape

@ use a replacement wedge of identical matcrial
and physical dimensions

® match the replacement equipment
system spectrum to the original
equipment system spectrum in
bandwidth, center frequency, and
shape; examine the equipment
spectrum by using the echo from a
suitable broad-band calibration
reflector. The general shape of the
waveform produced by the
replacement system should also be
similar to that of the original
system. More work is required to
define how closely the replacement
system spectrum should match that
of the original system to ensure a

repeatavle inspection.

Because of frequency-domain filtering elfects, the
echo amplitudes of WCDASs are almost slways
lower than those of similarly sized non-worst-case
defect acoustic systems; therefore, another way of
dealing with worst-case defects is to lower the
detection threshold Jevels.

The inspector could use the same equipment cach
time the defect is inspected, although this might
prove difficult for periodic inspections spanning
months or years (¢.g., monitoring the growth of o
crack that is smaller than critical size), because
transdu.ers and cables must commonly be
replaced due 1o loss or damage.

Usually, the use of broad-band equipment reduces
the sensitivity of the equipment system when

1 WCDASs. 1t should be noted, however,
that broad-band equipment systems usually have
lower scnsitivity, thus reducing the signal-to-noise
ratio.

The inspector could try another probe. As
discussed earlier, the acoustic system transfor
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function depends on the configuration of the probe
(pleroclectric element and wedge angle) as well as
the configuration of the defect. Changing the
wedge angle or reducing the diameter of the
receiving piczoclect.  element may reduce the
sensitivity 1o equipment parameters. The inspector
could also try a special phase-insensitive receiving
probe. This technique may also help identify the
type of material defect because the way that the
calibrated echo responds to reducing the phase-
seasitivity of the receiving element provides some
evidence about the nature of the defect. For
example, the specular reflection from a nonvertical,
smooth, and Nat defect (such as & thermal fatigue
crack) should be much less sensitive 1o equipment

center frequency changes after switching to a phase-

insensitive receiving element. Conversely, a
waveform made up of two overlapping crack tip
signals may remain sensitive 1o equipment cenlter
frequency changes even after switching to a phase-
insensitive receiving clement.
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Figure 5.5. Bandwidth Sensitivity Study Results for Three Postulated WU LIANS

for 60° SV Inspection
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- Figure £7. Center Freguency Sensitivity Study Resulis for Worst-Case Defect N
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Sensitivity Studies

Table §2. Experiment Defect Specimens

Name Type Material Thickness 'l"br:“u::?\:'nll Vertical
440 Al Cahbration Aluminum 50 mm 100% -46°*
43° Al Control Aluminum 50 mm 100% 47
55° Al Worst-Case Alum{num 5 mm 100% -3§5°
Calibration Stainless Stecl

Warst-Case

Stainless Steel

Control

Stainless Stecl

*Minus sign indicates that defect is angled away from the inspection probe.

N

NN

4
+
4
5
5
&

. Slope

N\

LEGEND

3 Degree 60% Bandwidth
3 Degree 28% Bandwidth
J Degree 207 Bandwidth
5 Degree 60% Bandwidth
O Degree 28% Bandwidth
5 Degree 20% Bandwidth

o Sl

2dB/10%

o [~
i LEGEND "
O = Fiaw R 60% Bandwidth o
o= Flaw R 28% Bandwidth o
) 4 = Flaw R 20% Bandwidth o A
= + = Flaw Q 60% Bandwidth = .
1 x = Flaw Q 28% Bandwidth vor 4 X
- ¢ = Flaw Q 20% Bandwidth 2 °
3 3
F [
< [~ .__m : ?4
-
i [
¥ ’ E2]
5 5
* z
- 2dB/10%
% Slope
? : - 2
0.1 | ' 0.1
Svstem Center Frequency (MHz)
Tigure 59, Center Frequency Seasitivity Figure £.10.

Measurement Results for 50% Through-
Wall Defects
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6.0 Summary of Results
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7.0 Future Work
e work documented in this 1 ;-wr' will b pres d
I to be approp ate ASME Section X1 ( ¢ bodies, and
a specific recommendation will be made to red th
tolerance o =70 for the center frequency for
a8 than M and also I
to £ 109% for the center frequ v Lo
18 greater than X
L
The next step 1n the work reported in this paper !
l to extend the ray tracing mod { ) |
l hick sections), Several new capabuities ar i
* The abulity 1 r reflection trom curved
wiaces (cg. N | will be added to t} mod
L] I'he eficcts of grain scattering will be add h
modi T'his will probably be done by some typ
f frequency domain fitering of the data
L
& I'he effects of claddin, wall be added to ¢ ! 1
After the model 1s upgraded, worst-case defect ac
systems will be identified for thick sections, and
ensiivl ! HES Wil DX p riorn 14 va ] it
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