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ABSTRACT

A program is under way at ANL to (1) develop an independent capability for
assessing the effectiveness of current and proposed techniques for acoustic leak
detection (ALD) in reactor coolant systems, (2) develop a strategy for hardware
realization, and (3) examine potential improvements in ultrasonic method? for
detection of IGSCC and inspection of cast SS. The program will determine
whether meaningful quantitative data on leak rates and location can be obtained
from acoustic signatures of leaks from IGSCCs and fatigue cracks in low- and
high-pressure lines, and whether these can be distinguished from other types of
leaks. The program will also establish calibration procedures for acquiring
acoustic data and will determine whether advanced signal processing can be
employed to enhance the adequacy of ALD schemes.

An ALD facility has been constructed at ANL, and tests have begun on five
laboratory-grown cracks (three fatigue cracks and two thermal-fatigue cracks)
and two field-induced IGSCC specimens. The acoustic characteristics of the
IGSCCs ./ere established and the minimum leak rate that is detectable at «
distance of 50 cm under laboratory conditions was identified to be 0.001 gal/min
for a frequency window of 200-400 kHz. Cross-correlation techniques were also
demonstrated for locating leaks and distinguishing among leak types. A
comparison of acoustic spectra of the two leaking IGSCCs at flow rates of 0.C05
gal/min revealed nearly identical signals in the frequency range from 200 to 400
kHz. Below 200 kHz, the differences in geometry between the two cracks can be
reflected in a signal difference. These data suggest that geometrical effects
may be less significant at frequencies above 200 kHz. It appears that leak
rates may be more reliably related to acoustic signals at higher frequencies.

*Work supported by the Office of Nuclear Regulatory Research, U.S. Nuclear
Regulatory Commission.



After ultrasonic testing revealed cracks in the Georgia Power Co. HATCH--1
BWR recirculation header, the utility installed an ALD system. The transducer
and waveguide are similar to the types being evaluated at ANL for leak
detection. Data from HATCH-1 have given us an indication of the background
noise level at a BWR recirculation header sweepolet weld. The HATCH leak
detection system was reproduced and tested using the ANL ALD system to determine
the sensitivity and dynamic range of the HATCH system. The results (obtained
indirectly) suggest that at a recirculation header of a BWR operating at full
power, background noise in the range from 200 to 400 kHz is only a few decibels
above the electronic noise. At a distance of 50 cm, the system should be
capable of detecting leaks of less than 0.01 gal/min.

Other background data have been acquired at the Watts Bar Nuclear Reactor
in Tennessee. Here (in cooperation with PNL) an ANL waveguide system, including
transducer and electronics, was installed on an accumulator safety injection
pipe. The pencil-lead-breaking technique was successfully used to calibrate the
system. Data on background noise from 50 to 400 kHz were acquired during the
hot functional test, during which temperatures varied from 110 to 556°F and
pressures varied from 300 to 2235 psi.

The possibilir.- of using ultrasonic wave scattering patterns to
discriminate between IGSCCs and geometric reflectors has been explored.
Thirteen reflectors (field IGSCCs, graphite wool IGSCCs, weld roots, and slits)
were examined. The data indicated that the "trough" in the plot of echo
amplitude vs skew angle is not as sharp for an IGSCC as for a geometrical
reflector. This work led to the design and fabrication of a 7-element
skew-angle probe for 28-in. piping, assembled for ANL by Magnaflux Corp. This
probe is now being evaluated for its ability to distinguish cracks from
geometrical reflectors.

The work with cast stainless steel included acquisition of data on sound
velocity and attenuation in isotropic and anisotropic cast S3. Reducing
anisotropy does not help reduce attenuation in large-grained material because
the main factor in attenuation is correspondence of ultrasonic wavelength to
grain size. Other work indicated that large artificial flaws (e.g., a 1-cm-deep
notch with a 4-cm path) could not be detected in isotropic centrifugally cast SS
(1 to 2-mm grains) by longitudinal or shear waves at frequencies of 1 MHz or
greater, but could be detected with 0.5-MHz shear waves.

I. OBJECTIVES

Leak Detection and Nondestructive Evaluation is one of six subtasks in the
Environmentally Assisted Cracking in Light Water Reactors Program at ANL.
(Other subtasks in the program are described elsewhere in these Proceedings. )
The objectives of the Leak Detection portion of the subtask are (1) to develop a
facility for the quantitative evaluation of acoustic leak detection systems; (2)
to assess the effectiveness and reliability of acoustic leak detection
techniques; (3) to develop a prototype acoustic leak detection system; (4) to
establish the sensitivity, reliability, and decision-making capability of a
prototype system through laboratory testing; and (5) to assess the effectiveness
of a field-implementable acoustic leak detection system. The program objectives



for ultrasonic NDE are (1) to assess the adequacy of a multielement skew angle
probe Co distinguish IGSCC from geometrical reflectors; (2) to assess a
field-implementable method for characterizing cast stainless steel (SS)
microstructure and thus predict ISI reliability; and (3) to evaluate new
ultrasonic inspection problems (e.g., weld overlays) in cooperation with ether
NRC contractors:.

II. LEAK DETECTION

2.1. Background

No currently available single leak-detection method combines optimal
leakage detection sensitivity, leak-locating ability, and leakage measurement
accuracy. For example, while quantitative leakage determination is possible
with condensate flow monitors, sump monitors, and primary coolant inventory
balance, these methods are not adequate for locating leaks and are not
necessarily sensitive enough to meet code requirements.

The technology is available to improve leak detection capability at
specified sites by use of acoustic monitoring or moisture-sensitive tape.
However, current acoustic monitoring techniques provide no source discrimination
(i.e., to distinguish between leaks from pipe cracks and valves) and no flow
rate information (a small leak may saturate the system). Moisture-sensitive
tape does not provide quantitative leak rate information and gives no specific
location information other than the location of the tape; moreover, its
usefulness with "soft" insulation needs to be demonstrated.

Since the issuance of NRC IE bulletins 83-02 and 82-03 and the training of
ultrasonic inspection personnel, the probability of detecting IGSCC under field
conditions has increased. However, leak detection techniques need further
improvement in the following areas: (1) identifying leak sources through
location information and leak characterization, so as to eliminate false calls;
(2) quantifying and monitoring leak rates; and (3) minimizing the number of
installed transducers in a "complete" system through increased sensitivity.

2.2. Studies at the ANL Acoustic Leak Detection Facility

2.2.1. Description of the Acoustic Leak Detection Facility. Figure 1
shows a photograph of the ANL Acoustic Leak Detection Facility, which consists
of ^30 feet (10 m) of 10-in. Schedule 80 piping in a "U" shape. One part of the
pipe run (left), used for testing radioactive pipe sections with field-induced
leaks, is housed in an exhtust hood to prevent any radioactivity from entering
the room during testing. Another part of the pipe run (right) is used to test
nonradioactive pipe sections containing slit-type and other artificial leaks and
laboratory-grown cracks.

The system for supplying pressurized hot water to the leak site is at the
rear. A small pressure vessel is welded to the inner surface of a pipe section
that contains the leak to be tested. The pipe section is then welded or
soldered into an opening in the wall of the pipe run. The pipe run can be
stressed to vary the crack opening and thus the leak rate.



To date, five laboratory-grown cracks (three fatigue and two thermal-
fatigue cracks) and two field-induced IGSCC specimens have been installed in the
pipe run. The crack opening lengths at the outer and inner surfaces of the
ItJSCC specimens are 2 and 19 mm, respectively, for IGSCC //I and 10 and 13 mm for
IGSCC #2.

Transducers are placed at several locations along the pipe run to acquire
acoustic data from the leaks, establishing attenuation characteristics and leak
location capability. Insulation of the type used in reactors is added to
sections of the piping to determine the effects of its presence on the
generation and attenuation of acoustic signals.

The detection of a leak requires that S = S - T - N + PG > 0, where
S = signal excess at detector output, ST = source level (affected by waveguide
geometry, insulation, and circumferential position), T = transmission loss down
pipe, N = background noise level, and PG = system gain, all in dB. Data on all
the terms of this relationship have now been acquired and will be discussed in
the following sections.

2.2.2. Effects of Temperature, Transducer Frequency, Crack Geometry, and
Leak Rate on IGSCC Detection. As a result of the high temperature (^540°F or
282°C) and pressure (M.100 psi or 7.6 MPa) of water in BWR piping, leakage from
IGSCC will involve two-phase flow. Both the characteristics of the flow and the
concomitant-generation of acoustic signals are extremely complex and difficult
to model.'"'

For a given leak rate, the acoustic signal decreases with temperature.
Fortunately, the effect is not severe enough in the BWR operating-temperature
regime for temperature fluctuations to affect the acoustic signal significantly.

It is important to identify the optimum frequency "window" for a field
acoustic leak detection system. This is determined by comparing leak spectra
with background noise data for reactors. The spectrum of an acoustic leak
signal has been measured by use of a broadband receiver with a conical
piezoelectric element designed at the NBS. The frequency response of this probe
approaches that of a capacitance transducer. The power spectrum obtained for
IGSCC #1 at a leak rate, of M5.OO4 gal/min (15 cm /min) falls off by "'16-20 dB
over the frequency range from 100 to 500 kHz. Beyond 500 kHz, very little if
any acoustic signal is detected. Data from the Watts Bar monitoring (see
Section 7..3.2 below) and from the literature show that the background noise is
significantly reduced at frequencies above 200 kHz. Even IGSCC //I produces a
significant acoustic signal in the frequency range from 300 to 400 kHz;
therefore, this may be the optimum window. In this frequency range, the
attenuation for 10-in. Schedule 80 piping is only about 2 dB/m in the far field.

A comparison of acoustic spectra obtained with the NBS transducer for
IGSCC #1 and IGSCC #2, at equal leak rates of 0.005 gal/min, indicates virtually
identical signals in the frequency range 200-400 kHz. Below 200 kHz, the
differences in geometry between the two cracks are apparently reflected in a
lower signal (̂ 5 dB) for IGSCC crack #2 (see Fig. 2). These data suggest that
geometrical effects may be less significant at frequencies above 200 kHz.



An important consideration for leak detection is the dependence of the
scoustic emission signal on leak rate. In general, for leak rates above
0.01 gal/min, the acoustic signal increases with leak rate at constant
temperature. This dependence may vary with frequency, depending on the
mechanism that produces the sound. The noise produced by the two IGSCCs was
characterized as a function of load and water pressure to determine if there is
a quantitative and reproducible relationship between leak rate and acoustic
emission, and to determine the effect of water pressure on the leak rate from an
IGSCC.

For IGSCC #1, the leak rate varied by more than an order of magnitude for
loads in the ranfe from 0 to 5.5 x 10 lb applied to the bottom of the 10-in.
Schedule 80 pipe directly under the crack. The results (Fig. 3) show that at
300-400 kHz, the acoustic output V (in uV) at a distance of 1 m is not
directly proportional to the leak rate F, but follows the relationship
V = 40.3 F for 0.001 < F < 0.01 gal/min. For IGSCC,p., the acoustic
output in the 300-400 kHz band is given by V = 66.3 F for
0.001 <_ F < 0.01 gal/min. This result is close to the correlation obtained from
IGSCC #1. Therefore, high-frequency acoustic noise measurement may offer a way
to measure leak rate quantitatively (within limits) even from different size
cracks. A thermal-fatigue crack was also studied, and showed a stronger
dependence of acoustic signal on leak rate than either IGSCC at frequencies
below 200 kHz. At a given leak rate, the IGSCC is several dB noisier than the
thermal-fatigue crack.

2.2.3. Other Factors Affecting the Detection of Acoustic Leak Signals.
Other factors that can affect the acoustic leak signal have been examined.
These include the presence of waveguides, pipe insulation, and electrical
interference, and the relative circumferential positions of the transducer and
leak site. The most significant effect is produced by insulation, which can
cause an increase in acoustic signal; the magnitude of the increase appears
to depend on the leak rate. For a slit-type leak with a low leak rate
(MD.02 gal/min or '«80 cm /inin), the addition of insulation enhanced the signal
by ^5 to 15 dB in the frequency range from 200 to 500 kHz. For a slit-type leak
with a higher leak rate (MD.2 ga.l/min or ^900 cm /min), the signal increased by
less than 3 dB when insulation was added. However, the addition of insulation
did not significantly.enhance the signal from IGSCC #1 at a leak rate of
^0.005 gal/min (20 cm /min).

2.2.4. Time Domain Analysis of Acoustic Leak Signals. In addition to
detecting a leak, it is desirable to be able to estimate the leak rate. Leak
rates are difficult to obtain directly from acoustic intensity data because, as
we have seen, the amplitude of the acoustic signal can vary with geometry and
temperature for a given leak rate. Thus, other characteristics of the signals
must be examined. One possibility is to monitor the variation in the rms signal
with time. At 500°F (260°C), 1100 psi (7.7 MPa), and low leak rates, the
variation in rms signal (when short time constants are used) decreases with
increasing leak rate. This result suggests that the time domain signal may
contain features which, if detectable at low leak rates, would be useful for
leak characterization.



2.2.5. Use of Cross-Correlation Analysis to Locate Leaks. Cross-
correlation is being evaluated as a means of achieving improved sensitivity for
location of leaks even in the presence of background noise, The cross-
correlation for time i is defined to be

T
(T) = lim ~ f x(t)y(t + T)dt

T-»-« 0
R
7,

where x(t) and y(t) are the input time domain signals over record length T.
Incoherent background noise (such as flow noise) will average to approximately
zero as the effective record length increases.

Cross-correlation analysis was carried out with 60-kHz waves to locate
(1) a single-phase (room temperature) leak from a 50-um slit and (2) IGSCC #1.
Correlograms often yielded extraneous peaks of equal or higher amplitude than
the true time-delay-associated peak, making detection based on a single plot
unreliable. However, the more-or-Jess random occurrence of the extraneous peaks
may permit detection based on anal/sis of an ensemble of correlograms since the
true delay will, ideally, always occur at the same point. Thus, averaging the
correlograms would tend to enhance the peaks in the leak-related window while
reducing peaks that occur elsewhere.

Application of the cross-correlation technique to the IGSCC leak was less
successful than for the single-phase leak, but some information on leak position
was nevertheless obtained. The transducers were mounted on the pipe 100 and 172
cm from the source. Ideally, one would expect to see correlation peaks at a
time delay corresponding to 72 cm (i.e., the full separation of the
transducers). Figure 4 indicates a mean delay of approximately 166 lags, which
corresponds to a delay of 1552 us. This implies that the group propagation
velocity is 1335 m/s, which is low. At present, it is not clear whether the
wave velocity obtained is due to a real difference in wavemodes or merely
reflects an uncertainty in the averaging technique.

Improvements in cross-correlation techniques are expected when the analysis
is carried out on digitized waveforms rather than taped signals, as has been
done so far. GARD Inc. is currently developing a breadboard system for this
purpose. The system, which will also provide frequency spectra, time domain
analysis, and rms monitoring, is nearing completion and will be evaluated in
FY 1984.

2.2.6. Use of Autocorrelation Analysis to Distinguish IGSCC from Other
Leak Types. One objective of the current program is to establish methods of
characterizing IGSCC leaks so that they may be distinguished from other types of
leaks. Autocorrelation function estimates were obtained for leak data with a
B&K Type 8312 transducer. During these recording sessions, strong tonal noise
components were present in the frequency spectra. Figure 5 shows the auto-
correlation function estimates for several leak types. The autocorrelation plot
for the IGSCC leak (Fig. 5d) exhibits more resonance than plots obtained with
the AET-375 transducer. These results show that in the laboratory facility,
IGSCC can be distinguished from slits and holes by autocorrelation analysis.



2.3. Studies on Acoustic Background Noise

2.3.1. HATCH-1. After ultrasonic testing revealed cracks in the Georgia
Power Co. HATCH-1 BWR recirculation header, an acoustic leak detection system
was installed by Georgia Power and Nutech personnel. The transducer and
waveguide are similar to the types being evaluated at ANL for leak detection.
Data from HATCH-1 can give an indication of background noise at the BWR
recirculation header sweepolet weld. The HATCH system uses an AET 204A
miniature acoustic emission system and an AET AC375L sensor on a l/2-in.-diam,
lO-in.-long threaded stainless steel rod with a flat bottom. The waveguide is
threaded through a mounting plate to hold it in direct contact with the pipe.

This system was reproduced and tested on the ANL acoustic leak detection
system to establish sensitivity -nd dynamic range. Figure 6 shows a plot of
digital readout (proportional to the rms signal output) vs gain setting of the
instrument. In order to approximate the HATCH-1 "B" conditions, ultrasonic
waves simulating acoustic background noise were electronically generated on the
pipe run. For gains similar to that used in the field, the resulting dotted
curve agrees well with the lower HATCH-B curve, which was obtained during
reactor operation at 94% of full power. At 1002 of full power, the HATCH-1 "B"
readouts increased by about 20Z; this is consistent with a model which assumes
that the background noise is flow noise, increasing as the cube of fluid
velocity. If one assumes that the reactor power is proportional to fluid
velocity and the rms signal is proportional to the acoustic noise level, the
data appear reasonable.

The sensitivity of the system is demonstrated by the easily detected
increase in signal when a 0.002 gal/min IGSCC leak, at a distance of 50 cm, is
added to the simulated background noise (dash-dot line in Fig. 6). These
results suggest that at the recirculation header of a BWR at full power, the
acoustic background noise in the 200-400 kHz range is only a few dB above the
electronic noise.

The dynamic range of the system was evaluated from a strip-chart recorder
similar to that at HATCH, which provided a plot of readout voltage -ts time for
leak rates of 0.002 to 0.006 gal/min. Under BWR operating conditions, a
0.006-gal/min leak from an IGSCC at 50 cm saturated the ANL system. A broadened
dynamic range would clearly be desirable.

This example indicates the level of acoustic leak detection capability that
is currently available. There is no source discrimination (a large valve leak
can register the same as a small IGSCC leak) and there is no flow rate
information. A more sophisticated system is clearly needed to (1) eliminate
false calls through improved leak location and characterization data, (2)
quantify leak rate through analysis of rms time domain structure and spectral
analysis data, and (3) minimize the number of installed transducers in a
complete system through reliable design and increased system sensitivity.

2.3.2. Watts Bar. An acoustic emission transducer was mounted on the
accumulator safety injection pipe (on the cold leg of loop 2) of the Watus Bar-1
reactor. The transducer (AET 375 S/N 6002) was attached to an uninsulated
10-in. stainless steel pipe with a 10-in. waveguide probe assembly. An acoustic
emission preamp with a gain of 40 dB was used to amplify the signal from the



transducer and drive a 50-ft cable. The cable terminated in the control room
where another amplifier and other signal-recording equipment were located.
Prior to the installation of the transducer at Watts Bar, the transducer and
waveguide assembly was calibrated in the laboratory against the NBS standard
transducer. The most important result from this calibration was that at
375 kHz, the NBS and AET 375 transducers have almost the same sensitivity. This
information is useful because it simplifies the relationship between the noise
signals measured in the lab with the NBS transducer and those measured at Watts
Bar with the AET 375 transducer.

After the transducer was installed at Watts Bar, the sensitivity was
determined by the pencil-lead impulse test. The transducer produced a signal
that was +1.4 dB greater than that produced by the identical lab test. Table I
contains a summary of the noise levels measured at 200-400 kHz (primarily near
375 kHz) for various reactor conditions. Signal levels for a 300-400 kHz
bandwidth are about 1/2 the values indicated. In general, the reactor noise
level was greatest with all four reactor coolant pumps on and with the water at
low temperature and pressure. The noise decreased with increasing system
pressure.

Table I. Acoustic Noise Level (Transducer Output) in the
200-400 kHz Frequency Band

Reactor
Pump Status

Water
Temperature

Water
Pressure
(psi)

Transducer Output
(uV)

Comments

All pumps
off

All pumps
off

RCP-2 on

All pumps on

All pumps on

All pumps on

All pumps
off

All pumps
off

75

110

110

350

450

55S

95

94

20

300

300

400

1200

2235

74

29

3.4

2.8

620

390

83

92

38

32

After
installation

After
installation

Hot flow test

Hot flow test

Hot flow test

Hot flow test

After hot
flow test

After hot
flow test



2.4. Field-implementable Acoustic Waveguide Systems

Two waveguide systems have been completed. One system is a "quick connect"
type which uses spring loading to press a rounded waveguide tip to the pipe
surface. The waveguide is attached to a plate which is strapped to the outside
of the reflective insulation (Fig. 7). In the other system (used at Watts Bar),
the waveguide tip passes through the insulation and is screwed through a plate
strapped :o the pipe outer surface. The analysis of preliminary results
indicates that comparable acoustic signal levels can be reached with both
designs if gold foil is used to couple the waveguide to the pipe in the
spring-loaded design (̂ 10-lb load). The system is similar in sensitivity to the
PNL waveguide and probe (which uses a magnet to hold the waveguide down and is
therefore not appropriate for SS piping); an ̂ 6 dB signal is obtained at a
distance of ^1 m from a 0.005-gal/min leak.

The data acquired in this program to date allow us to estimate the
sensitivity of an acoustic leak detection system in a field environment. Figure
8 shows the acoustic signal intensity (in a 300-400 kHz window) versus distance
along a 10-in. Schedule 80 pipe for 0.01, 0.1, and 2 gal/min leak rates. The
data for the two higher leak rates (shaded bands) are determined from an
extrapolation of low-7eak-rate data from the two IGSCCs that were studied. The
width of each band represents the difference in the extrapolations from the two
leaks. The lower limit of each band is obtained by assuming a (leak rate)
dependence for the acoustic signal, which is consistent with Battelle Columbus
(BCL) data gsing graphite-wool-grown IGSCC in 12-in. pipes. The BCL data show a
(leak rate) ' dependence over four orders of magnitude in leak rate (private
communication, R. F. Collier, BCL, and Ref. 3). Also shown are upper and lowp.r
estimates for background noise data. The upper line is derived from the Watts
Bar hot functional test. The lower level is a combination of (1) inferred
acoustic background noise from the HATCH installation and (2) data from KWU
personnel (private communication, K. Fischer) which indicate that background
noise varied by a factor of 10 in different locations in a PWR they monitored.
These results suggest that at a distance of 3 m (10 feet), leaks as small as
0.01 gal/min may be detectable in areas of low background noise, whereas only
leaks on the order of 2 gal/min may be detectable in areas of very high
background noise. Leaks as small as 0.1 gal/min may be detectable at the
source, even with very high acoustic background levels. For the 300-400 kHz
bandwidth, an insertion loss of 5 dB is assumed for the first meter of
separation between leak and sensor; thereafter, an attenuation of 2 dB/m is
assumed.

2.5. Studies on Moisture—sensitive Tape

A system to test the sensitivity of moisture-sensitive tape (an alternative
technique for leak detection) was constructed in the laboratory. It consists of
a 10-in. Schedule 80 pipe section, 3 ft in length, heated to 500°F and covered
with reflective insulation. A small (1/4-in.) hole was drilled in the
insulation (as per installation instructions for the moisture-sensitive tape) so
water could drop onto the tape. The sensor was mounted on the bottom of the
pipe and the open end of a l/8-in.-OD copper steam line was positioned at the
top of the pipe directly over the tape to simulate a leak for the initial tests.
Physically, the leak was 13 in. away from the tape. This configuration
simulates the leakage monitoring arrangement for welds in an actual plant.



(According to the supplier, 3-4 in. of tape on a stainless steel carrier strap
would be placed under each weld to be monitored, with a tube to direct the water
to the tape.)

Two types of moisture-sensitive tape were supplied with the instrumenta-
tion. "Sensor A" is an improved sensor tape which is less susceptible to false
alarms caused by external sources of water. "Sensor B" is an older type of tape
which is more sensitive to water. At a temperature of 470°F and with a
water/steam leak rate of 0.05 gal/min, sensor B responded to the leak within 8,6
minutes. Sensor A, under nearly identical conditions (440°F, 0.05 gal/min),
responded after 28.5 minutes. Sensor B took about 5 minutes to return to normal
resistance when dried with a heat gun after the test. Sensor A was not
completely dry after 20 minutes with the heat gun. Evaluation of moisture-
sensitive tape and comparison with acoustic monitoring are continuing.

2.6. Summary of Progress to Date in Leak Detection

Acoustic characteristics of leaking IGSCC have been established, along with
the effect of waveguide geometry and insulation on leak detection. Cross-
correlation techniques for locating leaking IGSCC and distinguishing leak types
have been demonstrated. A frequency window (^200-400 kHz) for optimizing the
signal-to-noise ratio for leak detection has been established. A
waveguide/transducer system for field use has been assessed and tested under
laboratory conditions as well as during a hot functional test. The HATCH BWR
acoustic leak detection system was simulated to estimate the background noise
and sensitivity of the HATCH system. Background data were obtained during a
Watts Bar (PWR) hot functional test. Minimum detectable leak rates were
established for laboratory conditions (0.001 gal/min) and estimated for field
conditions (0.01 to 2 gal/min, depending on background noise). Calibration
procedures for acoustic-emission monitoring have been evaluated. A moisture-
sensitive tape system was acquired and evaluation vs° initiated. A breadboard
acoustic leak detection system (GARD) is nearly completed.

III. ULTRASONIC NDE

This task focuses on the possibility of using ultrasonic wave-scattering
patterns to discriminate between IGSCC and geometric reflectors, the potential
use of nontraditional methods to improve flaw detection in centrifugally cast
stainless steel (CCSS) and weld metal, and special NDE problems such as
inspection of w«ld overlays.

3.1. Distinguishing IGSCC from Geometi eflectors

As is well known, one of the main obstacles to reliable ultrasonic
detection of IGSCC is the difficulty in distinguishing these cracks from
geometrical reflectors. It is possible that the dependence of echo amplitude on
the angle of incidence to the reflector surface may be used as a means of
distinguishing cracks from geometrical reflectors. Because IGSCC has an
irregular and generally branched character, it might be expected to produce a
broader scattering pattern than a geometrical reflector.



Seven cracks and four geometrical reflectors in Type 304 SS pipe specimens
were examined with 2.25-MHz, 45° shear waves (by use of a 5j-in. miniature
shear-wave transducer from Aerctech) in a pulse-ecbo mode. A Sonic Mark I
pulser-receiver was employed for data acquisition, The echo amplitude
(expressed as the gain setting required to bring the echo height to 80% of the
full screen height) was plotted against the skew angle 9 (see Fig. 9) by peaking
the signal for each 0. The change in signal with 0 was sharper for the
geometrical reflectorr »han for the cracks. This difference was quantified by
measuring the "full width at 3/4 maximum signal" (FW3/4M) for the curves,
as shown in Fig. 10. Figure 11 describes the specimens and gives the results.
For the cracks, the FW3/4M values ranged from 50° to 70°; for the geometrical
reflectors, they ranged from 26° to 38°, These results represent only a limited
number of samples, but if the type of information discussed here can bi acquired
in the field, the chance of distinguishing cracks from geometrical reflectors
may be improved.

On the basis of this work, a probe has been designed that can be used with
a multiscap.r.sr to provide the data needed for IGSCC discrimination. The
requirements for such a "multielement skew angle" (MESA) probe include (1)
uniform coupling of many wedges and (2) a small enough size to avoid
interference with the weld crown. The initial design (Fig. 12), aimed toward
inspection of 28-in. (0.7-m)-dia pipes, uses seven interlocking miniature
45°-angle shear-wave probes in a rubber "frame" (which provides enough
flexibility to ensure uniform coupling with the pipe surface), with a
multiscanner and individual gain control for each channel. The gain for each
element can be adjusted to compensate for the degree of reduction in amplitude
with skew angle that characterizes geometrical reflectors. After the gain of
the pulser-receiver is adjusted to the calibrated level, IGSCC can in principle
be identified by the presence of above-threshold echo signals for the trans-
ducers positioned at large skaw angles; the signals generated at large skew
angles by a geometrical reflector will fall below the threshold.

A "MESA" probe has been fabricated by Magnaflux Corp. This probe has seven
elements, each approximately 3/16 in. wide, and operates at 2.25 MHz. The probe
is currently being evaluated with field-induced cracks in large-diameter pipes
from the 9-Mile Point reactor.

3.2. Inspecting Centrifugally Cast Stainless Steel

One major area of difficulty in the ultrasonic inspection of stainless
steel reactor components is the inspection of CCSS, which is used for piping in
pressurized water reactors but is difficult to inspect reliably because of its
coarse grains. CCSS samples were examined at frequencies as low as 0.5 MHz to
identify optimal ultrasonic testing conditions for this material. Both
isotrofic and anisotropic samples were tested (the latter are transversely
isotropic, owing to the presence of long columnar grains).

Angle beam testing in CCSS with columnar grains is often carried out with
1-MHz longitudinal waves propagating at approximately 45° to the long axis of
the columnar grains, because a focusing effect occurs at this propagation angle
for longitudinal (but not shear) waves. For isotropic CCSS, the problem reduces
to one of increasing the ratio of wavelength to grain size. A 65-mm-thick block
of isotropic CCSS (grain size of 1-2 mm) containing a 10-mm-deep EDM notch and a



6-mm-diam side-dri.'.led Lole was used to compare the effectiveness of shear and
longitudinal waves. To match the 6-mm wavelength of 1-MHz longitudinal waves, a
shear-wave frequcucy of 0.5 MHz was used. Figure 13 shows typical radio
frequency signals obtained from the side-drilled hole (upper traces) and notch
(lower traces) with normal-incidence shear waves (left) from a Panametrics
1/2-MHz, l-in.-diam transducer and no*, lal-incidence longitudinal waves (right)
from a Panametrics 1-MHz, l/2-in.-diam transducer; the transducers were placed
on a "slope" created by cutting off one corner of the sample at a 45° angle, to
generate the equivalent of 45°-angle beams.

The results indicate that for comparable wavelengths, shear and longi-
tudinal waves generate comparable signals for a side-drilled hole. However, for
the notch, the reflection generated by the 0.5-MHz shear waves is much stronger
than that for the 1-MHz longitudinal waves. The loss of signal for the
longitudinal waves is the result of mode conversion at the notch. These
results, although limited, suggest that angle beam testing at 0.5 MHz may be the
method of choice for inspecting isotropic CCSS with grain sizes in the range of
1-2 mm. The sensitivity for these lower frequency shear waves is, of course,
lower because of the long wavelengths; therefore, only relatively large flaws
will be detectable. Note that the polarization of the shear wave can be varied
by rotating the transducer. As one might expect for isotropic CCSS, varying the
polarization had relatively little effect on reflected echoes.

The effect of lowering the frequency of the shear waves from 1 to 0.5 MHz
has also been examined, using 45° shear waves generated with Panametrics
l-in.-diam transducers on plastic wedges. For a 25-mm-thick wrought plate,
comparable signals were obtained from the corner at both frequencies with a I-V
acoustic path. For the isotropic half of a piece of 27-in. (0.7-m)-diam welded
pipe (60 mm thick), insonified along a 1/2V path, a signal was observed at 0.5
MHz, whereas none was seen at 1 MHz. No signals were seen when the anisotropic
half of the specimen was interrogated.

The present results show that the attenuation of ultrasonic waves is not
necessarily lower in isotropic CCSS than in anisotropic CCSS; this is because
anisotropic material provides a "window" of low attenuation for longitudinal
waves propagating at about 45° to the columnar grains, whereas isotropic
material does not. If isotropic CCSS (with grain sizes of the order of 1-2 mm)
is to be inspected, the results of this study suggest that 0.5-MHz shear waves
would be more effective than 1-MHz shear or longitudinal waves.

3.3. Summary of Progress to Date in Ultrasonic NDE

Ultrasonic scattering data have been acquired from IGSCC and geometrical
reflectors. The two types of reflectors give qualitatively different plots of
echo amplitude vs skew angle. A multielement skew angle probe for IGSCC
identification in 28-in. pipes has been assembled and is under evaluation.
Sound velocity and attenuation data have been acquired in isotropic and
anisotropic cast SS; reducing anisotropy does not help reduce attenuation in
large-grain material, as the main factor in attenuation is the ratio of
ultrasonic wavelength to grain size. Large artificial flaws (e.g., a 1-cm-deep
notch with a 4-cm path) could not be detected in isotropic CCSS (1-2 mm grains)
using longitudinal or shear waves with frequencies ^1 MHz, but could be detected
with 0.5-MHz shear waves. In cast SS, the degree of anisotropy can in principle
be determined by using L-waves at the pipe 0D.



Future work, will include assessment and Implementation of field-usable
acoustic leak, detection systems, transfer of ultrasonic b.'DE technology to
industry, and recommendations for regulatory guidelines.
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arrow shows how the FW3/4M value is obtained from such a plot.
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Fig. 12. Schematic Representation of Multielement Skew Angle
(MESA) Probe for Discriminating Cracks from Geometric
Reflectors.

Fig. 13. Radio Frequency Echo Signals from Isotropic CCSS Sample. Signals
from (top) side-drilled hole and (bottom) EDM notch were obtained
with (left) 0.5-MHz shear waves and (right) 1.0-MHz longitudinal
waves. Transducers were placed on the sloping side of the sample
to simulate 45°-angle beams.


